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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal neoplasms
worldwide and represents the vast majority of pancreatic cancer cases.
Understanding the molecular pathogenesis and the underlying mechanisms
involved in the initiation, maintenance, and progression of PDAC is an urgent
need, which may lead to the development of novel therapeutic strategies against
this deadly cancer. Here, we review the role of SET and MYND domaincontaining protein 2 (SMYD2) in initiating and maintaining PDAC development
through methylating multiple tumor suppressors and oncogenic proteins. Given
the broad substrate specificity of SMYD2 and its involvement in diverse
oncogenic signaling pathways in many other cancers, the mechanistic
extrapolation of SMYD2 from these cancers to PDAC may allow for developing
new hypotheses about the mechanisms driving PDAC tumor growth and
metastasis, supporting a proposition that targeting SMYD2 could be a powerful
strategy for the prevention and treatment of PDAC.
Key Words: Pancreatic ductal adenocarcinoma; Protein lysine methyltransferase;
Histone/non-histone methylation; Oncogenic signaling pathways; Methyltransferase
inhibitors
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core Tip: The broad substrate specificity of SET and MYND domain-containing protein 2 (SMYD2) and
its involvement in diverse oncogenic signaling pathways in numerous cancers have provided a wealth of
information that could be extrapolated to the pancreatic ductal adenocarcinoma (PDAC) research field to
expand our understanding of SMYD2 in PDAC development. This review not only discusses the known
roles of SMYD2 in PDAC initiation and progression, but also aims to capitalize on a rich body of
knowledge with respect to SMYD2’s involvement in various signaling cascades to develop new
hypotheses about the mechanisms of driving PDAC tumor growth and metastasis.

Citation: Alshammari E, Zhang YX, Yang Z. Mechanistic and functional extrapolation of SET and MYND
domain-containing protein 2 to pancreatic cancer. World J Gastroenterol 2022; 28(29): 3753-3766
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3753.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3753

INTRODUCTION
Pancreatic cancer is one of the top ten leading causes of cancer-related mortality worldwide, accounting
for about 448000 new cases and 441000 deaths in 2017[1]. Pancreatic cancer comprises several types of
tumors that arise from the endocrine or exocrine components of the pancreas. The vast majority of
pancreatic tumors arise from the exocrine cells, which make up the exocrine gland and the ducts of the
pancreas. Pancreatic ductal adenocarcinoma (PDAC) is the most common and aggressive form of
pancreatic cancer, which represents about 85% of pancreatic cancer cases[2]. The incidence and
mortality rates of pancreatic cancer have dramatically increased over the past few decades and vary
considerably across regions and populations, with the highest trends being recorded in developed
countries[3]. Although the causes and mechanisms that initiate the formation and development of
pancreatic cancer are still largely unknown, the variation in regions and populations may be attributed
to the variance in some of the risk factors and the socioeconomic lifestyle identified for this disease, such
as obesity, diabetes, and smoking. In the United States, the incidence of pancreatic cancer continues to
increase, with an estimation of 60430 new cases and 48200 deaths in 2021, and it has become the fourth
leading cause of cancer-related mortality[4]. Pancreatic cancer has the poorest prognosis among the top
ten common cancers, with the current 5-year survival (OS) rate of just 10%[4], and it is expected to be
the second most common cause of cancer death by 2030[5].
Diagnosis and treatment of PDAC are still challenging due to its multifactorial nature. It is predominantly diagnosed in advanced stages with unresectable tumors due to several reasons, including the
lack of early detection methods, the lack of specific PDAC biomarkers and simple examinations, the
retroperitoneal location of the pancreas, and the nonspecific symptoms due to its highly metastatic
nature early in the disease course[6]. Also, PDAC incidence is significantly associated with age, with the
highest incidence rates being in elderly people[1]. Given the poor overall health of the elderly, the
surgical resection is not feasible for the majority of elderly PDAC patients, especially for those who have
metastatic cancers that have spread to the nearby abdominal vessels and critical organs at diagnosis[7].
Only a small fraction of PDAC patients diagnosed in the early stage have resectable tumors. Although
the surgery in combination with adjuvant therapy remains the only cure for PDAC patients, the overall
survival rate of PDAC patients is poor, even for those PDAC populations who have undergone surgery
[8-10]. PDAC patients, after surgical resection, usually develop acquired chemoresistance, with a high
rate of recurrence due to the very heterogeneous biology of PDAC and the aggressive clinical behavior
of this disease[6]. These factors may explain the high mortality in PDAC patients; therefore, it is of great
importance to identify the molecular mechanism of PDAC pathogenesis and the involved signaling
pathways in order to discover novel targets and potential biomarkers for PDAC diagnosis and therapy.
SET and MYND domain-containing protein 2 (SMYD2) has been linked with tumor progression, poor
prognosis, or a worse malignant outcome in multiple human cancers including PDAC[11-16]. This
protein belongs to a special class of protein lysine methyltransferases and is characterized by a
conserved catalytic SET domain split by an MYND domain[11]. The MYND domain of SMYD2 is a zinc
finger motif that facilitates the protein-protein interaction, while the SET domain, an evolutionarily
conserved motif, catalyzes the transfer of methyl groups to lysine residues of target proteins using Sadenosylmethionine (SAM) as a donor substrate[12]. The carcinogenic potential of SMYD2 is exemplified by its ability to methylate a broad spectrum of proteins involved in cellular signaling, cell
cycle control, and cell differentiation and proliferation[17-20]. SMYD2 is an epigenetic regulator that has
histone lysine methyltransferase activity and can methylate histones H3K36 and H3K4[11,12]. Through
the dimethylation of histone H3 at Lys36 (H3K36me2), SMYD2 was reported to downregulate gene
transcription, which is further enhanced by Sin3A-mediated deacetylation to suppress cell proliferation
[11]. On the other hand, methylation of histone H3K4 by SMYD2 is usually associated with gene
activation, yet the exact underlying mechanism by which this SMYD2-mediated methylation regulates
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cell proliferation is not well understood[12,21]. Several investigations revealed multiple nonhistone
substrates of SMYD2, including the tumor suppressor p53, retinoblastomaassociated protein (RB), ERα,
HSP90, PARP1, and PTEN (Table 1)[22-27]. For instance, the tumor suppressor p53 is an important
nonhistone target that is monomethylated by SMYD2 at Lys370 located in the regulatory domain of p53,
repressing the p53’s transcriptional regulatory activity and promoting cancer initiation and growth[22].
It has also been shown that through its broad methyltransferase activity on nonhistone proteins, SMYD2
impacts various signaling pathways required for the development and progression of the malignancies
[17,28-32]. These pathways include the critical signaling cascade RTK/Ras, the downstream signaling
cascades of the RTK/Ras pathway, such as the mitogen-activated protein kinase (MAPK) pathway, and
the PI3K/AKT pathway[16,27,28,30,31]. As dysregulation of these signaling pathways is an almost
universal phenomenon in cancer, it is not surprising that SMYD2 overexpression has been linked with
tumor development and progression in multiple human cancers, such as gastric cancer[33], esophageal
squamous cell carcinoma[34], breast cancer[30], bladder cancer[23], colon cancer[31,35], colorectal
cancer[36], hepatocellular carcinoma[14], acute lymphoblastic leukemia[37,38], hematopoietic leukemias
[39], head and neck squamous cell carcinoma[15], lung adenocarcinoma[13], papillary thyroid
carcinoma[40], cervical cancer[41,42], ovarian clear cell carcinoma[43,44], and renal cell carcinoma[45,46]
(Table 2).
Because of SMYD2 overexpression in numerous human tumors (Figure 1A), understanding the
molecular mechanisms of SMYD2 in cancer initiation and development, and validating its therapeutic
potential as a drug target to inhibit abnormal cell proliferation, have gained increasing interest in recent
years; currently, SMYD2 is one of the most extensively studied protein lysine methyltransferases in the
context of cancer. However, the involvement of SMYD2 in PDAC initiation and progression has not yet
been fully explored. The overexpression of SMYD2 has been reported in PDAC by a study that showed
methylation of the human MAPK activated protein kinase 3 (MAPKAPK3) by SMYD2 promotes tumor
growth and progression[16]. Another investigation identified that the SMYD2 Locus is among the active
chromatin sites unique to the genomes of the adenosquamous cancer of the pancreas (ASCP) and is
associated with the active H3K4me1 histone mark[47]. These pioneering works, despite being limited in
scope, demonstrate that SMYD2-mediated methylation of both histone and nonhistone proteins could
also be an important tumorigenic event contributing to PDAC initiation and development. On the other
hand, a rich body of knowledge available in many other human cancers with respect to the roles of
SMYD2 in cell cycle control and various signaling cascades provides a wealth of information that could
be extrapolated to the PDAC research field to expand our understanding of SMYD2 in PDAC
development. Here, we review the known roles of SMYD2 in PDAC initiation and progression, and
through capitalizing on the current knowledge about its known cancer-related functions in other human
cancers, we propose there existing additional SMYD2-mediated methylation events involved in diverse
signaling pathways that control and coordinate different cellular processes in PDAC.

CURRENT EVIDENCE OF SMYD2 INVOLVEMENT IN PANCREATIC CANCER
One study aimed to investigate the function of SMYD2 in PDAC using mouse and cellular models
found evidence that SMYD2 plays a pivotal role in the development of this deadly pancreatic cancer[16]
(Figure 1B). In other human cancers, SMYD2 usually exerts its tumorigenic effects through methylating
cell signaling-related proteins and through the effect of such methylation on the targets’ activity,
stability, or subcellular localization[13,27,42,48]. Such a methylation-oriented mechanism has been
instrumental for the initial development of a mechanistic hypothesis of SMYD2 involvement in PDAC
and for the subsequent success of establishing a novel link of SMYD2 to promoting PDAC growth and
progression[16]. Using an in vitro protein-array system, which consists of about 9500 human proteins,
159 proteins were identified as SMYD2 substrates in this study. Among these hits, MAPKAPK3 was
selected for further analysis due to being implicated in cancer and being linked to Ras signaling, a key
driver of PDAC[16,49-52]. Although the roles of MAPKAPK3, like those of SMYD2, in PDAC were
unknown at the time of the study, MAPKAPK3 has been known as a mediator in the MAPK/ERK
cascade that is responsible for regulating a wide variety of stimulated cellular processes[53-55]. It has
also been shown that MAPKAPK3, phosphorylated by ERK1/2, p38 kinase, and SAPK/JNK, plays a
role in inflammation and stress responses[56-59]. Therefore, the identification of MAPKAPK3 as a new
SMYD2 substrate suggested a novel regulatory axis in PDAC progression.
Further characterization confirmed that the SMYD2-MAPKAPK3 axis is required for efficient PDAC
development and that SMYD2-mediated methylation of MAPKAPK3 is a key event during the K-Rasdriven transformation of PDAC cells in vivo[16]. Lys355 of MAPKAPK3 was identified as a site of
methylation targeted by SMYD2 using a mutagenesis approach and an LC-MS/MS analysis. Specificity
analyses using an MS approach showed that the related protein MAPKAPK2, which shares about 75%
sequence identity with MAPKAPK3, as well as other MAPKAPK proteins, are not substrates of SMYD2.
On the other hand, none of the eight active lysine methyltransferases, including SMYD3 and SET8,
could methylate MAPKAPK3 in vitro. Co-expression of SMYD2 and MAPKAPK3 in PDAC cells
identified MAPKAPK3-K355me1 in a SMYD2-dependent manner, demonstrating that only SMYD2 can
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Table 1 Major SET and MYND domain-containing protein 2 nonhistone substrates
Methylation
site

Methylation effect

Affected
pathways

Role of substrates in PDAC

Ref.

ALK

K1451; K1455;
K1610

Promotes EML4-ALK phosphorylation and
NSCLC cell growth

PI3K/AKT;
JAK/STAT;
RTK/Ras

ALK rearrangement-positive cancer
correlates with better response to
chemotherapy

[28,
96]

β-catenin

K133

Promotes β-catenin nuclear translocation

Wnt/βcatenin/TCF

Mediates EMT; promotes cell proliferation,
migration, and invasion

[48,
97]

BMPR2

Kinase domain

Stimulates BMPR2 kinase activity;
SMAD1/5 phosphorylation; BMP pathway
activation

BMP

Promotes tumor growth via
GRB2/PI3K/AKT pathway

[98,
99]

ERα

K266

Suppresses ERα target gene activation

PI3K/AKT; MAPK- ERα expression correlates with tumor
ERK
progression; endocrine therapies

[100,
101]

EZH2

K307

Promotes EZH2 stability; cell proliferation;
EMT;invasion in BC

RB-E2F

Linked to an aggressive phenotype

[102,
103]

HSP90AB1

K531; K574

Enhances dimerization; chaperone complex
formation of HSP90AB1; promotes cancer
cell proliferation

PI3K/AKT

Targeting HSP90 decreases GEM chemoresistance

[25,
104]

MAPKAPK3 K355

Promotes pancreatic ductal adenocarcinoma

RTK/Ras; MAPKERK

Interacts with HSP27; mediates gemcitabine
toxicity

[16]

p53

K370

Inhibits p53 and p53-mediated transcriptional regulation

p53

p53 methylation correlates with aggressive
tumors; poor prognosis

[16,
22]

PARP1

K528

Enhances poly (ADP-ribosyl) ation
enzymatic activity; promotes apoptotic
escape of cancer cells

Base excision repair Promotes tumorigenesis and resistance

[26,
105]

PTEN

K313

Inactivates PTEN; promotes BC cell proliferation

PI3K-AKT

Loss of PTEN enhances activation of PI3KAKT; NF-κB and MYC; promotes tumor cell
growth and survival

[27,
74]

RB

K810; K860

Enhances Ser 807/811 phosphorylation of
RB1; enhances E2F transcriptional activity;
cell cycle progression

RB-E2F pathway

Reduced expression of RB correlates with
cancer progression

[23,
76,78]

STAT3

K685

Activates and phosphorylates STAT3;
promotes cell proliferation and survival in
triple-negative BC

JAK2/STAT3

Suppress apoptosis via regulation of BCL-2
family; promotes tumorigenesis

[30,
106]

P65

K310

Activates and phosphorylation p65;
represses tumor cell apoptosis in triplenegative BC

NF-κB pathway

-

[30]

Substrate

PDAC: Pancreatic ductal adenocarcinoma; MAPKAPK3: Mitogen-activated protein kinase activated protein kinase 3; RB: Retinoblastomaassociated
protein; BC: Breast cancer; STAT3: Signal transducer and activator of transcription 3; BCL-2: B cell lymphoma-2.

monomethylate MAPKAPK3 at Lys355 both in vitro and in vivo. Moreover, depletion of SMYD2 led to a
decreased expression of endogenous methylation of MAPKAPK3 at Lys355 in the human SW1990
PDAC cell line, indicating that SMYD2 is required for the physiological levels of MAPKAPK3-K355me1
in these cells. Additional experiments further confirmed MAPKAPK3 as a cancer-relevant cytoplasmic
target of SMYD2, as determined by a decreased stromal response and a diminished inflammation in KRas mutant mice, as well as by the cytoplasmic co-localization of SMYD2 and MAPKAPK3 in human
and murine PDAC cell lines[16].
PDAC is one of the Ras-driven carcinomas, where K-Ras mutation is a key player in triggering the
pancreatic intraepithelial neoplasia (PanIN) and tumor development[16,52]. The overexpression of
SMYD2 in PDAC samples, as well as the methylation of the Ras-signaling kinase MAPKAPK3, support
the idea that targeting the catalytic activity of SMYD2, or the SMYD2-MAPKAPK3 axis, may be
therapeutic in the Ras-driven PDAC. SMYD2 expression was not detectable in normal pancreas tissue
sections, while sections from murine and human PanIN and PDAC specimens revealed elevated
expression of SMYD2[16]. Notably, an increase in the expression of SMYD2 is correlated with the cancer
progression in samples from K-Ras mutant mice. Loss of SMYD2 resulted in a reduction in the acinar-toductal metaplasia (ADM)[16], an early event in PDAC development triggered by the activation of the
RTK/Ras signaling pathway[60]. Consistently, a reduction in the development of the precancerous
lesions PanINs and a decreased proliferation ability were also observed upon depletion of SMYD2, as
determined by using MUC5AC, pERK1/2, Ki67, cleaved-Caspase-3, and αSMA as markers for PanIN
lesions, Ras pathway activation, proliferation, apoptosis, and stromal response, respectively. These
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Table 2 SET and MYND domain-containing protein 2 involvement in human cancers
Cancer type

Findings

Ref.

Acute lymphoblastic leukemia

SMYD2 overexpression; worse OS and EFS; higher WBC counts; a higher percentage of high-risk
disease; prognostic factor

[38]

Bladder cancer

Higher expression of SMYD2; promotes cell cycle progression of cancer cells; methylation of RB

[23]

Breast cancer

SMYD2 overexpression; worse RFS; prognostic factor

[107]

SMYD2 overexpression; poor survival

[30]

Cervical cancer

Higher expression of SMYD2; worse OS; advanced FIGO stage; larger tumor size; poor prognosis

[41]

Chronic lymphocytic leukemia

Higher expression of SMYD2; high WBC counts; complex karyotype; tumor progression

[108]

Clear cell renal cell carcinoma

SMYD2 overexpression; worse OS and DFS; high TNM stage; early tumor relapse

[46]

Colon cancer

SMYD2 overexpression; upregulation MDR1/P-glycoprotein; poor prognosis; enhances
oxaliplatin resistance

[31]

Colorectal cancer

SMYD2 overexpression; activates the Wnt/β-catenin pathway; worse OS and DFS; worse
oncologic outcomes

[36]

Esophageal squamous cell carcinoma

Higher expression of SMYD2; worse OS; enhances venous invasion; higher pT category and
recurrence

[34]

Gastric cancer

SMYD2 overexpression correlates with larger tumor size; aggressive invasion; more lymph node
metastasis; recurrence; poor OS

[33]

Hematopoietic leukemias

Higher expression of SMYD2; promote Wnt-β-Catenin signaling; poor OS

[39]

Hepatocellular carcinoma

SMYD2 overexpression correlates with tumor size; vascular invasion; differentiation; TNM stage;
worse OS; poor prognosis

[14]

HPV-unrelated, non-multiple head and
neck cancer

Higher expression of SMYD2; worse OS; prognostic biomarker

[15]

Lower-grade gliomas

Poor OS; prognostic biomarker

[109]

Lung adenocarcinoma

Overexpressed SMYD2 correlates with shorter OS and DFS; promotes proliferation, migration,
and invasion of cancer cells

[13]

Non-small cell lung cancer

Overexpressed SMYD2 enhances cisplatin resistance; downregulates the p53 pathway

[32]

Ovarian clear cell carcinoma

Shorter OS and DSS; prognostic biomarker

[43]

Pancreatic cancer

SMYD2 overexpression; methylation of MAPKAPK3; enhances precancerous lesions; poor OS

[16]

Papillary thyroid carcinoma

SMYD2 overexpression correlates with PTC progression; poor prognosis and DFS; worse clinical
outcomes

[40]

Renal cell tumor

Low expression of SMYD2 correlates with shorter DSS and DFS; prognostic biomarker

[45]

SMYD2: SET and MYND domain-containing protein 2; OS: Overall survival; EFS: Event-free survival; DFS: Disease-free survival; DSS: Disease-specific
survival.

results have led to pharmacological inhibition experiments aimed to evaluate the therapeutic potential
of targeting the SMYD2-MAPKAPK3 axis in Ras-driven pancreatic cancer[16]. The compound PF3644022, which inhibits the kinase activity of MAPKAPK3, was found to suppress the expansion of
PDAC cells in culture[16]. Also, treatment with PF-3644022 caused inhibition of PDAC growth in K-Ras
mutant mice, as well as resulted in fewer PanIN, reduced cell proliferation, an elevated level of
apoptosis, attenuation of the Ras pathway, and a reduced level of inflammatory cytokines. Treatment
with the SMYD2 small molecule inhibitor BAY598[61] inhibited the methylation of MAPKAPK3 by
SMYD2 and decreased the growth of K-Ras/TP53 mutant PDAC cells, whereas the growth of K-Ras/
TP53/SMYD2 mutant cells was not significantly impacted. On the other hand, the chemotherapeutic
gemcitabine had a stronger inhibitory effect on the clonal expansion of K-Ras/TP53 mutant PDAC cells
when combined with BAY598[16]. Gemcitabine also inhibits the growth of K-Ras/TP53/SMYD2 mutant
cells, suggesting that SMYD2 inhibition along with chemotherapy treatment cooperate to target PDAC
cells. Such a notion was further supported by the fact that co-treatment of gemcitabine with either
SMYD2 inhibition or its deletion resulted in much greater suppression of the growth of PDAC
xenografts in mice when compared with any single-agent treatments. Another combination treatment
with low-dose doxorubicin and BAY598 revealed similar results in inhibiting PDAC cell growth[16].
These studies together demonstrated that the efficacy of chemotherapy for the treatment of PDAC
patients could be significantly improved by a combination of SMYD2 inhibition and effective
chemotherapy agents, underscoring the therapeutic potential of targeting the SMYD2-MAPKAPK3 axis
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Figure 1 SET and MYND domain-containing protein 2 gene expression in cancer. A: The gene expression profiles of SET and MYND domaincontaining protein 2 (SMYD2) across 31 types of tumor samples and paired normal tissues from the Cancer Genome Atlas (TCGA) and the Genotype-Tissue
Expression (GTEx) project, the analysis was performed using the Gene Expression Profiling Interactive Analysis (GEPIA2); B: Differences in SMYD2 expression
between pancreatic ductal adenocarcinoma tissues and paired normal tissues. TPM: Transcripts per kilobase of exon per million mapped reads; ACC: Adrenocortical
carcinoma; BLCA: Bladder urothelial carcinoma; BRCA: Breast invasive carcinoma; CESC: Cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL: Cholangiocarcinoma; COAD: Colon adenocarcinoma; DLBC: Lymphoid neoplasm diffuse large B-cell lymphoma; ESCA: Esophageal carcinoma; GBM:
Glioblastoma multiforme; HNSC: Head and neck squamous cell carcinoma; KICH: Kidney chromophobe; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal
papillary cell carcinoma; LAML: Acute myeloid leukemia; LGG: Lower grade glioma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung
squamous cell carcinoma; OV: Ovarian serous cystadenocarcinoma; PAAD/PDAC: Pancreatic ductal adenocarcinoma; PCPG: Pheochromocytoma and
paraganglioma; PRAD: Prostate adenocarcinoma; READ: Rectum adenocarcinoma; SARC: Sarcoma; SKCM: Skin cutaneous melanoma; STAD: Stomach
adenocarcinoma; TGCT: Testicular germ cell tumors; THCA: Thyroid carcinoma; THYM: Thymoma; UCEC: Uterine corpus endometrial carcinoma; UCS: Uterine
carcinosarcoma; n: Number of samples. aP < 0.001 is indicated by three asterisks.

in PDAC.

FUNCTIONAL EXTRAPOLATION OF SMYD2 FROM OTHER CANCERS TO PANCREATIC
CANCER
SMYD2 involvement in many other human cancers (Table 2) through regulating the oncogenic signaling
pathways provides a conceptual foundation for extrapolating the known functions of SMYD2 to the less
studied pancreatic cancer. SMYD2 is highly expressed in breast tumor tissues relative to normal breast
tissues[30]. Inhibition of SMYD2 by RNAi-mediated knockdown or through the specific inhibitor AZ505
significantly decreased tumor growth in vivo, indicating that SMYD2 may be involved in the initiation
and development of breast cancer (BC) via methylation of proteins required for BC cell survival. Indeed,
the contribution of SMYD2 to BC development depends on its ability to methylate four protein targets
including the NF-κB p65 subunit, signal transducer and activator of transcription 3 (STAT3), histone H3,
and PTEN; the activation/inactivation of these protein targets by the methylation affects a wide range of
cancer cell behaviors, including cell proliferation, migration, invasion, and survival (Figure 2). SMYD2mediated methylation of the NF-κB p65 subunit resulted in NF-κB activation and repressed apoptosis of
human breast cancer cells[30]. SMYD2-mediated methylation of STAT3 contributes to STAT3 activation
in triple-negative breast cancer cells, which in turn increases SMYD2 expression, leading to increased
methylation of H3K4 and H3K36 by SMYD2, thereby linking SMYD2 to several BC-associated signaling
cascades, including JAK2/STAT3, ERK, and AKT signaling[11,27,30,62]. SMYD2-mediated methylation
of PTEN at Lys313 was shown to downregulate the expression of PTEN and to suppress PTEN activity
through inducing phosphorylation at serine 380 of PTEN[27,30]. PTEN is a dual lipid and protein
phosphatase; as a negative regulator of PI3K/AKT signaling, it downregulates signal transduction
initiated by growth factors and hormones through dephosphorylating phosphatidylinositol 3,4,5triphosphate (PIP3) produced by PI3K[63]. Since PI3K/AKT signaling is a crucial intracellular pathway
in human cancers and is frequently upregulated in multiple types of cancer including PDAC[64], the
link of SMYD2 to this signaling pathway via the methylation-induced repression of PTEN activity
suggests a possible new mechanism by which SMYD2 contributes to PDAC development. Several
reports have shown the constitutive activation of Ras/ERK and PI3K/AKT signaling and PTEN
downregulation being involved in the pathogenesis and progression of pancreatic cancer[65-70]. PTEN
was shown to be abundantly expressed in the cytoplasm of non-tumor pancreatic tissues but to be
significantly downregulated in PDAC tissues[71]. The downregulation of PTEN has been associated
with a high rate of tumorigenesis and a poor prognosis for PDAC patients[71-73]. One important
mechanism by which aberrant PTEN expression contributes to PDAC development is the activation of
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Figure 2 A schematic model for SET and MYND domain-containing protein 2 driving pancreatic cancer development via methylation of
nonhistone proteins. SET and MYND domain-containing protein 2 (SMYD2) can methylate several nonhistone proteins that may be involved in pancreatic cancer
tumorigenesis, including p53, PTEN, retinoblastomaassociated protein (RB), and mitogen-activated protein kinase activated protein kinase 3 (MAPKAPK3). SMYD2
methylates and inactivates p53 to promote cell proliferation. PTEN is downregulated by SMYD2-mediated methylation, which promotes cell proliferation through
activation of PI3K signaling. Methylation of RB by SMYD2 enhances RB phosphorylation, which allows E2F to disassociate from the RB-E2F complex and enhances
E2F activity to promote cell cycle progression. SMYD2 impacts the RTK/Ras pathway through methylation of MAPKAPK3 to promote cell growth. MAPKAPK3:
Mitogen-activated protein kinase activated protein kinase 3; RB: Retinoblastoma-associated protein.

the PI3K/AKT signaling pathway, which promotes PDAC cell growth, survival, and angiogenesis[74,
75]. Therefore, in addition to promoting PDAC growth via methylation of MAPKAPK3, it is possible
that the tumor-promoting activity of SMYD2 in PDAC is attributable to its methyltransferase activity on
PTEN, which subsequently causes the activation of the oncogenic PI3K/AKT signaling pathway. In
order to prove this hypothesis, future investigation should be directed towards assessing whether
Lys313 of PTEN, which is methylated by SMYD2 in BC, can be methylated by SMYD2 in the context of
PDAC, and whether such methylation represses the tumor-suppressor activity of PTEN, leading to the
activation of PI3K/AKT signaling.
Methylation of RB by SMYD2[76], which is involved in the development of bladder cancer[77],
suggests another potential mechanism by which SMYD2 contributes to PDAC progression. SMYD2 is
overexpressed in bladder cancer cell lines and primary bladder tumor samples and plays a role in
promoting bladder cancer cell proliferation[23]. One mechanism for the SMYD2’s bladder cancerpromoting role is the methylation of the tumor suppressor RB, which contributes to the hyperphosphorylation of RB, leading to RB inactivation, and thereby bypassing the regulatory action of RB on cell
proliferation[23]. In the case of pancreatic cancer, RB protein levels were significantly lower in PDAC
tumor tissues than those in adjacent normal tissues; the low protein levels of RB have been associated
with PDAC progression[78]. Another study showed that RB depletion promotes PanIN and rapid
malignant transformation in K-Ras-induced PDAC, being associated with an impaired p53 activity[79].
This result suggests the importance of RB function in suppressing PDAC progression through
mediating the cellular senescence and enhancing p53 function. However, little is known about the
methylation status of RB in pancreatic cancer, how such posttranslational modification regulates RB
activity, and what are the downstream effects of the methylation on cellular functions and PDAC
progression. Given the role of the SMYD2-mediated RB methylation in bladder cancer, one can
speculate that there might exist an analogous cancer-promoting mechanism, where SMYD2 mediates
the inactivation of RB through direct methylation of RB, resulting in bypassing cell cycle restrictions and
promoting PDAC cell growth.
Because of the broad substrate specificity of SMYD2 (Table 1), with most of its substrates being tumor
suppressors or oncogenic proteins, the mechanistic link of SMYD2 to PDAC proliferation is expected to
be complex, involving the interconnected signaling pathways that regulate the cell cycle, apoptosis, as
well as energy metabolism. The tumor suppressor p53 is another important methylation target of
SMYD2[22], and this methylation has been shown to promote the tumorigenesis of cervical cancer
through an alternative metabolic strategy, shifting the major production of cellular metabolism to lactate
production[42]. p53 exerts its tumor-suppressive function in response to severe DNA damage and

WJG

https://www.wjgnet.com

3759

August 7, 2022

Volume 28

Issue 29

Alshammari E et al. SMYD2 in pancreatic cancer

inhibits the onset and progression of tumors[80]. p53 is a master regulator of the cell cycle and apoptosis
and is involved in the regulation of metabolic pathways to maintain the metabolic homeostasis of cells
[81,82]. It has been reported that SMYD2 monomethylates p53 at Lys370, which led to p53 inactivation
by decreasing the binding activity of p53 to its target genes[22]. Loss-of-function and gain-of-function
experiments revealed that SMYD2 depletion not only significantly reduced the p53K370me level but
also increased the p53 reporter activity in cervical cancer cell lines; in contrast, overexpression of
SMYD2 in the same cell lines led to an increased level of p53K370me[42]. It has also been shown that the
knockdown of p53 in SMYD2-overexpressing cervical cancer cells compromised the increase in glucose
uptake and lactate production induced by SMYD2[42]. Moreover, hijacking tumor glycolysis by the
glucose analog 2-deoxy-D-glucose (2-DG) significantly repressed SMYD2-dependent tumor growth.
These findings together indicate that SMYD2 is a positive glycolytic mediator and plays a promoting
role in enhancing tumor growth in a glycolysis-dependent manner, likely through SMYD2-mediated
methylation of p53 to promote aerobic glycolysis and tumorigenesis in cervical cancer[42]. Although the
role of SMYD2-mediated p53 methylation in PDAC has not yet been explored, dysregulation of the p53
pathway is one of the primary molecular pathological events in PDAC, which promotes the
development and progression of pancreatic tumors[83]. In a cohort of 272 PDAC patients, an aberrant
alteration rate of the TP53 gene was about 38%[84], consistent with earlier reports demonstrating 40%
and 47% of PDAC samples having p53 mutations[85,86]. It was shown that the inactivation of p53
occurs during the progression of PanIN to invasive tumors[87], while activation of the mitochondrial
p53 was shown to restore the apoptotic pathway and inhibit PDAC growth in vitro and in vivo[88]. These
studies demonstrate that p53 dysfunction has a strong association with the progression of pancreatic
cancer. As an upstream regulator of the p53 pathway, SMYD2 monomethylates p53 and deactivates the
transcriptional activity of p53, and it is thus possible that its ability to block the p53-tumor suppressor
activity is another mechanism by which SMYD2 contributes to PDAC progression. It would also be
interesting to investigate whether SMYD2-mediated silencing of p53 is also involved in the metabolic
reprogramming of pancreatic tumors and promotes the aerobic glycolysis of cancer cells.

CURRENT CHALLENGES IN THE MOLECULAR THERAPEUTIC TARGETING OF SMYD2
Because of the tumor-promoting role of SMYD2 in numerous cancers including PDAC, the development
of selective small-molecule inhibitors against SMYD2 could offer a substantial opportunity for targeted
medicine with a broad therapeutic benefit. Great progress in crystal structure analysis of SMYD2 has
allowed for the development of multiple selective and potent SMYD2 inhibitors over the past decade
[89]. The first SMYD2 inhibitor AZ505 was identified in 2011 after screening over one million-compound
library[90]. AZ505 is a competitive inhibitor and has high selectivity for SMYD2, with an inhibitory
potency at IC50 of 0.12 μM. This landmark discovery opened avenues for structure-based drug discovery
for SMYD2 and led to the development of more potent SMYD2 inhibitors. A systematic structureactivity relationships (SAR) study on the AZ505 structure has identified the small molecule A893 as a
highly selective SMYD2 inhibitor and being more potent in inhibiting p53 methylation than AZ505[91].
LLY507, another selective SMYD2 inhibitor, was developed and validated not only by a biochemical
assay but also by the cell-based assays, and this inhibitor was found to strongly inhibit SMYD2mediated p53 methylation in several cancer cell lines[92]. Using a modified high-throughput binding
assay, BAY598 was identified as one of the most selective and potent SMYD2 inhibitors, with promising
pharmacokinetic properties and capable of inducing SMYD2 inhibition in vivo[61]. BAY598 showed
more than 100-fold selectivity towards SMYD2 relative to other SMYD proteins, and it had a preferred
binding to the SMYD2-SAM substrate complex. In cell-based assays, BAY598 was able to inhibit the
methylation of p53 by SMYD2, and it can also lead to a slight reduction of tumor area in mice[61].
Further studies identified additional potent and selective inhibitors with suitable pharmacokinetic
properties, namely AZ931 and AZ506, though these inhibitors showed no effect on the proliferation of
either TP53 wild-type or TP53-deficient cell lines[93]. Recent studies presented new SMYD2 inhibitors,
including EPZ033294, EPZ032597, MTF1497, and MTF9975[89,94]. It is noteworthy that EPZ033294 was
the first SMYD2 inhibitor acting as a non-competitive inhibitor for the substrate peptide, with a low
nanomolar inhibitory activity[94]. However, all these SMYD2 inhibitors are still at a research level and
have not undergone clinical trials as therapeutic agents against tumors.
It is widely accepted that the cancer-promoting role of SMYD2 is dependent on its ability to
methylate histone and nonhistone proteins, which has significant functions in the development and
progression of malignancies. However, targeting the methyltransferase activity of SMYD2 has not yet
achieved great outcomes in current cancer studies. This lack of success may be attributed to traditional
SMYD2 inhibitors that usually inhibit the evolutionarily conserved cofactor binding site, as well as the
complexity of the SMYD2 broad substrate specificity and its involvement in multiple signaling
pathways that are essential for both normal and cancerous cells. Targeting the cofactor binding site of
SMYD2 is a straightforward strategy, as the methyltransferase activity of SMYD2 relies on the methyl
donor SAM being bound at the cofactor binding site. However, the highly conserved nature of this SAM
binding site across the entire SET domain-containing protein lysine methyltransferase superfamily
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makes designing a highly selective inhibitor with minimum cross-reactivity a challenge. Although a
great selectivity has been achieved by some SMYD2 inhibitors, the current specificity analysis is limited
to a handful number of SET domain-containing proteins that are closely related to SMYD2, and the full
spectrum of the specificity profiles of these inhibitors across the genome is unknown. Consequently,
some reports pointed out a potent inhibition of cell proliferation by some of the SMYD2 inhibitors, such
as LLY507, being independent of SMYD2 inhibition, rather targeting several other unrelated enzymes to
exert their inhibitory effects[94]. Similar conflicting data was also obtained about the effect of the
SMYD2 inhibitor BAY598[61]. As a result of these conflicting data, some reports concluded that SMYD2
might not be required for in vitro cell line proliferation, though such a claim needs to be further studied
[94]. The broad substrate specificity of SMYD2 represents another significant challenge in targeting
SMYD2 for cancer therapy. In the past two decades, many nonhistone substrates of SMYD2 have been
reported, suggesting that the functional impact of inhibiting SMYD2 will be very complex, involving
different mechanisms and affecting various cellular pathways in both normal and pathological
conditions. The lack of understanding of how SMYD2 inhibition affects the physiological behavior of
normal cells is a major issue of current SMYD2 inhibitors. Another issue is that, for example, SMYD2
inhibition leading to the restoration of the p53 tumor suppressor activity has been well characterized,
but how this inhibition affects the function of p53 gain-of-function mutants is unknown. Many mutant
p53 proteins promote tumorigenesis through the gain-of-function mechanism[95]. The activity of such
p53 mutants could be enhanced by targeting SMYD2 in a similar way as it does to wild-type p53,
leading to unwanted outcomes and adverse effects. This is consistent with the evidence that SMYD2 is
not always a poor prognostic marker for cancer patients, and the overexpression of SMYD2 has been
shown to be a favorable prognostic marker for patients with renal cell tumors[45]. Nonetheless, given
that the cancer-promoting role of SMYD2 has been confirmed in multiple types of cancers, it is
worthwhile to continue to exploit SMYD2 as a drug target for cancer treatment, with more attention
being paid to new inhibition strategies, such as targeting protein-protein interactions and targeting
additional functional sites that are less conserved but have substrate-specific functions.

CONCLUSION
In the past few decades, there have been huge improvements in our understanding of the complex
molecular nature of pancreatic cancer and progress in the available therapy options, including surgery,
chemotherapy, radiotherapy, immunotherapy, and targeted therapies. Although these therapy options
have resulted in a slight improvement in the overall 5-year survival rate of patients, pancreatic cancer
remains a difficult disease to treat. SMYD2 could be a promising target for the development of a novel
PDAC therapy, given its involvement in diverse oncogenic signaling pathways to control multiple
cellular processes like cell proliferation, apoptosis, and energy metabolism (Figure 2). SMYD2 is overexpressed in PDAC and serves as an important regulatory molecule through the interplay with the
RTK/Ras signaling pathway and the PI3K-AKT signaling pathway to drive PDAC cell growth and
metastasis. The projected role of SMYD2 in repressing the activity of the tumor suppressors p53 and
PTEN in PDAC development further implies that SMYD2 is a key player in promoting the cell cycle, cell
growth, and cell survival. Therefore, targeting SMYD2 could be a powerful strategy for the prevention
and treatment of PDAC, in particular with consideration of tumor subtypes and genetic backgrounds.
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Abstract
Mastocytosis is a rare and heterogeneous disease characterized by various clinical
and biological features that affect different prognoses and treatments. The disease
is usually divided into 2 principal categories: cutaneous and systemic disease
(SM). Clinical features can be related to mast cell (MC) mediator release or
pathological MC infiltration. SM is a disease often hard to identify, and the
diagnosis is based on clinical, biological, histological, and molecular criteria with
different specialists involved in the patient’s clinical work-up. Among all
manifestations of the disease, gastrointestinal (GI) symptoms are common, being
present in 14%-85% of patients, and can significantly impair the quality of life.
Here we review the data regarding GI involvement in SM, in terms of clinical
presentations, histological and endoscopic features, the pathogenesis of GI
symptoms, and their treatment.
Key Words: Systemic mastocytosis; Gastrointestinal involvement; Gastrointestinal
symptoms
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core Tip: Gastrointestinal (GI) involvement is frequent in systemic disease (SM); GI symptoms are
frequent (second in frequency only to itching), being the main culprits of chronic disorders, and are a
major determinant of quality of life. GI symptoms could be secondary both to mast cell (MC) mediator
release and MC infiltration in the GI tract, causing organ dysfunction. Diagnosis of GI involvement in SM
is based on clinical and endoscopic suspicion and histologic demonstration of MC infiltration in GI
mucosa, using immunohistochemistry (i.e., CD117, tryptase, CD25). Symptomatic treatment is used to
control mediators-release symptoms while cytoreductive therapies are necessary to reduce organ
dysfunction secondary to MC infiltration and proliferation.
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INTRODUCTION
Mastocytosis is a rare type of myeloid neoplasm characterized by clonal expansion and accumulation of
morphologically and immune-phenotypically abnormal mast cells (MCs) in one or more organ systems
[1]. Clinical presentation in mastocytosis patients is heterogeneous[1,2]. Cutaneous mastocytosis (CM) is
the skin-limited presentation; it is most common in children, who experience spontaneous regression of
skin lesions during their growth. Systemic mastocytosis (SM) is, on the contrary, a condition of MCs
proliferation associated with extra-cutaneous involvement, and it is more frequent in adult patients.
Neoplastic MCs form focal and/or diffuse infiltrates in various internal organs, including the bone
marrow (BM), spleen, liver, and gastrointestinal (GI) tract[2-4]. Regardless of the type of SM, the BM is
involved in virtually all patients.
In 2016, the World Health Organization (WHO) classification of SM identified 5 clinical variants with
different prognoses: indolent SM (ISM), smoldering SM (SSM), aggressive SM (ASM), SM with
associated hematological neoplasm (SM-AHN), and mast cell leukemia (MCL)[5,6]. Advanced SM
(ASM, SM-AHN, and MCL) is generally associated with a poor outcome, whereas ISM patients usually
have a comparable life expectancy in comparison with the general population[1,2].
In recent years, knowledge of the pathophysiology of mastocytosis has improved. Particularly,
research has found that a recurrent activating D816V KIT mutation, located in the phosphor-transferase
domain (PTD) of the receptor, is detectable in more than 80% of adult patients with SM[7,8]. Further
genetic alterations, usually involved in myeloid malignances pathogenesis, are often found in advanced
forms of SM. These mutations are associated with aggressive disease and poor prognosis[9].
For many years, mastocytosis has been considered an orphan disease, and this might be an
explanation for the difficulty in estimating its prevalence. The reported prevalence of SM of 9.56 per
100000 persons[10] is probably underestimated; in the last few years, improved knowledge of the
disease and availability of diagnostic tests suggested a higher prevalence, with the newer prevalence
reported to be 21 per 100000 inhabitants in the adult population[11].
Mastocytosis diagnosis is based on the identification of atypical MCs in the affected tissue, according
to the well-established WHO criteria, based on morphological, histological, cytofluorimetric, and
molecular features[5,6] (Table 1). When the major and at least one minor SM criterion or three minor SM
criteria are detected, the diagnosis SM is established. SM patients can be further sub-classified
depending on the presence of B (organ involvement without organ failure) or C (organ involvement
with organ dysfunction) findings, defining MCs burden or disease aggressiveness, respectively[1,5,6]
(Table 2).
The severity of the symptoms associated with mastocytosis may vary from mild to life-threatening
[2]. In general, symptoms occurring in SM are mainly due to the release of chemical mediators from the
MCs, such as histamine, heparin, and eosinophil chemotactic factor, and thus produce symptoms
associated with an allergic reaction, although a true allergic trigger may not be identified. In ASM,
where MCs infiltration occurs, a decrease in blood cells (cytopenia), break-down of bones (osteolysis),
swelling of the lymph nodes (lymphadenopathy), swelling of the liver (hepatomegaly), impaired liver
function, ascites or portal hypertension, and malabsorption may occur[1,12,13].
Symptom-directed treatment should be considered in all SM patients[2]. Supportive therapies for SM
are directed at MC’s degranulation symptoms [histamine-receptors 1 (H1) and 2 (H2) antagonists,
proton pump inhibitors (PPI), leukotriene antagonist, sodium cromolyn, corticosteroid], symptomatic
skin disease (Psolaren plus ultraviolet A photo-chemotherapy, corticosteroids), and/or
osteopenia/osteoporosis/pathologic fractures (bisphosphonate, cytokine/ immunomodulatory drugs)
[2,14,15]. Treatment goals for ISM patients are primarily directed towards anaphylaxis prevention and
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Table 1 Systemic mastocytosis criteria according to World Health Organization 2016
Major SM criterion

Multifocal dense infiltrates of MCs (≥ 15 MCs in aggregates) in BM biopsies and/or in sections of other extracutaneous organ(s)

Minor SM criteria

(a) > 25% of all MCs are atypical cells (type I or type II) on BM smears or are spindle-shaped in MC infiltrates detected on
sections of visceral organs
(b) KIT point mutation at codon 816 in the BM or another extracutaneous organ
(c) MCs in BM or blood or another extracutaneous organ exhibit CD2 and/or CD25
(d) Baseline serum tryptase level >20 ng/mL (in case of an unrelated myeloid neoplasm, item d is not valid as an SM criterion)

If at least 1 major and 1 minor or 3 minor systemic mastocytosis (SM) criteria are fulfilled, the diagnosis of SM can be established. BM: Bone marrow; MCs:
Mast cells; SM: Systemic mastocytosis.

Table 2 B and C Findings in systemic mastocytosis
B and C Findings in systemic mastocytosis
B Findings
BM biopsy showing > 30% infiltration by MCs (focal, dense aggregates) and serum total tryptase level > 200 ng/mL
Myeloproliferation or signs of dysplasia in non-MC lineage(s), no prominent cytopenias; criteria for AHN not met
Hepatomegaly and/or splenomegaly on palpation without impairment of organ function and/or lymphadenopathy on palpation/imaging (> 2 cm)
C Findings1
Cytopenia(s): ANC < 1 × 109/L, Hb < 10 g/dL, or platelets < 100 × 109/L
Hepatomegaly on palpation with impairment of liver function, ascites, and/or portal hypertension
Skeletal lesions: Osteolyses and/or pathologic fractures
Palpable splenomegaly with hypersplenism
Malabsorption with weight loss from gastrointestinal tract MC infiltrates

1

Must be attributable to the mast cell infiltrate. AHN: Associated hematological neoplasm; ANC: Absolute neutrophilic count; BM: Bone marrow; MCs:
Mast cells.

symptom control/osteoporosis treatment. Patients with advanced SM frequently need MCs cytoreductive therapy to ameliorate disease-related organ dysfunction[2]. High response rates have been seen
with small-molecules inhibitors that target mutant-KIT, including midostaurin (Food and Drug
Administration and European Medicine Agency approved) or avapritinib (Food and Drug Administration approved)[2,16-19].
In this review, we sought to focus on clinical, pathophysiological, histological, and therapeutic
aspects of GI tract involvement in SM.

GI CLINICAL MANIFESTATIONS OF SM
GI involvement in the clinical presentation of SM has been reported to vary from 15% to 85%. The wide
range of variability is probably due to variable definitions of GI symptoms and differences in the
attention on GI involvement in the case series available in the literature[20]. However, among all clinical
manifestations, GI symptoms appear to be second in frequency only to itching[21] and are the main
culprits of chronic disorders being a major determinant of quality of life (QoL)[20-22].
GI symptoms can be varied and may be independent of a clear GI involvement with mastocytes’
infiltration[23]. In addition, GI manifestations may occur in the absence of typical cutaneous manifestations, with GI dysfunction being observed in both cutaneous mastocytosis and SM[24]. Although the
gastro-enteric tract involvement has been described in all SM variants, both the frequency and the type
of GI symptoms vary according to the SM subtype.
GI symptoms associated with SM are often non-specific and mimic common conditions, such as
irritable bowel syndrome, inflammatory bowel disease, or celiac disease, with recurrent abdominal pain,
nausea, vomiting, gastro-esophageal reflux disease, diarrhea, and bloating, until more severe pictures
characterized by long-standing, persistent, and intractable diarrhea with malabsorption occurs[23].
Also, peptic ulcer disease represents a GI manifestation of SM, causing gastro-duodenal ulceration in up
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to 50% of cases[25], with possible severe GI bleeding sustained by the large amount of histamine
released by mast cells (Table 3).

PATHOPHYSIOLOGY OF GI INVOLVEMENT
From the pathophysiological point of view, these symptoms are caused by several mechanisms.
Activation of MCs causes alteration in epithelial and neuromuscular function. MCs represent 2% of the
cells present on the intestinal mucosa of the GI tract[26]: They are responsible for a series of regulatory
functions concerning the barrier functions and vascular mucosal permeability, regulating the secretion
of GI hormones, modulating peristalsis and the pain perception threshold, and regulating the
endothelial barrier and chemotaxis of immune cells. They, therefore, intervene in the regulation of the
inflammatory response and, as recently described, they drive the immune response by attracting both
granulocytes and lymphocytes and triggering innate defense mechanisms, such as enhanced epithelial
secretion, peristalsis, and alarm programs of the enteric nervous system[26,27].
Activated MCs release various inflammatory mediators, which determine intestinal motility
alteration, visceral sensitivity alteration, and mucosal and epithelial gut barrier function alteration.
Furthermore, MCs inflammatory mediators determine hypersecretion and increased motility, causing
diarrhea and abdominal pain. In the more advanced and aggressive stages, there is a direct MC infiltration of the GI tract and the pathogenic mechanisms change. The GI tract can be involved in any phase
of SM and the pathophysiological mechanisms are different. As well as reported for other extra-hematological manifestations of SM, in the initial and indolent forms of SM, the gut is a target of mediators
released by MCs and functional disorders are more expressed, with mediator-related functional
diarrhea, abdominal pain, and motor dyspepsia.
Thereafter, with the massive and persistent mediators’ release, organic lesions appear, such as peptic
disease. The main mediator released by MCs is histamine which exerts different effects on both the
upper and lower gastrointestinal tract. Histamine interacts with H2 receptors, promoting the secretion
of hydrochloric acid, resulting in gastroesophageal reflux disease, gastritis, and peptic ulcer.
The peptic ulcer due to the increase in histamine-related acid secretion is a condition not rarely
observed in SM, and it is largely underestimated: It is reported in up to 40% of patients with SM. It does
not correlate with circulating markers, in particular with circulating histamine; therefore, it has to be
hypothesized with a low threshold of suspicion and then investigated with gastroscopy. Moreover,
peptic ulcer bleeding in MS is also reported in up to 11% of patients[25]. Histamine also interacts with
the H1 receptors, regulating the gut smooth muscle contraction, causing impaired peristalsis and
motility disorders, clinically resulting in the dysmotility-like dyspepsia and functional diarrhea
observed in patients in the early stages of SM.
Besides the GI effects of histamine, other transmitters are released in the course of SM, including
prostaglandins and serotonin, which have various effects, including effects mainly on the
neuromuscular junction of the GI tract, with consequently impaired motility and visceral hypersensitivity. Again, patients present with nausea, vomiting, and abdominal pain worsened by the reduction
of the pain threshold. In the course of mastocytosis, diarrhea is often associated with flushing.
Therefore, is important to distinguish “wet flushing”, associated with profuse sweating, and “dry
flushing”, without sweating (Table 3). In SM, dry flushing is observed, whereas “wet flushing” is more
related to physiological or para-physiological causes.
In the more advanced and aggressive stages of MS, the manifestations are mainly related to the gut
MC infiltration of the GI wall, which impairs both the barrier functions and the absorbing functions, and
the pathogenic mechanisms of diarrhea change from a functional to organic diarrhea. As the disease
progresses, the clinical picture evolves into malabsorption, progressive caloric-protein malnutrition,
vitamin deficiency, deterioration of the patient's condition, worsening of osteoporosis (already present
in these patients), and finally anasarca, due to a complete impaired gut absorption and barrier function.

Mast cell mediators-related GI abnormalities
The release of a great amount of histamine and other peptides contained in MC granules has been
implicated in the pathogenesis of a variety of functional GI manifestations in SM, including diarrhea,
bloating, nausea, vomiting, abdominal pain, peptic ulcer disease, and related GI bleeding.
A recent multicenter French study analyzing a cohort of 83 patients affected by SM has demonstrated
that GI symptoms are more frequent in SM patients compared to matched healthy subjects. Moreover,
SM is correlated with a significantly greater risk of developing peptic ulcer disease, especially duodenal
ulcers[28]. Diarrhea, bloating and abdominal pain have been reported as the most frequent SMassociated GI disturbances in several studies[20,22,25,29].
Abdominal pain has been described in different case series with a wide range of frequency from 12%
to 100%. Of note, Cherner and colleagues[25] identified two different types of abdominal pain. The
majority of SM patients suffered from an abdominal pain of dyspeptic nature, defined as an epigastric
pain responsive to antacids and histamine type 2 receptor antagonists and with a high incidence of
peptic disease on upper gastrointestinal endoscopic examination. A minority of patients complained of
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Table 3 Differential diagnosis between systemic mastocytosis and gastrointestinal diseases
Symptoms

Differential diagnosis

Chronic diarrhea

Irritable bowel syndrome; Inflammatory bowel disease; Celiac disease; Thyreopathies (i.e. hyperthyroidism,
medullary thyroid cancer); Pancreatopathyes

Epigastric pain, dyspepsia,
heartburn

Functional dyspepsia; Peptic ulcer; Gastroesophageal reflux disease; H. pylori related gastritis; Zollinger-Ellison
Syndrome

Flushing

Neuroendocrine neoplasms

Hepato-splenomegaly, portal
hypertension

Cirrhosis; Non cirrhotic portal hypertension

non-dyspeptic pain associated with bloating that does not benefit from histamine 2 receptor antagonists
and antacids and was associated with normal endoscopic investigations. While the pathogenesis of the
first pain type may be easily correlated to increased acid secretion, the non-dyspeptic pain type is more
likely related to intestinal motility disturbances and a lower pain threshold caused not only by an
increased release of histamine but also by other mediators, such as serotonin, prostaglandins, and
neuropeptides.
Functional diarrhea has been reported in several series of SM patients with a range from 14% to 100%.
The presence of diarrhea has been described as an episodic increase in bowel movements with
subsequent emission of liquid stool that may or may not be associated with a fecal weight > 200 g/d
[20]. It may be related to increased gastric acid secretion with mechanisms similar to Zollinger Ellison
syndrome and/or to increased bowel motility induced by prostaglandin D2 secretion, as there is
evidence of cases of diarrhea responsive to aspirin administration[30]. In contrast, the presence of
steatorrhea has been correlated with a condition of malabsorption characteristic of advanced
mastocytosis with extensive mucosal and submucosal infiltration with MCs.
Nausea and vomiting have been described less frequently and usually as components of syndromic
disorders that also include palpitations, flushing, abdominal cramps, and diarrhea, generally
exacerbated by the ingestion of certain substances, such as alcohol and medications, or contact with
inflammatory mediators, which stimulate MCs degranulation. The absence of specific colonic symptoms
does not mean that the colon or rectum are not involved. In particular, rectal manometric studies show a
lower distention threshold to induce pain or rectal urgency; patients complain of reduced rectal
compliance or overactive rectal contractility.

Peptic ulcer disease
One of the most common mediator-related clinical signs, which over time can generate organic lesions
and GI organic damage, is related to gastric acid hypersecretion secondary to the hyper-histaminic state,
which leads to dyspeptic pain and digestive ulcer disease.
A prospective study shows that peptic ulcers in SM are common, present in up to 50% of patients
[25]. It is usually symptomatic and associated with gastric acid hypersecretion and elevated basal acid
output (BAO)[31]. In some patients, BAO can reach the Zollinger-Ellison range, so that may even cause
the signs and symptoms of the syndrome itself[20]. Of interest, a particular form of CM, the so-called
telangiectasia macularis eruptiva perstans, also known as paucicellular mastocytosis, has been associated
with peptic giant gastro-duodenal ulcers[32]. Other acid-related complications have been reported, such
as ulcer perforation and severe esophagitis. Moreover, up to 11% of SM-affected patients will manifest
peptic ulcer bleeding during the disease course. However, so far there has been no evidence of a
consistent relationship between the level of serum histamine and the presence of ulcer disease or gastric
acid output. However, despite the increased circulating histamine level, many patients have normal acid
secretion and in some cases, even achlorhydria has been observed[31]. The variability in the response to
circulating histamine may relate to partial inactivity of circulating histamine, differences between
circulating histamine and gastric tissue histamine, and the intervention of unknown cofactors in the
stimulation of oxyntic cells, as well as the theory of possible desensitization of parietal cells that can
justify the rare cases of complete achlorhydria[20].

Mast cell infiltration-related GI abnormalities
In patients with advanced SM, the B and C findings (Table 2) become prevalent to functional GI
symptoms. B GI findings indicate organ involvement without organ dysfunction, while C GI-findings
refer to the advanced stage where both organ infiltration and dysfunction coexist, being associated with
a poor prognosis[6]. They include malabsorption, weight loss, and organomegaly (spleen, liver) until
full-blown organ dysfunction leads to hepatic failure and ascites.
Malabsorption based on quantitative stool fat analysis, D-xylose, and Schilling tests has been found to
occur in one-third of SM patients and is usually mild[32]. Thus, it is important to consider mastocytosis
in the diagnostic work-up of chronic and intractable diarrhea, especially when the endoscopic
presentation seems to be suggestive. Both the small and the large intestine can undergo permanent
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alterations, which contribute to the genesis of diarrhea and malabsorption. Over time, patients could
develop real intestinal malabsorption syndrome with vitamins A and D deficiency, overt osteomalacia
and osteoporosis, protein-energy malnutrition, and anasarca. The whole gastrointestinal tract may be
involved in SM with varying degrees.
Liver involvement in SM can range from an abnormal liver function test alone to hepatomegaly due
to MC and eosinophil infiltrates in portal triads. Initial fibrosis can evolve in cirrhosis with worsening
portal hypertension sustained by simultaneous splenomegaly, with or without hypersplenism, and
ultimately ascites and upper digestive bleeding from esophageal varices. Of note, mastocytosis is one of
the causes of non-cirrhotic portal hypertension[33], sustained by pre-sinusoidal and sinusoidal
mechanisms through the infiltration of inflammatory mast cells within the portal vein and obstruction
of the sinusoids[34]. In this setting, we can also observe vascular alterations, like portal hypertension,
veno-occlusive disease (8%), and Budd-Chiari syndrome.
No studies have identified how many patients with SM develop portal hypertension, but in real
medical practice, clinicians have to keep in mind that it can occur without associated advanced liver
disease, further increasing the risk of upper GI bleeding. A study of 24 cases of SM involving the GI
tract found only 3 patients with liver involvement; however, liver involvement correlates with more
aggressive disease[23]. Moreover, as liver failure occurs, it contributes to worsening malnutrition and
hypoalbuminemia that are already determined by intestinal insufficiency.

ENDOSCOPIC FINDINGS IN SM
Even though no remarkable endoscopic findings could be found[4], there are several endoscopic
pictures described in SM, and endoscopic findings could be secondary both to MC mediator release and
to MC infiltration in the GI wall or liver.

Upper gastrointestinal endoscopy
At upper GI endoscopy, peptic disease (esophagitis, esophageal strictures, peptic ulcer) is one of the
most frequent findings in patients with SM[21].
According to the literature, upper GI involvement could be found in up to 40% of SM patients
undergoing endoscopy[25] and may be sustained by chlorhydric acid hypersecretion. However, its
pathogenesis is still uncertain: Peptic disease is thought to be secondary to gastric acid hypersecretion
sustained by elevated histamine plasma levels, but data from literature are controversial: Hypersecretion-n of gastric acid does not seem to be consistently related to the level of serum histamine levels
measured. It may, however, be possible that a relationship between tissue concentration of histamine
and GI manifestations can exist[25].
While esophagitis and, when untreated, esophageal strictures are thought to be secondary to
mediator release, esophageal varices could be accounted for SM endoscopic findings when liver infiltration is present; this infiltration determines intrahepatic portal hypertension with esophageal and
gastric varices development[33-35].
Exploration of the stomach and duodenum could show urticaria-like lesions in the antrum of the
stomach, diffuse telangiectasia, multiple erosions of gastric and/or duodenal mucosa (Figure 1) and
peptic ulcer; these findings are thought to be secondary to MCs mediators’ release (i.e., histamine,
serotonin, prostaglandins, and neurotensin). When atypical mastocyte infiltration occurs, nodular
mucosal lesion of the stomach and/or duodenum can be found[21,36,37].

Small bowel endoscopy and colonoscopy
Small bowel, as well as other digestive tract components, could be involved by SM. From the review of
literature, the most common findings during small bowel exploration are diffuse telangiectasia,
thickened jejunal folds, scalloped folds, and diffuse nodularity[21,36]. As for the upper GI tract, diffuse
telangiectasia and thickened jejunal folds are thought to be secondary to MC mediator release, while
scalloped folds and diffuse nodularity are thought to be secondary to MC infiltration in the GI wall[21].
Colonoscopy in patients with SM can reveal diffuse telangiectasia and/or urticarial lesion, patchy
mucosal erythema, as well as mucosal edema, mucosal friability, loss of vascular patterns, and diffuse
nodularity. Moreover, adding indigo carmine dye spraying could be useful to enhance yellowish-white
polypoid lesions and yellowish-white nodular or granular mucosal lesions[36,38,39].
As for the other GI tracts, mucosal erythema and edema, mucosal friability are thought to be
secondary to MC mediator release, while loss of vascular patterns and nodular and /or polypoid lesions
are thought to be secondary to MCs infiltration into the bowel wall[21]. Unfortunately, none of these
endoscopic signs is specific for GI involvement of SM; hence, biopsy specimens of the GI wall should
always be performed in order to have histological diagnostic confirmation of GI involvement.
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Figure 1 Endoscopic pictures of second portion of the duodenum. The mucosa appears to be erythematous, hyperemic, and covered with diffuse
erosions.

HISTOPATHOLOGICAL ASPECT IN SM
Mast cells (MCs) are unique granulated cells (approximately 20 μm) that are absent in peripheral blood.
They develop in situ from CD34-positive or c-Kit– positive progenitor cells[40]. MCs are distributed
throughout many tissues, including the gastrointestinal mucosa. They enable an immune function in
response to a diversity of exogenous substances in the gut lumen[41].
Within the gut, two subpopulations can be distinguished: the mucosal reactive MCs, which may
dramatically increase in response to immune stimuli and are dependent on T lymphocytes[42,43], and
the submucosal MCs, which can act in the regulation of intestinal permeability, secretion, peristalsis,
nociception, immunity, and angiogenesis[44]. The histologic appearances of the GI mucosa in SM
patients are incompletely described[45]. Results of mucosal mast cell quantitation have similarly been
mixed with some studies reporting increased, decreased, and normal numbers of mucosal mast cells in
patients with SM compared with controls[46].
The mean normal value of MCs count in normal GI mucosa is yet to be validated in large patient
cohorts; most studies consider a cutoff of 20 MCs per high-power field within the lamina propria, this
value being 2 standard deviations above that found in the general population[47,48]. As MC infiltrate
can be focal and mild, the diagnosis of mastocytosis in GI mucosal biopsies can be challenging; hence,
multiple biopsies are necessary in order to improve diagnostic yield[28].
In almost all cases of SM involving the GI tract, the number of intramucosal MCs is substantially
increased[23], and MCs group together forming pathognomonic compact micronodular or band-like
infiltrate. Tiny clusters of cells, with a predominant sub-epithelial distribution, appear in different
shapes, varying from rounded cells with a moderate amount of pale and eosinophilic cytoplasm to
ovoid and spindle-shaped cells with scant cytoplasm. Those diagnostic infiltrates may be small but
should consist at least of 15 clusterings[23].
Hematoxylin and eosin staining are not a definitive method for MCs detection, hence special staining
is required, such as toluidine blue staining and immuno-histo-chemical panels using tryptase, CD117,
and CD25[49]. Comparison between these techniques confirmed a stem cell factor receptor kit (testing
for c-kit and CD117) is the most accurate technique[50]. CD117 is expressed on all types of MCs
independent off maturation and activation status; in SM, c-Kit is often expressed in MCs in a mutated
and constitutively activated form. In these patients, MCs aberrantly display CD25, a diagnostic marker
of neoplastic MCs in all SM variants[51]. Therefore, CD117 is sensitive, but not specific for MCs; tryptase
is less sensitive but more specific. Both CD117 and tryptase are not diagnostic of the neoplastic nature,
whereas CD25 expression is considered a hallmark of MCs atypia[4] (Figure 2).
SM may involve other GI organs like the liver. The main site of liver involvement is the portal tract,
where MCs may form groups of dense infiltrates within the fibrotic portal triads; because MCs are
normally absent in the sinusoid, the presence of scattered MCs in liver sinusoids is also consistent with
SM (Figure 3).

TREATMENT OF GI SYMPTOMS
Symptom-directed treatments should be considered in all SM patients and are directed at MC degranulation symptoms (i.e. nausea, vomiting, abdominal pain, peptic disease, diarrhea)[2].
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Figure 2 Spectrum of histologic findings in patients with intestinal involvement of systemic mastocytosis. A: A mild initial finding with mast
cells arranged in sheets and micro aggregates (hematoxylin-eosin, × 10). A heavy eosinophil infiltrate frequently dominates the picture. Crypt architectural distortion,
without any other evidence of inflammatory bowel disease. Scattered lymphocytes and plasma cells often accompanied the mast cell and eosinophil infiltrates; B-C:
The mast cells show expression of c-kit (B; CD117, × 2) and tryptase (C; × 10); D: CD25 positive cells in a clearcut and spread duodenal mastocytosis (CD25, × 10).

As first step, patients must recognize and avoid general and specific individual factors that trigger
symptoms. These can commonly include physical factors such as heat, temperature changes, some
forms of exercise, emotions, stress, sleep deprivation; diagnostic and therapeutic agents (such as opiates,
NSAIDs, succinylcholine, and agents with tetrahydroisoquinoline, atracuronium, rocuronium, and
quinolones), foods, alcohol and Hymenoptera venoms[52].
Different symptomatic drugs have been proposed for the control of GI symptoms: H2- antagonists (
i.e., Famotidine 10 mg BID, Cimetidine 400 mg BID) are the first-line therapy[2]. They act as inverse
agonists that combine with and stabilize the inactive conformation of the histamine-receptor, shifting
the equilibrium toward the inactive state; in a concentration-dependent manner, they inhibit MC
activation and histamine release. However, although,the mechanisms involved have not yet been
delineated fully, downregulation of intracellular calcium ion accumulation seems to play a role[53].
Inactivation of histamine receptors reduces the histamine effect along the GI tract, hence reducing
histamine-related symptoms (i.e., diarrhea, abdominal pain, peptic disease).
When histamine-receptor blockers are poorly effective or ineffective, proton pump inhibitors (PPIs,
i.e., Omeprazole 20 mg/d, Rabeprazole 20 mg/d, Pantoprazole 40 mg/d) represent second-line therapy
[2]. Hydrochloric acid is secreted by parietal cells in the oxyntic mucosa that lines the body and the
fundus of the stomach as a response to different mediators (i.e., histamine, gastrin, acetylcholine), that
activate H+/K+ ATP-ase (i.e., the proton pump) that pumps hydrogen ions (protons) into the lumen in
exchange for potassium ions. PPIs block this final step in gastric acid secretion by blocking H+/K+ ATPase irreversibly. They are remarkably effective in the inhibition of gastric acid secretion[54]. Considering
SM as a hypersecretory condition, it is clear that reducing hydrochloric acid secretion is beneficial in SM
patients because it reduces peptic symptoms, peptic disease, and/or diarrhea.
Sodium cromolyn (100-200 mg QID 30 minutes before meals and bedtime) represents the third-line
therapy when H-2 antagonists and PPIs are ineffective[2]. It works as an inhibitor of histamine release
and cell membrane stabilizer: cromolyn sodium caused weak inhibition of histamine release. However,
different studies have shown its action on other mediators involved in mast cells' degranulation by
inhibiting prostaglandin D2 release and TNFα release from mast cells, hence reducing MC degranulation and mediator release[55]. Reducing mediator release should help reduce GI symptoms.
Pardanani[2] has proposed systemic corticosteroid (i.e. prednisone 0.5-1 mg/kg/d starting dose; taper
as feasible based on response/tolerance), as the fourth line of therapy for GI symptoms resistant to
previous symptomatic therapies. Corticosteroids are potent anti-inflammatory drugs widely used in the
treatment of allergic and inflammatory diseases. They also showed an in-vitro inhibition of MCs
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Figure 3 Frustules of hepatic parenchyma with substantially preserved structure, with trabeculae with 2-cell spinnerets with no
significant steatosis, but focal balloon-like degeneration associated with biliary stasis phenomena. A: Biliary spaces with preserved ducts, with
ductular regeneration and bilio-hepatocyte metaplasia (hematoxylin-eosin, × 4); B: Some phenomena of hepatitis with aggression of the biliary epithelium are
observed (hematoxylin-eosin, × 20). Portal spaces enlarged due to the presence of mixed inflammatory infiltrates, mainly consisting of T lymphocytes (CD3 +) with
initial fibrotic expansion and formation of porto-portal bridges; C: In this context, scattered CD117 +, tryptase + cells (× 20) referable to mast cells.

mediators’ release. Systemic administration of corticosteroids has been used in patients with
mastocytosis. While this treatment appears to improve control of some mediator-release symptoms, it
has not been proven to reduce MC numbers significantly in patients with mastocytosis[56]. Of note,
systemic corticosteroids have been useful in decreasing the malabsorption and ascites in some of these
patients[57].
In advanced SM, treatments interfering with MC proliferation and survival are used[2]. GI symptoms
secondary to organ infiltration could also benefit from cytoreductive therapies, such as 2-chlorodeoxyadenosine (cladribine or 2-CdA) or interferon-alfa[58]. In young and otherwise healthy ASM patients,
allo-SCT is the only option for a sustained response[59]. Promising effects have been seen with the use
of targeted therapy on mutated-KIT, which occurs in most SM patients[2]. Midostaurin (PKC412) is the
first kit-inhibitor recent approved by the United States Food and Drug Administration (FDA) and
European Medicines Agency (EMA) for the treatment of Advanced SM[16,17]. It has in vitro activity
against kinase domain KIT mutants (D816Y and D816V). In the global Phase 2 CPKC412D2201 trial[18],
116 patients with advanced SM were enrolled; patients were treated with PKC412 at 100 mg BID. The
overall response rate (ORR) per conventional criteria was 60% with 45% having a major response and
15% having a partial response, but it is often not sustained. In particular, concerning GI involvement,
reversal of organ damage was reflected by normalization of hypoalbuminemia (58%), improvement in
liver function test abnormalities (44%-58%), and/or reversion of weight loss (25%). Patients reported
improvement of disease-related symptoms with treatment. Therefore, the most common drug side
effects (all grades/grades 3-4) were nausea (79%/6%), vomiting (66%/6%), diarrhea (54%/3%), and
fatigue (28%/9%), in addition to hematological toxicity, in terms of grade 3-4 of neutropenia, anemia,
and thrombocytopenia, occurring in 24%, 41%, and 29% of patients, respectively.
Avapritinib[19], a KIT and PDGFRA inhibitor, showed promising results; other medications
potentially effective for SM patients are under investigation[2]. Further optimization of treatment with
tyrosine-kinase inhibitors in order to improve patients' quality of life is still needed.

CONCLUSION
Mastocytosis is a rare and heterogeneous disease characterized by various biological and clinical
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features with different prognosis and treatments. The disease is usually divided into 2 principal
categories: CM and SM. Clinical features can be related to MCs mediators release or pathological MCs
infiltration. The diagnosis of SM is based on clinical, biological, histological, and molecular criteria,
according to WHO 2016 classification. A proper patient's workup requires a multidisciplinary approach
including gastroenterologists, endoscopists, hematologists, and pathologists. Among all manifestations
of the disease, GI symptoms are common, being present in 15%-85% of the patients and can significantly
impair the quality of life. Here, we review the data regarding GI involvement in SM, in terms of clinical
presentations, histological features, pathogenesis of GI symptoms and their treatment. The most
frequent GI symptoms are abdominal pain, diarrhea, nausea, and vomiting. GI lesions may involve all
the digestive tract, from the esophagus to the rectum. The histological diagnosis of GI involvement is
difficult. The treatment of GI symptoms aims to prevent and limit MCs degranulation and/or its
consequences and more rarely to control tumoral mast cells infiltration. The diagnosis of mastocytosis
should be considered in the case of unexplained severe GI disorders.
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Abstract
The liver is the site of synthesis of the majority of circulating proteins. Besides
initial polypeptide synthesis, sophisticated machinery is involved in the further
processing of proteins by removing parts of them and/or adding functional
groups and small molecules tailoring the final molecule to suit its physiological
purpose. Posttranslational modifications (PTMs) design a network of molecules
with the common protein ancestor but with slightly or considerably varying
activity/localization/purpose. PTMs can change under pathological conditions,
giving rise to aberrant or overmodified proteins. Undesired changes in the
structure of proteins most often accompany undesired changes in their function,
such as reduced activity or the appearance of new effects. Proper protein
processing is essential for the reactions in living beings and crucial for the overall
quality control. Modifications that occur on proteins synthesized in the liver
whose PTMs are cirrhosis-related are oxidation, nitration, glycosylation,
acetylation, and ubiquitination. Some of them predominantly affect proteins that
remain in liver cells, whereas others predominantly occur on proteins that leave
the liver or originate from other tissues and perform their function in the
circulation. Altered PTMs of certain proteins are potential candidates as
biomarkers of liver-related diseases, including cirrhosis. This review will focus on
PTMs on proteins whose structural changes in cirrhosis exert or are suspected to
exert the most serious functional consequences.
Key Words: Liver cirrhosis; Post-translational modifications; Circulation; Protein function;
Protein structure; Chronic liver disease
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Core Tip: Chronic liver diseases and cirrhosis are accompanied by various metabolic disorders, some of
which affect proteins. Besides changes in the concentration, structural alterations of proteins occur, mostly
at the level of posttranslational modifications (PTMs). Five frequent cirrhosis-related PTMs are oxidation,
nitration, glycosylation, acetylation, and ubiquitination. Some are more specific for the circulating
proteins, whereas others are more specific for liver tissue-residing proteins. PTMs influence folding,
stability, half-life, aggregation, and function of proteins. Modified proteins with altered function contribute
to further progression of liver pathology. An overview of cirrhosis-related alterations of PTMs of specific
proteins is the topic of this article.
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INTRODUCTION
Liver cirrhosis is an end-stage condition of chronic liver disease[1]. The speed of progression from
chronic disease to cirrhosis depends on multiple factors. Cirrhosis may develop due to toxic, infectious,
immunopathological, or vascular processes. Alcoholic fatty liver disease (AFLD) and non-AFLD
(NAFLD), and hepatitis B- and hepatitis C-induced diseases are the most common causes of cirrhosis,
with AFLD being the most frequent.
The liver is the site of synthesis of the majority of circulating proteins. Besides initial polypeptide
synthesis, sophisticated machinery is involved in the further processing of proteins by removing parts
of them and/or adding functional groups and small molecules tailoring the final molecule to suit its
physiological purpose. Changes that occur after formation of the polypeptide chain are known as
cotranslations and posttranslational modifications (PTMs). PTMs enlarge the genome coding capacity
by several orders of magnitude, designing a network of molecules with the common protein ancestor
but with slightly or considerably varying activity/Localization/purpose. According to review articles of
Ramazi and Zahiri[2] and Khoury et al[3], more than 400 different PTMs have been discovered to date.
When talking about PTMs, one should bear in mind the dynamic nature of the protein structure,
which can be seen, among other ways, in different modifications at different moments of the protein
lifespan. Each modification is expected to suit or respond to certain (patho)physiological needs of an
organism. Furthermore, one protein can have more than one type of PTM simultaneously and at several
molecular sites. Multiple PTMs are highly dependent on conformational and steric factors. A vast
number of PTMs on proteins have been experimentally detected, but in the era of computational omics
and bioinformatics, the prediction of PTMs based on the structure of proteins is an additional tool in the
investigation of PTMs and their consequences on protein function.
PTMs that occur under physiological conditions regulate the proper functioning of the organism.
PTMs can, however, change under pathological conditions giving rise to aberrant or overmodified
proteins. Undesired changes in protein structure most often accompany undesired changes in their
function. Such modifications can reduce the initial activity of proteins or their lifespan with an overall
outcome experienced as a decreased effect. Other modifications can, however, contribute to the
appearance of new effects; these include misfolded proteins, previously unseen interactions, unusual
molecular trafficking and localization, altered gene expression, creation of neoantigens, and stimulation
of the immune system (which may lead to autoimmunity), protein aggregation followed by tissue
deposition, prolonged half-life, impaired clearance and initiation of additional pathological processes.
Thus, PTMs are essential for the reactions in living beings and crucial for the overall quality control.
Huang et al[4] reported more than 80 modification sites in proteins that were experimentally
confirmed and named 24 major PTMs. Phosphorylation of the amino acid serine (Ser) is the most
frequent modification, followed by phosphorylation of other amino acids, and then acetylation and
ubiquitination. Lysine (Lys) is the amino acid that can be modified in the greatest number of different
ways, resulting in as many as 15 types of altered species. Modifications that occur on proteins
synthesized in the liver whose PTMs were found to be cirrhosis-related (Figure 1) are oxidation,
nitration, glycosylation, acetylation, and ubiquitination[5-8].

MECHANISMS UNDERLYING PTMS IN CIRRHOSIS
Oxidation
Oxidative stress plays a major role in the development of liver pathology, regardless of etiology. The
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Figure 1 Modifications that occur on proteins synthesized in the liver with evidence of cirrhosis-related posttranslational modifications.

liver, being a central organ of homeostasis, regulates metabolism, biosynthesis, and storage of
carbohydrates, proteins, lipids, and vitamins. Due to such performances, it has intensive metabolic
activity and is a site of a considerable free radical generation[9]. Any molecule possessing an unpaired
electron is a free radical and is highly reactive. The most important free radicals produced by living
organisms are reactive oxygen species (ROS) and reactive nitrogen species (RNS). Kupffer cells,
neutrophils, and hepatocytes (mitochondria and cytochrome P450 enzymes) are involved in ROS
generation during processes such as signal transduction, apoptosis, proliferation, growth, and defense
against microorganisms[10]. Excessive quantities of ROS and RNS are toxic. They can induce tissue
damage and are generally recognized as oxidative/nitrosative stress initiators. Cell type, intensity, and
duration of the stress govern the outcome, which may be positive (beneficial) or negative (damaging).
Some products of protein oxidation are chemically stable and present in large quantities, thus enabling
their consideration as potential biomarkers of oxidative damage to be applied in clinical practice[11].
As mentioned before, cirrhosis usually occurs due to AFLD, NAFLD, and viral infection. The
intersection point of all these conditions is oxidative stress. Alcohol in the case of AFLD, fatty acids in
the case of NAFLD, and viral proteins in the case of hepatitis are the initiators of oxidative stress in
these diseases. Different cellular compartments including mitochondria, cytoplasm, and endoplasmic
reticulum are the sites of ROS production. Alterations in signaling pathways also play an important role
in free radical induction. Detailed mechanisms underlining or assisting in oxidative stress generation in
AFLD, NAFLD, and hepatitis B and C are reviewed in several papers[12-14]. Oxidation damages liver
tissue by modifying proteins, DNA, and lipids. Once modified, these biomolecules gain altered
structure, their function may be reduced to a different extent, their clearance rate may be increased or
decreased, modified molecules may be involved in the activation of the immune system, or they alter
signaling pathways contributing to further liver damage. Oxidative stress plays a role in both the
initiation and progression of liver diseases[15].

Nitration
Nitric oxide (NO) is a signaling molecule that can be synthesized in either enzymatically or nonenzymatically driven reactions in many cells. NO itself is not very reactive and has a short half-life.
However, highly reactive peroxynitrite ion (NO3-) may form in the reaction of NO with ROS. This ion
can further react with tyrosine (Tyr) residues in a process called nitration, creating 3-nitroTyr[16], and
with cysteine (Cys) residues in a reaction called S-nitrosylation, creating nitrosothiols[17]. Interaction
with tryptophan (Trp) also occurs[18]. These nitration modifications affect not only proteins but also
DNA and lipids. If not controlled, RNS may cause progressive damage to cells, tissues, and organs. Both
ROS and RNS levels increase in liver diseases, as does the activity of inducible nitric oxide synthase.
Mitochondria are particularly sensitive to nitro-oxidative damage since they have lower anti-oxidative
capacity than the cytoplasm[19], rendering mitochondrial proteins and DNA vulnerable to nitration.
Prolonged exposure of mitochondria to nitro-oxidation deteriorates their function, affecting both
mitochondrial proteins and DNA[20-22].
When immunohistochemical detection of nitroproteins was performed in liver sections from patients
with cirrhosis, a significant increase in nitrated proteins was observed[23]. Changes were more
significant in patients with grade C (according to Child-Pugh classification) cirrhosis than in patients
with grade A or B. A positive correlation was found between the level of nitrite and the level of
nitroproteins with the progression of cirrhosis.
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Glycosylation
Glycosylation is one of the major posttranslational modifications that affects most secretory proteins.
This modification introduces a higher level of diversity in the protein population due to the covalent
addition of specific sugar moieties. Glycosylation influences both structural and functional properties of
proteins. The overall glycome is affected by genetic and environmental factors, and changes may
suggest the presence of inflammatory or other pathological events in the organism[24]. Glycosylation is
an enzymatically regulated process that depends on several glycosyltransferases and glycosidases.
Many factors including the activity of enzymes involved, substrate availability, and localization of
enzymes within organelles affect the final glycosylation pattern of the protein. Unlike the genome and
proteome, glycome is produced without a template. In the O-glycosylation of proteins, glycan
attachment occurs at amino acid residues Ser and threonine (Thr). N-glycosylation involves asparagine
(Asn) residues but only in a specific sequence, Asn-X-Ser/Thr, where X represents any amino acid
except proline[25].
Several liver diseases are accompanied by alterations in protein glycosylation: NAFLD, liver fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC)[7,26-28]. A number of common glycosylation changes
were noted as a general pattern in liver diseases, regardless of the disease type. They include increased
fucosylation (Fuc), increased branching, and an appearance of a bisecting N-acetylglucosamine
(GlcNAc). Additional analyses of the responsible glycosyltransferases documented that their levels were
altered, underlining the mechanism of detected changes[7]. When the overall N-glycan structure was
examined in immunoglobulin (Ig)G-deprived sera from patients with cirrhosis, two general trends
emerged: an increase in bisecting GlcNAc structures and a decrease in fully galactosylated (Gal) bi- and
triantennary N-glycans. The ratios of certain glycans were suggested to serve as potential biomarkers of
a specific stage of liver fibrosis or cirrhosis[27]. Data reported in that study confirmed the correlation
between the detected glycan changes and the levels of the corresponding glycosyltransferases.

Acetylation
Acetylation is one of the key PTMs involved in the regulation of many proteins. It influences their
stability, activity, localization, and interactions with other proteins. Metabolic pathways, including fatty
acid metabolism and the Krebs cycle, are regulated by protein acetylation. This modification assumes
the addition of an acetyl group from acetyl-coenzyme A on Lys residues[29]. Acetylation seems to play
a significant role in liver diseases, as the pattern of protein acetylation in fatty liver is significantly
different from the pattern in the healthy liver[30].

Ubiquitination
Ubiquitin and its related pathways are closely connected to chronic liver disease. Dysfunctional ubiquitination was detected in liver tissue in different stages of chronic liver disease. Ubiquitin is a protein that
consists of 76 amino acids and has seven Lys and N-terminal methionine (Met) residues that can form
iso-peptide-linked ubiquitin chains. It binds to substrates by a three-step enzymatic mechanism
involving activating enzyme (E1), conjugating enzyme (E2) and ligase (E3)[31]. Receptors with
ubiquitin-binding domains can recognize ubiquitinated substrates[32]. On the other hand, deubiquitinases remove ubiquitin from modified molecules, making this PTM a reversible, dynamic process with
a plethora of diverse cellular effects[33]. Ubiquitinated proteins may be taken by proteasome which
destroys them, thus controlling their lifespan and activity.
Some of the aforementioned PTMs predominantly affect proteins that remain in liver cells (ubiquitination, acetylation, and nitration), whereas others predominantly occur on proteins that leave the liver
and exert their functions in the circulation (oxidation and glycosylation). Additionally, there are
proteins not originating from the liver whose structure changes in cirrhosis. Some of these modifications
have the potential to serve as biomarkers of liver-related diseases.
This review mostly focuses on PTMs on the circulating proteins originating from the liver whose
structural changes in cirrhosis exert the most serious functional consequences. Modifications of Igs and
liver tissue proteins will be also briefly mentioned.

PROTEINS FROM THE CIRCULATION AFFECTED BY SPECIFIC PTMS IN CIRRHOSIS
Fibrinogen
Fibrinogen is a large, fibrillar glycoprotein with a molecular mass of 340 kDa. This protein is involved
both in primary (interaction with platelets) and secondary hemostasis (fibrin formation). Nglycosylation analysis using lectin microarray with 15 Lectins demonstrated that cirrhosis induces
changes in its glycans[34]. Based on the interactions with lectins Pholiota squarrosa (PhoSL), Maackia
amurensis lectin I (MAL-I), Maackia amurensis lectin II (MAL-II), Galanthus nivalis lectin (GNL), Phaseolus
vulgaris leucoagglutinin (PHA-L), and Phaseolus vulgaris lectin E (PHA-E), an increased content of the
following carbohydrate moieties was observed: terminal α-2,3 sialic acid (Sia) and α-1,3 mannose (Man),
a disaccharide composed of Gal and N-acetyl galactosamine (Galβ-1,4GlcNAc) and tri/tetra-antennary
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N-glucan structures. Core α-1,6 (Fuc) and bi-antennary galactosylated N-glycans with the bisecting
GlcNAc were, on the other hand, reduced. An increase in the number of Sia residues on fibrinogen as a
consequence of cirrhosis was confirmed by several researchers[35,36]. Sialic acid is negatively charged
and is a weak binding site for calcium ions[37]. Taking into consideration that advanced chronic liver
disease is characterized by hypercalcemia[38], interactions between calcium ions and an increased
number of Sia residues may be seen as a modulator of fibrinogen action in cirrhosis[37]. “Proper”
glycosylation of fibrinogen is essential for its function. Alterations in this PTM may even lead to
complete dysfunction of the protein[39-42].
Increased oxidation of fibrinogen from patients with cirrhosis was detected as well[34,43].
Dinitrophenyl-hydrazide (DNP)-reactive sites on fibrinogen were investigated using anti-DNP
antibodies to analyze protein carbonyls and it was discovered that the Aα-chain was dominantly
carbonylated, followed by the Bβ-chain. It seems that the γ-chain of fibrinogen is not carbonylated in
patients with cirrhosis. Carbonylation affects the function of fibrinogen[44-46], as both Aα- and Bβchains contain cleavage sites for thrombin action. Oxidation of αC domains on Aα-chains also affects
their mutual interaction and lateral association of fibrin monomers[47]. Generally, residues that may be
affected by oxidation/carbonylation are located in all structural elements of fibrinogen. Thus, alterations
in the secondary and tertiary structures of fibrinogen also accompany cirrhosis[34]. Reduced content of
its α-helical subunits was observed, which coincided with the formation of denser clots[46]. Although
the structure of fibrinogen is altered in cirrhosis, Hugenholtz et al[43] did not detect significant
structural changes in fibrin clots, even though clots formed from samples originating from patients with
cirrhosis had reduced porosity. Subtle alterations, not visible by scanning electron microscopy, are most
likely sufficient to influence porosity. Furthermore, carbonylated sites on fibrinogen are hydrophobic
regions which prevent efficient liquid flow through the fibrin clot, increasing its resistance towards lysis
by plasmin[36]. Overall, changes in fibrinogen structure due to cirrhosis are complex and lead to the
formation of a molecule acquiring thrombogenic characteristics. Other factors that participate in
coagulation or fibrinolysis are altered as well, defining a general pro-coagulant state in liver cirrhosis
[48].

Albumin
Albumin is the major plasma protein, constituting approximately 50% of the total protein content. It is a
globular, single-chain, α-helicoidal protein, organized into three domains. This protein exhibits many
physiological roles, such as maintenance of osmotic pressure and transport of various metal ions and
biomolecules (fatty acids, metabolites, and drugs), providing anti-oxidative, anti-inflammatory, and
hemostatic activities[49].
Cirrhosis is accompanied by reduced albumin concentration and its significant structural changes
[49]. Oxidation of free Cys-34 residue is one of the most notable changes in albumin structure due to
cirrhosis. This residue strongly contributes to the anti-oxidative capacity of albumin. Oxidized albumin
differs from the native molecule pharmacokinetically and conformationally, negatively influencing its
function[50]. Quantities of albumin oxidative forms, assessed by measuring the level of carbonyl groups
and oxidation of free Cys-34 residue, correlate with the severity of liver failure[51]. Oxidative stress
triggers the dimerization of albumin molecules (through free Cys residues) in patients with cirrhosis,
with significant reduction in native albumin required for the physiological functions[52]. Furthermore,
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry (MS) detects
cysteinylation of Cys-34 in cirrhosis, followed by other molecular changes, such as truncation of Nterminal portion and glycosylation[53]. Oxidative stress also induces structural changes of the Nterminus and the reduced capacity of albumin to bind cobalt ions. Albumin modified in that way is
called ischemia-modified albumin (IMA)[50]. The cobalt-binding assay revealed increased IMA levels in
patients with advanced cirrhosis[54]. Additionally, the electron paramagnetic resonance study, using
16-doxyl stearic acid as a spin probe, confirmed that the ligand-binding capacity of albumin is
significantly reduced in cirrhosis[55]. A small-angle X-ray scattering study demonstrated that albumin
in patients with liver disease has an altered, more open conformation compared to control samples[56].
To summarize, posttranslational alternations of albumin in cirrhosis influence its conformation, which
further decreases its ligand binding.
Therefore, reduced level of serum albumin in patients with cirrhosis, as well as its substantial
structural change, have important and clinically relevant consequences, such as alterations in the redox
balance, hemostatic disorders, modifications in the transport of endogenous and exogenous ligands,
acid-base imbalance, reduced detoxification capacity, and antioxidant activity[49].

Transferrin
Human transferrin (Tf), an iron-binding protein, is a 76-kDa glycoprotein produced in the liver[57,58].
The Tf molecule contains two lobes at the N- and C-termini, and each binds one Fe3+ ion[58]. Tf is
stabilized by 19 intrachain disulfide bonds and is modified by three carbohydrate side chains; two of
them are N-linked (Asn-413 and Asn-611) and the third one is O-linked (Ser-32)[57]. The glycosylation
profile of Tf changes significantly in liver diseases. A carbohydrate-deficient Tf (CDT) is found in AFLD,
and it is characterized by a loss of terminal sialic acids[59]. Lectin affinity electrophoresis of CDT also
confirmed the absence of Asn-linked oligosaccharides in AFLD and cirrhosis[60]. Both Tf and iron
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uptake capacity of deglycosylated Tf are significantly reduced by the human hepatoma cell line
PLC/PRF/5[61], suggesting impaired function of Tf in liver cirrhosis. A less advanced liver disease can
be discriminated from cirrhosis by studying disialotransferrin isoforms. Poor chromatographic
resolution of disialotransferrin from trisialotransferrin (the so-called “di-tri bridging”) was seen for
samples originating from patients with cirrhosis[62,63]. This abnormal pattern could be ascribed to the
presence of higher mass disialotransferrin isoforms due to an increased branching and fucosylation of
the carbohydrate moiety[64]. This phenomenon was not seen in less-advanced liver diseases[63].
Besides changes in the glycosylation profile, the lower concentration of Tf is also related to cirrhosis,
and it represents a good indicator of the survival rate of patients[65]. Lower serum Tf concentration is
accompanied by higher hepatic iron concentration and lipid peroxidation levels compared to healthy
subjects. In this context, Tf exerts a protective role in maintaining liver function[66].

Hemopexin
Hemopexin (HPX) is secreted mainly by hepatocytes and binds free heme in the circulation. The formed
complex is cleared from the circulation by a hepatocyte-specific membrane receptor. The serum concentration of HPX does not significantly vary in liver diseases[67]. However, significant alterations in the
glycosylation profile of HPX occur in patients with cirrhosis. Lectin chemiluminescence-linked
immunosorbent assay demonstrated a higher level of N-glycosylation (fucosylation) in samples from
patients with cirrhosis and HCC than in samples from patients with hepatitis and healthy individuals
[68]. A study using liquid chromatography-tandem MS with multiple reaction monitoring (LC-MS/MS
MRM) assay revealed a nearly five-fold increase in the sialylation of site-specific Oglycoforms of HPX in
cirrhosis[67]. Since HPX is an important anti-oxidative protein, its altered N-glycosylation in cirrhosis
possibly interferes with the redox balance in organisms.

Haptoglobin
Haptoglobin (Hp) is a glycoprotein secreted by the liver into the plasma. Its major biological role is to
capture released hemoglobin during intravascular hemolysis and prevent kidney damage by the
released iron[69]. Hp is composed of two α and two β chains linked by disulfide bonds in a quaternary
structure[70,71]. All four N-glycosylation sites are located in the β subunit and glycoforms are known to
create additional phenotypic variants[69,72]. Many studies have reported glycan changes of Hp in
diseases. MALDI-TOF MS analyses revealed N-linked glycan alterations (increased fucosylation) of
serum Hp β chain in patients with cirrhosis[69,71]. Zhu et al[73] applied a similar approach to
distinguish the N-glycan profile of Hp in patients with cirrhosis from those with hypophosphatasia. A
degree of bifucosylation was higher in samples from patients with an early-stage HCC than in samples
from patients with cirrhosis, regardless of the etiology. Thus, monitoring alterations in the glycosylation
profile of the Hp β chain may become a valuable approach for detection and distinction between HCC
and cirrhosis. The observed changes of Hp at the N-glycosylation level most likely affect its functional
properties, including interactions with binding partners, as was suggested in the case of progressive
liver diseases[69].

Ferritin
Ferritin plays an important role in storing intracellular iron and its segregation in a non-toxic form[74,
75]. It is a 24-mer globular protein that is made up of heavy (H) and light (L) subunits, with molecular
masses of 21 kDa and 19 kDa, respectively[74]. Subunits surround the central hollow core, capable of
binding up to 4500 iron ions[76]. Ferritin concentration in the circulation is relatively low (< 1 μg/mL)
[74]. However, it is increased in conditions such as iron overload, infection, inflammation, malignancy,
diabetes and liver diseases, including NAFLD and cirrhosis[77]. Besides changes in ferritin concentration, liver cirrhosis is also accompanied by the derangement of the ordered secondary structure of the
protein[78].
Approximately 50%-80% of serum ferritin is glycosylated[79]. There is no strong evidence of the
connection between ferritin glycosylation and cirrhosis. Some studies have reported a decrease in
glycosylated ferritin in liver necrosis[79]. On the other hand, Chapman et al[80] demonstrated that the
measurement of the fraction of glycosylated serum ferritin does not provide any advantage over the
estimation of the total serum ferritin concentration in the assessment of iron stores in patients with liver
cirrhosis.

Insulin-like growth factor binding protein 3
Insulin-like growth factors (IGFs), namely IGF-I and IGF-II, are peptides that exert growth-promoting,
endocrine and cytokine effects[81,82]. They are synthesized in many tissues locally, but the liver is the
origin of IGFs that enter the circulation. IGF-I is the mediator of the growth hormone (GH) action. The
activity of IGFs is regulated by a network of insulin-like growth factor binding proteins (IGFBPs) and is
most often inhibited when IGFs are in complexes with IGFBPs. To perform their physiological roles,
IGFs need to be released from complexes and interact with IGF receptors, which are predominantly
found on cell membranes. IGFs are liberated from complexes by the proteolysis of IGFBPs. The
synthesis of several IGFBPs occurs in the liver, under the control of GH. IGFBP-3 is the major binding
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protein in the circulation and is synthesized in Kupffer cells. It forms ternary complexes with IGFs,
which also contain an acid-labile subunit. These complexes are large (150 kDa), remain within blood
vessels, and bind 75%-90% of the circulating IGFs, serving both as a reservoir and a guardian of the IGF
activity.
IGFBP-3 has three N-glycosylation and two phosphorylation sites[83,84]. It is present in the
circulation as two major glycoforms of 40 kDa and 44 kDa, although a non-glycosylated form (29 kDa)
can also be detected. Diethylaminoethyl ion-exchange chromatography was shown to fractionate at least
12 IGFBP-3 species that are isoforms with different charges due to PTMs[85]. Three of these isoforms
exhibited significant reactivity with lectin concanavalin A (Con A), specific for Man residues and to a
lesser extent for glucose (Glc) and GlcNAc residues. In patients with alcoholic liver cirrhosis, two of
these glycoforms had an increased reactivity with Con A, whereas the third one had decreased
reactivity, compared to molecules originating from healthy persons. Furthermore, some differences
were also detected between different stages of liver cirrhosis. IGFBP-3 from patients with Child score A
stage exhibited similar isoform distribution and reactivity as in healthy persons. Child score B seems to
be the turning point in the progression of cirrhosis, after which considerable changes in the concentration of IGFBP-3 and its structure occur. A reduced reactivity of IGFBP-3 due to cirrhosis was also
noted with wheat germ agglutinin, specific for GlcNAc, and breadfruit lectin, specific for Gal and
GalNAc residues[86]. These alterations affect the conformation of IGFBP-3 and its susceptibility to
proteolytic cleavage, thus influencing its half-life and the entire mechanism that controls IGFs' activity.
Since IGFBP-3 can also perform IGF-independent roles after binding to its cell surface or nuclear
receptors, changes in IGFBP-3 glycosylation can contribute to the pathophysiology of several diseases
such as diabetes, obesity, NAFLD, and cancer[87,88].

Sex hormone-binding globulin
Sex hormone-binding globulin (SHBG) is a 90-kDa to 100-kDa homodimeric glycoprotein, mainly
produced by the liver[89]. It is a transporter of sex hormones, capable of binding to them with high
affinity[90]. SHBG is both N- and mucin-type O-glycosylated[90,91]. Comprehensive LC-MS/MS
analysis revealed that fucosylation of N-glycoforms increases in liver cirrhosis. Additionally, the same
pathology was related to an increase of the α-2−6 sialylated glycoform of the O-glycopeptide of SHBG
[67]. Glycosylation of SHBG does not seem to influence binding of steroid hormones[92]. However, it is
suspected that higher content of sialic acid increases the half-life of SHBG[93], elevating the total
concentration of this protein in patients with cirrhosis[94]. An increased concentration of SHBG may
influence the equilibrium between protein-bound and free, physiologically active steroid hormones,
particularly testosterone. Consequently, SHBG seems to play an important role in the occurrence of
feminization in male non-alcoholic liver cirrhosis by reducing free testosterone level[95]. On the other
hand, higher concentrations of this protein were reported to possibly exert protection against NAFLD
[96]. The exact effect of altered glycosylation of SHBG on is function is still not known.

IgG
Igs are principle components of the defense system known as immunity. Although Ig are not
synthetized in the liver, their aberrant glycosylation has been linked to various liver diseases[97]. A
study combining LC-MS/MS analysis with lectin fluorophore-linked immunosorbent assay identified
changes in the glycosylation of anti-Gal IgG molecules in the sera of hepatitis C virus-infected
individuals with fibrosis and cirrhosis[98]. The most prominent change was agalactosylation of heavy
chains of anti-Gal IgG. The same study also revealed that truncation of Gal residues induced alterations
in the tertiary structure of IgG molecules originating from patients with cirrhosis[98]. Yuan et al[97]
confirmed agalactosylation of IgG molecules in cirrhosis and reported an increased degree of
fucosylation in IgG1 and IgG3 glycoforms. Cirrhosis is also accompanied by Gal deficiency and
decreased sialylation of IgA molecules, as well as by an increased amounts of abnormally glycosylated
polymeric IgA molecules[99]. Furthermore, concentrations of IgG and IgA are increased in the
circulation of patients with cirrhosis[97]. Altered glycosylation could influence the ability of IgG to bind
and activate complement system. It was discovered that alpha-Gal IgG antibodies from patients with
cirrhosis have reduced complement-mediated killing ability[100]. This issue is important since bacterial
infection in one of the major complications in patients with cirrhosis and alpha-Gal epitope is
abundantly synthetized by bacteria.

LIVER TISSUE PROTEINS AFFECTED BY SPECIFIC PTMS IN CIRRHOSIS
Proteins remaining in liver cells are mostly modified by ubiquitination, nitration and acetylation.
Ubiquitination and associated processes play important roles in the development of cirrhosis affecting
many proteins. E3 ubiquitin ligase promotes, for example, NF-E2-related factor 2 ubiquitination and
degradation, disrupting the anti-oxidative pathway. The same ligase promotes the accumulation of
extracellular matrix by inducing ubiquitination of procollagen1 to mature collagen1[101,102].
Sumoylation and neddylation, ubiquitin-like modifications, also play roles in liver cirrhosis. It was
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discovered that in vivo reduction of neddylation ameliorates liver fibrosis[103]. Sumoylation affects, for
example, promyelocytic leukemia protein and nuclear factor-kappa B (NF-kB)[104]. Modification of
these proteins leads to cell proliferation and fibrosis in the liver. A detailed overview of ubiquitination
and its implications in chronic liver disease is given in the 2021 review paper of Park et al[33].
Transcription factors, sterol regulatory element-binding transcription factor (SREBP), and
carbohydrate-response element-binding protein (ChREBP) regulate fatty acid metabolism in the liver,
promoting lipogenesis. These factors are active when acetylated. Sirtuins 1 and 3 (SIRT1 and SIRT3) are
deacetylases that regulate their activity. High-fat diet and obesity reduce the expression of SIRT 1 and
SIRT 3, thus promoting acetylation and activation of ChREBP and SREBP, followed by an increase in the
uptake of fatty acids by the liver. Liver lipid load induces inflammation and the NF-kappa B pathway,
and reduces mitophagy, altogether leading to mitochondrial and liver damage and advancement
towards NAFLD. Calorie restriction and exercise upregulate SIRT1 and SIRT3, thus, preventing and
ameliorating NAFLD[29]. ATP-citrate lyase, microtubules, heat shock protein 90 and CCAAT/enhancer
binding protein α are differently modified by acetylation in different liver diseases preceding cirrhosis.
Aberrant acetylation of the mentioned proteins leads to their functional alterations and subsequently
different metabolic responses, further contributing to the liver pathology[105-108].
There are many hepatic proteins with confirmed nitration status in liver diseases, whose functions are
either augmented or reduced[109]. Decreased function of glutamine synthetase, 3-ketoacyl-CoA
thiolase, aldehyde dehydrogenase 2, complexes I and V of oxidative phosphorylation, cytochrome p450
2E1 and B6, superoxide dismutase 1 and 2, and cluster of differentiation 95 contribute to decreased
energy production, ROS leakage, steatosis, decreased anti-oxidant defense capacity, ethanol- and druginduced toxicity, apoptosis and necrosis. Nitration of glutathione-S-transferase, however, potentiates the
function of this enzyme, leading to an increased hepatic anti-oxidative defense capacity[110].

CONCLUSION
Liver disease can progress from mild damage, over moderate with a certain degree of compensation, to
severe, which cannot be compensated and may lead to organ failure. While still able to compensate for
tissue damage, the liver produces scars of fibrotic tissue, which reduce its function. The persistent
presence of agents and/or events that cause liver damage leads to decompensated cirrhosis, resulting in
several pathological outcomes, including liver cancer, and finally, functional arrest.
Early diagnosis of chronic liver disease is critical since the etiology of the disease can be discovered in
this stage. When cirrhosis progresses, the etiology of a disease is very hard to determine. Appropriate
treatment administered on time can prevent and reverse the progression of cirrhosis which leads to
irreversible changes. Avoiding or minimizing contributing harmful factors is recommended[1]. For
example, persons with chronic liver disease should avoid alcohol intake and smoking[111]. On the other
hand, consumption of coffee is associated with a slower progression of liver fibrosis[112]. There are no
specific curative strategies targeting alterations in PTMs in cirrhosis.
Since oxidative stress is one of the causes involved in the etiology and development of liver diseases,
supplementation of vitamins and minerals, which act as anti-oxidants and/or cofactors of enzymes and
other molecules that participate in anti-oxidant defense, may be recommended. However, one should
bear in mind that some substances are stored in the liver and may act as pro-disease agents[113]. For
example, lipophilic vitamin A is stored in liver stellate cells. If overloaded with vitamin A, these cells
start to produce collagen, leading to liver fibrosis. The beta-carotene form, however, causes no such
effects and is safe to consume. Iron ions can induce oxidative stress by participation in the generation of
free radicals. As already said, the liver is the site of iron storage, in association with the protein ferritin.
Patients with alcoholic liver cirrhosis often have an increased intrahepatic iron concentration, which is
highly correlated with mortality rates[114]. Thus, when considering management strategies to treat
cirrhosis, one should have in mind the complexity and limitations of interconnected metabolic
pathways.
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Abstract
Chronic Hepatitis B is a highly prevalent disease worldwide and is estimated to
cause more than 800000 annual deaths from complications such as cirrhosis and
hepatocellular carcinoma (HCC). Although universal hepatitis B vaccination
programs may have reduced the incidence and prevalence of chronic hepatitis B
and related HCC, the disease still imposes a significant healthcare burden in
many endemic regions such as Africa and the Asia-Pacific region. This is
especially concerning given the global underdiagnosis of hepatitis B and the
limited availability of vaccination, screening, and treatment in low-resource
regions. Demographics including male gender, older age, ethnicity, and geographic location as well as low socioeconomic status are more heavily impacted
by chronic hepatitis B and related HCC. Methods to mitigate this impact include
increasing screening in high-risk groups according to national guidelines,
increasing awareness and health literacy in vulnerable populations, and
developing more robust vaccination programs in under-served regions.
Key Words: Hepatitis B; Epidemiology; Hepatocellular carcinoma; Socioeconomic status;
Healthcare disparity; Hepatitis B vaccine
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core Tip: While many studies in the past have analyzed the impact of various epidemiological and
socioeconomic factors on viral hepatitis and hepatocellular carcinoma (HCC), this minireview is the first
to adopt a global perspective in highlighting the impact of both epidemiologic and socioeconomic factors
on current trends in chronic hepatitis B and related HCC. We highlight trends in incidence, prevalence and
mortality of chronic hepatitis B seen throughout the world in the past few decades and the disparity in
healthcare distribution and outcomes between different populations.
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INTRODUCTION
In 2019, the World Health Organization (WHO) estimated the worldwide prevalence of chronic
hepatitis B virus (HBV) to be around 296 million with the incidence of new HBV infection to be 1.5
million each year. HBV is more prevalent with high burden of disease in the regions of Africa, Western
Pacific and South-East Asia compared to North America and Europe. Furthermore, fewer people in the
African and South-East Asian regions knew about their HBV status and had access to treatment
compared to the latter regions[1].
Hepatocellular carcinoma (HCC) in unsuspected HBV patients is a major cause of increased
morbidity and mortality in low-income countries with limited resources[2,3]. While it may be too early
to see the true impact of the global HBV vaccination initiative led by the WHO or treatment efforts for
HBV-related HCC, evidence thus far demonstrates decreased burden of HBV and HCC in children and
suggests treatment with antivirals can reduce HCC risk in some patients[4-8]. There continues to be
great disparity in access to vaccines, treatment, and screening programs worldwide, however. Even
where there is access, the risk of HCC in treated chronic HBV is not fully mitigated[9,10]. While
concomitant liver diseases are certainly at play including co-infection with hepatitis C, aflatoxin
exposure, metabolic syndrome, and alcohol use disorder, chronic HBV-related HCC has a significant
global disease burden that disproportionately impacts people of different regions and demographics[9,
11]. The aim of this review is to examine the impact of epidemiologic and socioeconomic factors on
chronic HBV-related HCC from a global perspective. Strategies to address the resulting disparities in
disease outcomes will also be discussed.

DEMOGRAPHIC FACTORS
Geographic variations
There is significant global variation in the prevalence of chronic HBV between regions. As a result, the
incidence and prevalence of HBV related HCC are also quite variable between regions and correlate
with rate of HBV infection[12]. About 50%-80% of HCC can be linked to HBV worldwide, and the highrisk HCC regions represent 80% of the global burden of HCC[13]. Regions such as Africa, Southeast
Asia, and the Western Pacific, are considered high-risk HCC regions owed partially due to high
seroprevalence of chronic HBV which is estimated at 5%-10%. On the contrary, North America and
Western Europe are low-risk HCC regions with an HBV prevalence of < 1%. The Middle East and the
Indian subcontinent are intermediate-risk regions with HBV prevalence of 2%-5%[14]. Data illustrating
the geographic distribution of chronic HBV by prevalence is seen in Table 1 and Figure 1.

Asia and Africa
Prevalence of HBV in Asia and Africa within high-risk regions is not uniform. In Africa, particularly
West Africa and Sub-Saharan Africa, complications of chronic HBV including cirrhosis and HCC are
frequent and fatal due to a relative lack of vaccination, surveillance and treatment[15]. Sub Saharan
Africa had an estimated vaccination rate of less than 10% and fewer than 1% of HBV infections were
diagnosed in 2019[9].
In East Asia, China has a high prevalence of HBV-related HCC, estimated to be 50% of the world’s
burden of HCC. Mongolia has the highest incidence rate of HCC in the world at 93.7 per 100000 with
HBV being the predominant risk factor[9]. However, countries of low HCC incidence also exist in the
Asia-Pacific region such as Japan, India, Singapore, and Pakistan. Interestingly, Japan has a low
incidence of HBV where hepatitis C virus (HCV) is the major contributor of HCC, estimated to account
for 80%-90% of cases[11,14,16].
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Table 1 Geographic distribution of Chronic hepatitis B virus by estimated disease burden in 2019
Geographic region[22,40]

People living with hepatitis B infection

African region

82.3 million (62.1-114.7 million)

Region of the Americas

5.4 million (3.1-12.0 million) (2.1 million in Latin America and the Caribbean)

Eastern Mediterranean region

18.2 million (14.4-23.8 million)

European region

13.6 million (10.2-22.1 million)

South-East Asia region

60.5 million (45.3-120.9 million)

Western Pacific region

115.7 million (95.2-141.9 million)

Figure 1 Geographic distribution of chronic hepatitis B virus.

Data from Asian nations such as India, China, Thailand and Nepal show that there are evident
disparities in HBV prevalence within population sub-groups[17,18]. Surveys of the Tibetan population
in Nepal’s Kathmandu valley showed prevalence of chronic HBV of 10%-20% compared to the overall
prevalence of 0.9% in Nepal[18]. The general population of China has an estimated HBV prevalence of
6.89% while Western provinces have a higher prevalence at 8.92%[19]. The hill tribe of Chiang Rai
province in Thailand see a significantly higher prevalence of chronic HBV at 26.6% while the overall
prevalence in Thailand is 5.1%[17,20]. Although Southeast Asia as a region has a higher prevalence of
HBV infection at 3.0%, there are variations in prevalence between ethnicities within the region. Given
the relatively high prevalence rate of chronic HBV infection in Southeast Asia compared to Europe and
the Americas, the incidence of liver cancer being highest in these regions is not surprising[11,21]. Some
explanations for the disparities seen in the various regions and ethnic groups include unequal access to
vaccines, limited health care programs, lack of health literacy, and elements of culture and religion that
also serve a role[17,19,21].

United States
Immigration from endemic countries is the main contributor to chronic HBV cases in the United States,
which has a prevalence rate of 0.5% compared to 3.8% globally[21]. An estimated 70% of HBV infections
in the United States are among foreign-born individuals with an estimated 730000 to 2.2 million living
with chronic HBV[22]. Screening studies of foreign-born immigrants from Africa, the Middle East, and
Asia have shown a higher chronic HBV prevalence rate of 10%-15% compared to 0.27%-0.50% for the
general population[11,12,23,24]. Chronic HBV infection is disproportionately higher amongst Asian
Americans in the United States[25]. Asian Americans comprise roughly 5%-6% of the population in the
United States but 50% of the cases of chronic HBV[22].

WJG

https://www.wjgnet.com

3795

August 7, 2022

Volume 28

Issue 29

Gnyawali B et al. Epidemiologic factors impacting HBV

Studies have also shown ethnic variation in HBV-related HCC within the United States, owing to
differing sizes of immigrant populations from endemic countries. While rates of HCC in Asian and
Pacific Islanders, once elevated are now declining, the incidence of HCC in Hispanics, Whites and
African Americans continues to increase, driven mainly by HCV and non-alcoholic steatohepatitis
(NASH) related cirrhosis[7,23,26-28]. Southern and Western states have the highest incidence rates of
HCC in the United States[28]. While Asian Americans have the lowest mortality rates from HCC of all
ethnicities, the highest mortality rates are seen in African Americans[29,30]. This apparent disparity may
be partially explained by the etiology of HCC which include alcohol use disorder and HCV related
cirrhosis, as well as health care disparities and access to quality care among African Americans. Recent
studies show a disparity even after liver transplantation in patients with HCC, with African Americans
consistently having worse survival than Asian Americans and White American patients[31].

Europe
Western Europe, like the United States, has a growing diversity in its population. Most chronic HBV
infections in Western European countries are due to migrant populations, with an HBV prevalence
estimated to be around 4% for migrant populations and < 1% for the general population[23,27]. There is
also a greater prevalence of cirrhosis and HCC in the foreign-born population[32]. A population-based
study of HCC in England found a higher proportion of HCC in non-white ethnicities, particularly due
to viral hepatitis-related HCC[33]. Similar findings are reported in studies of other low HCC risk
countries such as Austria, Finland, Netherlands, Germany, the United Kingdom and Denmark in which
migrant populations are over-represented in cases of chronic HBV and HCC[32,34].

Latin America
There is a reported heterogeneous distribution in chronic HBV prevalence amongst Latin American
countries. Owed to variation in the endemicity of HBV and underreporting, some studies report an
estimated 7-12 million people infected in Central and South America and the Caribbean[35]. In contrast,
a report by the Pan American Health Organization and the WHO in 2016 suggested chronic HBV
seroprevalence in Latin America being 0.33% with an estimated 2.1 million infected in the general
population. However, the variation in HBV serum antigen (HBsAg) seroprevalence ranged from 0.20%
to 13.55% among the numerous countries[36].
In the majority of Latin America, HCV and alcoholic liver disease are the leading causes of HCC.
HBV is more endemic to certain countries such as Brazil, Argentina, and Peru.
Systematic reviews and retrospective studies have shown HBV-related HCC accounting for 12%-14%
of HCC in South and Central America with the countries Peru and Brazil having 20%-60% of their HCC
cases related to HBV infection[37-39].
Although Latin American countries are more varied in HBV prevalence and range from low to high
prevalence, overall HCC risk and burden is similarly as low as the rest of the Americas in a global
context[11,36].

Gender
Chronic HBV has a greater prevalence in males than females across all geographic regions[13]. Males
also have a greater incidence, prevalence, and mortality from HCC than females across geographic
location and age; studies have reported a 2 to 3 times increased risk of developing HCC in males
compared to females[26,27,40,41].
Regions of higher chronic HBV prevalence such as sub-Saharan Africa and Southeast Asia, tend to
also have a higher male to female ratio of HCC incidence. In the United States, both sexes have shown a
trend of rising incidence rates of HCC since 1975, with HBV estimated to account for 10%-15% of HCC
cases[42]. The gender disparity is not completely understood but is believed to be partially due to many
overlapping risk factors that are more common in males, including alcoholism, diabetes, viral hepatitis,
and tobacco use[43]. In the United States, heavy alcohol usage and tobacco use is much more common
in males with both being independent risk factors for incidence of HCC[43,44]. In contrast, metabolic
syndrome is more common in women, with one retrospective study reporting it accountable for 32% of
HCC burden in the United States[27,44].
Despite controlling for other risk factors, male sex continues to remain an independent risk factor for
HCC. Studies have linked higher testosterone levels to greater incidence of HCC in chronic HBV
patients and estrogen replacement therapy to reduced risk of developing HCC[42,45,46]. Serum
testosterone level has been associated with upregulated inflammatory activity while estrogen has shown
to have an anti-inflammatory effect by inhibition of the NF-kB pathway[46-48]. Estrogen may be
protective against development of HBV-related HCC through decreasing HBV RNA transcription which
could explain higher viral loads seen in male carriers of HBV[12,47]. However, studies have failed to
demonstrate a benefit in survival from hormonal therapy such as flutamide, an anti-androgen, and
leuprorelin, a gonadotropin-releasing hormone agonist which has anti-androgen effects[48].

Age
The average age of chronic HBV patients has continued to increase over time. A study comparing
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chronic HBV patients derived from an insurance claims database of Medicaid and Medicare patients
found that the median age had risen from 44.1 to 50.2 years for Medicaid patients and 48.1 to 51.8 for
Medicare patients[49]. This trend has also been seen in studies from other countries. A large territorywide cohort study conducted in Hong Kong found the mean age for Chronic HBV had increased from
41 in 2000-2004 to 55 in 2014-2017[50]. Chronic HBV is now presenting at an older median age due to
longer life expectancy, under diagnosis of HBV, under screening, and delayed treatment[21,51]. There is
also improved vaccine-induced immunity in the 20-49 years age group which is predicted to cause a
continual upward shift in the median age of diagnosis[49].
In populations at low risk for HBV infection, such as in Western Europe and the United States where
HBV in not endemic, HCC is rarely seen before the fourth decade of life with a mean age of diagnosis
around 65 years[12]. In contrast, endemic regions such as Southeast Asia and sub-Saharan Africa, where
> 80% of HCC cases occur, have mean ages of diagnosis about one decade earlier[42]. China has a mean
age of diagnosis of HCC around 55-59 years[12]. In countries in Sub-Saharan Africa, mean age of
diagnosis of HCC is 35-50 years, and found to be almost 20 years later in those Black Africans who
migrate from a rural to city setting[12,52].
With the advent of the HBV vaccine in 1981, and the universal vaccination programs that began in the
1990s, there was a new focus on vaccination of newborns. As of 2020, 190 WHO member countries
vaccinated newborns as part of their routine vaccination schedules, and global coverage with all 3 doses
of HBV vaccine was estimated to be 83%[53]. This campaign also included recommendations to
vaccinate high-risk adult populations, adolescents who had missed immunization, and advocated for
societal awareness of the risks and consequences of HBV[22]. Asian males who are HBV carriers
continue to present with HCC at a relatively young age[54]. This may be related to viral factors such as
genotype. Genotype B is more commonly seen in the Asian demographic and has been associated with
onset of HCC in patients under 50 years of age, with one study from Taiwan finding that more than 90%
under 35 years of age had genotype B HBV[47,55]. Genotype C is associated with the highest risk of
developing HCC in patients aged > 50 years[56]. Genotype F has been seen in Alaskan Native
populations to have the greatest risk of developing HCC at a lower median age, with the annual
incidence rate amongst men at 387/100000 and 63/100000 for women[57]. In contrast, genotypes A, D
are less frequently associated with development of HCC and more common in North American and
European populations[58].

Socioeconomic status
Patients belonging to low socio-economic status are at significant disadvantage due to low health
literacy, limited healthcare resources and access-including lack of insurance or ability to pay for care,
especially for care of preventable diseases such as HBV. Hepatitis B is very infectious as it can be
transmitted by contact with blood or bodily fluids, sexual intercourse and vertically from mother to
baby. Vertical transmission is the most common mode of transmission in the developing world and can
be dramatically reduced by HBV vaccination and use of anti-viral medications during third trimester
[7]. Horizontal transmission seems to be more common in low prevalence regions[13,22]. While
Hepatitis B viral load is considered one of the strongest predictors of HCC risk and can be managed
with anti-viral medications, unfortunately, even in low-risk regions such as United States, roughly 3% of
people currently living with chronic HBV are on treatment[14,21]. Several studies have shown the
impact of socioeconomic status (SES) on health outcomes in cancer with populations of lower SES and
less wealthy nations having significantly lower survival rates[32,59-61]. One retrospective analysis of
European nations found nearly 20% variation in all-cancer relative survival between the least wealthy
and most wealthy nations[61]. Similarly, low SES groups are associated with a variety of risk factors for
poor outcomes in chronic HBV-related HCC. Despite 5-year survival rate for HCC in the United States
increasing to 18% in 2019, the greatest benefits in survival and mortality are seen in groups with higher
SES, while higher HCC incidence, later stage of diagnosis, and lower survival rates are seen in low-SES
status groups[28,40]. Disadvantaged groups are typically minority ethnic groups such as African
Americans and Hispanics as they tend to live in areas with the highest rates of family poverty,
unemployment and high-school dropouts and thus may be associated with greater risk for HCC due to
less access to screening and treatment[62].
Among patients with Medicaid insurance, the presence of comorbidities such as obesity, diabetes,
alcohol, and tobacco use disorders combined with lower educational attainment contribute to liver
disease such as alcoholic and NASH (ASH/NASH) and significantly overlap with liver disease from
chronic HBV[63,64].

METHODS TO ADDRESS DISPARITIES
Targeted screening and prevention
Globally, chronic HBV and HCC cases are underdiagnosed. The 2016 Polaris Observatory study
estimated that only 10% of infected people were diagnosed with HBV[51]. Chronic HBV infection is
often asymptomatic and requires greater emphasis on screening, especially considering that HBV can
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lead to HCC in patients without cirrhosis[13,42,65]. There is a geographic disparity in screening: About
2% of people with HBV knew their status in 2019 in Africa vs 22% in the Americas and 19% in the
European region[21]. Additionally, there is likely underestimation of the true number of chronic HBV in
the United States and other regions because high-risk populations have historically been underrepresented in national surveys and surveillance studies, especially considering the large influx of
yearly immigration to the US[24].
Early detection of tumors from screening in chronic HBV improves overall survival. A Randomized
Controlled Trial study in Shanghai found that biannual screening in chronic HBV patients reduced HCC
mortality by 37%[66]. An estimated 70% of liver cancer cases are preventable with risk factor
modification and screening, thus judicious screening of high-risk populations with use of evidencebased guidelines can significantly reduce mortality from chronic HBV-related HCC[40]. The the
American Association for the Study of Liver Diseases (AASLD) recommends HCC surveillance with
ultrasound with or without AFP for all patients with diagnosed cirrhosis, and chronic HBV carriers who
are high risk including African Americans older than 20 years, Asians older than 40 years, and those
with family history of HCC. However, less than 1 in 5 high-risk patients are regularly screened[67].
Although greater than 90% of patients with acute HBV experience resolution of disease and the small
minority develop chronic HBV infection, 40% of chronic HBV patients go on to develop cirrhosis, liver
failure and HCC, and up to 25% of patients with chronic HBV end up dying from cirrhosis or HCC; thus
HCC screening has been found cost-effective in patients with HBV even without cirrhosis when
incidence of HCC is greater than 0.2% per year[67,68].

Health literacy
Lack of health literacy is particularly apparent in vulnerable and underserved populations such as
immigrant populations, Mexican Americans, and African Americans, who already disproportionately
bear the burden of chronic HBV and HCC[69,70]. Increasing social awareness of risk factors and
protective factors of chronic HBV can be an avenue to improve health literacy. Social media is used by
much of the developed world. For example, World Hepatitis Day is an annual health education
campaign led by the WHO in July that heavily utilizes social media to make a call to action to bolster
efforts in prevention, screening, treatment and to spread awareness of viral hepatitis[71]. Culturally
sensitive approaches are necessary with an increasingly diverse population of the United States, to
effectively communicate with various ethnic groups. One such example is “photo novels” developed to
cater to specific cultures which have been shown to be effective in increasing HBV awareness and
screening in underserved populations[72].
In many developing countries, such as those in Sub-Saharan Africa and the Asia-Pacific region where
the majority of global chronic HBV and HCC cases occur, there is limited knowledge of hepatitis B and
the benefits of the HBV vaccine[1,11,12,73]. Only two percent of the patients in African and Southeast
Asian regions were aware of their chronic HBV status in 2019[1]. There is a dire need for informational
campaigns in these endemic regions to increase awareness and health education amongst vulnerable
populations in addition to the national immunization programs that must be initiated at the federal
level with support from international health organizations.

CONCLUSION
Chronic HBV infection continues to have significant impact globally despite escalating vaccine
coverage, screening techniques and availability of anti-viral medications. The close geographic
relationship between endemic chronic HBV and increased burden of HCC remains to this day in Africa
and the Asia-Pacific regions comprising the vast majority of HBV-related HCC in the world. HBV and
HCC disproportionately affect certain ethnic groups within the United States and worldwide, many of
which are of low SES. Men and the elderly are disproportionally affected at greater rates. To mitigate
this largely preventable disease, enhanced access to screening, vaccinations, surveillance, and treatment
must be achieved to reduce the burden of chronic HBV and HCC worldwide.
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Abstract
Therapeutic endoscopic retrograde cholangiopancreatography (ERCP) begins
with successful biliary cannulation. However, it is not always be successful. The
failure of the initial ERCP is attributed to two main aspects: the papilla/biliary
orifice is endoscopically accessible, or it is inaccessible. When the papilla/biliary
orifice is accessible, bile duct cannulation failure can occur even with advanced
cannulation techniques, including double guidewire techniques, transpancreatic
sphincterotomy, needle-knife precut papillotomy, or fistulotomy. There is
currently no consensus on the next steps of treatment in this setting. Therefore,
this review aims to propose and discuss potential endoscopic options for patients
who have failed ERCP due to difficult bile duct cannulation. These options
include interval ERCP, percutaneous-transhepatic-endoscopic rendezvous
procedures (PTE-RV), and endoscopic ultrasound-assisted rendezvous
procedures (EUS-RV). The overall success rate for interval ERCP was 76.3% (68%79% between studies), and the overall adverse event rate was 7.5% (0-15.9%
between studies). The overall success rate for PTE-RV was 88.7% (80.4%-100%
between studies), and the overall adverse event rate was 13.2% (4.9%-19.2%
between studies). For EUS-RV, the overall success rate was 82%-86.1%, and the
overall adverse event rate was 13%-15.6%. Because interval ERCP has an
acceptably high success rate and lower adverse event rate and does not require
additional expertise, facilities, or other specialists, it can be considered the first
choice for salvage therapy. EUS-RV can also be considered if local experts are
available. For patients in urgent need of biliary drainage, PTE-RV should be
considered.
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Core Tip: Three endoscopic salvage therapies are available for endoscopic retrograde cholangiopancreatography (ERCP) cannulation failure, but consensus is lacking. This review found that interval ERCP had an
overall success rate of 76.3% and an adverse event rate of 7.5%. Percutaneous-transhepatic-endoscopic
rendezvous procedure (PTE-RV) had an overall success rate of 88.7% and an adverse event rate of 13.2%.
Endoscopic ultrasound-assisted rendezvous procedures (EUS-RV) had an overall success rate of 82%86.1% and an adverse event rate of 13%-15.6%. Interval ERCP may be preferred, but EUS-RV may also
be considered if a local expert is available. PTE-RV is reserved for patients requiring urgent biliary
drainage.
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INTRODUCTION
Endoscopic retrograde cholangiopancreatography (ERCP) has become the treatment of choice for biliary
tract diseases in recent decades. Selective biliary cannulation (SBC) is a critical step in the success of
therapeutic ERCP; however, it is not always successful, even for experienced endoscopists[1]. The
failure to achieve SBC during the initial ERCP can be attributed to two main aspects: an endoscopically
inaccessible papilla/biliary orifice; and an endoscopically accessible papilla/biliary orifice but failed
SBC with available cannulation methods. Management of initial ERCP failure constitutes a major clinical
challenge for endoscopists. This review focuses on the endoscopic management of initial SBC failure in
patients with an accessible papilla/biliary orifice.
When the major papilla is accessible, SBC typically begins with standard cannulation methods
through a cannula or sphincterotome using either guidewire-assisted or contrast-guided techniques[2].
Using standard cannulation techniques, SBC fails in approximately 5% to 15% of cases[3]. This condition
is often referred to as difficult biliary cannulation, although definitions have varied widely between
endoscopists or studies[4,5]. In this case, depending on the experience or preference of the endoscopist,
a variety of advanced techniques can be applied as a means of rescue. In general, when unintentional
pancreatic guidewire insertion has been achieved, a double guidewire cannulation approach can be
attempted[1]. Alternately or sequentially, transpancreatic sphincterotomy can be performed[6].
However, some endoscopists might prefer to perform needle-knife precut papillotomy (NKP) or needleknife fistulotomy (NKF), especially after the placement of a pancreatic stent[2,7]. If the pancreatic duct is
not cannulated, however, only NKP or NKF can be applied[4]. The application of these advanced
technologies does not require additional facilities. Today, most qualified ERCP endoscopists can master
at least some of these advanced cannulation techniques, so these procedures can often be performed by
the same endoscopist during the same endoscopic session[8]. Despite these rescue techniques, failed
biliary cannulation can occur[9]. Therefore, in this review, difficult biliary cannulation was defined as
failure to achieve SBC using the advanced techniques described above[10,11]. In the setting of difficult
bile duct cannulation, there is currently no consensus on the next steps in treatment[9]. Because
endoscopic therapy has the advantage of a broader range of treatment options and no need for external
drainage, this review aims to propose and discuss potential endoscopic options, alone or in combination
with the percutaneous procedure, for patients who have failed initial ERCP due to difficult bile duct
cannulation. These endoscopic options include interval ERCP, percutaneous-transhepatic-endoscopic
rendezvous procedures (PTE-RV), and endoscopic ultrasound (EUS)-guided procedures. We also
propose a potential treatment algorithm to provide practical advice.

INTERVAL ERCP
In a literature search in early 2022, we were only able to find 7 studies (371 patients in total) reporting
interval ERCP[9,12-17]. All of these studies were retrospective. There were no review/meta-analysis
articles on this topic. However, when SBC cannot be achieved by advanced cannulation techniques,
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Table 1 Summary of studies on reporting interval endoscopic retrograde cholangiopancreatography
Median time
Percentage interval2
(range)

Pre-cut during Technical
interval ERCP success rate

Factors
associated with
success

Overall
complication
rate

Retrospective (n =
19)

53% (19/36)

6 d (1-21 d)

0%

68% (13/19)

NA

0

Donnellan et al
[13] (2012)

Retrospective (n =
51)

68% (51/75)

8 d (1-28 d)

NA

75% (38/51)

3 d vs 6 d (failure vs
success)

3.9% (2/51)

Kim et al[14]
(2012)

Retrospective (n =
69)

76% (69/91)

NA (1-3 d)

16% (11/69)

77% (53/69)

1 d vs 2-3 d (66% vs
88%)

15.9% (11/69)

Pavlides et al[15]
(2014)

Retrospective (n =
89)

82%
(89/108)

4 d (IQR 3-6 d)

NA

78% (69/89)

NA

-

Colan-Hernandez
et al[16] (2017)

Retrospective (n =
72)

64%
(72/112)

7 d (IQR 5-11 d)

NA

75% (54/72)

≤ 4 d vs > 4 d (44%
vs 79%)

4.2% (3/72)

Narayan et al[17]
(2017)

Retrospective (n =
28)

76% (28/37)

3 d (3-4 d)

NA

79% (22/28)

NA

-

Lo et al[9] (2021)

Retrospective (n =
43)

38%
(43/114)

4 d (1-20 d)

28% (12/43)

79% (34/43)

None

7.0% (3/43)

Overall

n = 371

-

-

-

76.3%
(281/371)

-

7.5% (19/254)

Ref.

Study design
(patient number)

Kevans et al[12]
(2010)

1

1

Number of study cases as a percentage of initial endoscopic retrograde cholangiopancreatography (ERCP) failures.
Time interval between initial and interval ERCP.
ERCP: Endoscopic retrograde cholangiopancreatography; NA: Not available; IQR: Interquartile range.
2

such as NKP or NKF, these studies have shown that interval ERCP is a viable treatment option (Table 1)
[9,12-17]. The overall success rate of interval ERCP was 76.3% (68%-79% between studies). The time
interval between the initial ERCP and the interval ERCP varies greatly from study to study (median, 3-8
d)[9,12,13,15-17]. Three studies reported that 0%, 16%, and 28% of patients required a second precut
procedure during the interval ERCP, respectively[9,12,14].
Interestingly, the timing to perform interval ERCP appeared to affect the success rate of interval
ERCP[9,13,14,16]. The edema, tissue necrosis, and even bleeding of the major papilla caused by
cannulation and/or NKP/F improved over time, resulting in an open and easily accessible papilla
(Figures 1 and 2). Therefore, the success rate of interval ERCP could increase if it could be delayed for a
couple of days. Donnellan et al[13] reported a significantly longer median time interval between initial
and interval ERCP in the successful cannulation group compared to the failed cannulation group (6.0, 128 d vs 3.0, 1-8 d; P = 0.02). Kim et al[14] studied only patients who received interval ERCP within 3 d
[14]. They reported that the success rate of interval ERCP after one day was significantly lower than
after 2-3 d (65.7% vs 88.2%, P = 0.027). Except for the time interval, no other factor was significantly
associated with the success of interval ERCP in their study. Colan-Hernandez et al[16] performed
univariate and multivariate analyses of factors associated with interval ERCP cannulation failure. They
found that the ERCP interval within 4 d after the initial precut was the only significant factor
(cannulation success rate of 44.4% vs 79.4%, P = 0.024 for univariate and 0.026 for multivariate analysis).
However, in our study, we did not find any factors associated with interval ERCP failure in either the
univariate or multivariate analysis[9].
Adverse events of interval ERCP were reported in five studies involving a total of 254 patients[9,1214,16]. These adverse events included pancreatitis, bleeding, perforation, and cholangitis. The overall
adverse event rate was 7.5% (0-15.9% between studies). Pancreatitis occurred in 1.6% (0-2.9%); all cases
were mild. The bleeding rate was 2.8% (0-5.8%). Approximately half of the bleeding was mild, and the
other half was moderate. The perforation rate was 1.2% (0-2.9%); all cases were mild. The cholangitis
rate was 2.0% (0-4.7%). Two studies compared adverse event rates for initial and interval ERCP and
found no significant difference[14,15].
In these studies, only 38%-82% of patients received interval ERCP when initial NKP/F failed to
achieve SBC[9,12-17]. This result could reflect that some other salvage treatments, such as percutaneous
or EUS-guided drainage, are still applicable in this situation[18].

PERCUTANEOUS-TRANSHEPATIC-ENDOSCOPIC RENDEZVOUS PROCEDURES
Percutaneous transhepatic biliary drainage (PTBD) remains possibly the most widely used salvage
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Figure 1 Interval endoscopic retrograde cholangiopancreatography, 1 d after the initial procedure. A: The original papilla in the initial endoscopic
retrograde cholangiopancreatography (ERCP); B: Post-precut papilla, at the end of initial ERCP; C: post-precut papilla, at the beginning of interval ERCP. The papilla
is swollen, edematous, and with mild oozing; D: Deep bile duct cannulation is unsuccessful during the interval ERCP, even after the placement of a pancreatic stent.

Figure 2 Interval endoscopic retrograde cholangiopancreatography, 3 d after the initial procedure. A: The original papilla in the initial endoscopic
retrograde cholangiopancreatography (ERCP); B: Post-precut papilla, at the end of initial ERCP; C: post-precut papilla, at the beginning of interval ERCP. Papillary
edema due to pre-cut has disappeared; D: Deep bile duct cannulation is successful during the interval ERCP.
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therapy in the setting of initial ERCP failure[19]. However, PTBD has some drawbacks, including a high
rate of adverse events, decreased patient quality of life, and most importantly, providing of somewhat
limited options for therapeutic maneuvers[3]. In addition, external drainage can cause discomfort and
pain and often requires reintervention[20]. Therefore, an improved technique combining percutaneous
and endoscopic approaches, known as percutaneous-transhepatic-endoscopic rendezvous procedures
(PTE-RV), seems preferable to PTBD[21]. PTE-RV have been around for more than three decades[22].
They have several advantages over PTBD alone: (1) PTE-RV allow for transhepatic puncture using only
small-caliber catheters, thereby reducing complications. Bokemeyer et al[21] reported significantly fewer
complications with PTE-RV than in PTBD (16.6% vs 26.4%; P = 0.037); (2) PTE-RV allow endoscopists to
perform therapeutic ERCP in the usual manner through rendezvous access; and (3) Although PTBD is
part of PTE-RV, once the biliary obstruction is resolved, the percutaneous access is closed[23].
PTE-RV can be executed as a one-stage procedure or a two-stage procedure[23]. The advantage of the
one-stage procedure is that there is no need to insert a PTBD catheter. The two-stage procedure includes
PTBD during the first session and internalization of the drain using an endoscope during the second
session. These two steps are usually separated by a few hours to a few days[24]. Wayman et al[25]
compared one-stage (n = 19) and two-stage PTE-RV (n = 22) and found that the technical success rates
were comparable (94.7% vs 95.5%), but adverse events were more common in the two-stage group (37%
vs 73%, P < 0.05), mainly due to complications related to external drainage.
For the following purposes, we recommend the insertion of a percutaneously placed hydrophiliccoated catheter (e.g., angiocatheter) before the endoscopic rendezvous procedure (Figure 3A). First, the
hepatic capsule and parenchyma, which could be damaged by the antegrade-introduced guidewire
(AGW), were protected. Second, to ensure percutaneous access, once the AGW is lost incidentally
during PTE-RV, it can be reintroduced into the biliary tree. Third, to facilitate the movements of AGW.
After the AGW is introduced into the duodenum, there are several ways to achieve SBC[23,26]. The first
and most classic technique is to grasp the distal end of the AGW with a snare and then pull the wire
through the working channel of the endoscope. Retrograde bile duct cannulation can then be achieved
over the wire (Figure 3B). This technique is particularly useful for patients with tight biliary strictures
since the guidewire can be secured at both sides of percutaneous and endoscopic routes to facilitate
retrograde passage of a catheter or stent through the stricture (push-pull technique). However, this
technique might be limited by the difficult capture of the AGW and laborious guidewire manipulation,
the potential for kinking or accidental loss of the AGW during withdrawal, and the risk of hepatic
capsule/parenchymal tearing during AGW manipulation. The second and parallel technique is to use a
standard ERCP cannulation method alongside the AGW or the percutaneously introduced catheter
(Figure 3C). The advantage of this technique is that it is simple and perhaps time saving while avoiding
the limitations of classical techniques. However, in some cases, it can be difficult. In such cases,
retrograde biliary cannulation can be performed after antegrade balloon dilation of the biliary orifice.
The other adjunctive maneuvers include insertion of a retrograde guidewire into a percutaneously
placed catheter exiting the ampulla or insertion of a sphincterotome into the AGW exiting the ampulla
[26].
PTE-RV has been relatively less investigated. In a literature search in early 2022, we found no
review/meta-analysis articles on this topic. We were only able to find six studies (441 patients in total)
over the past decade; all of them were retrospective (Table 2)[21,23,24,26-28]. The reason for PTE-RV in
the searched studies was the failure of the initial ERCP. All but one study on the management of biliary
strictures after living-donor liver transplantation included patients with malignant biliary strictures[28],
ranging from 38% to 100% of study patients. PTE-RV is effective, with a technical success rate of 88.7%
(80.4%-100% between studies). PTE-RV is also safe, with an overall adverse event rate of 13.2% (4.9%19.2% between studies). Most studies reported no deaths from procedure-related mortality, except for
one study that reported a 3.5% mortality rate possibly related to the PTE-RV procedure[23,24,27,28].

EUS-ASSISTED OR GUIDED BILIARY DRAINAGE
EUS-assisted or guided biliary drainage (EUS-BD) includes the EUS-assisted rendezvous technique
(EUS-RV), EUS-guided choledochoduodenostomy (EUS-CDS), EUS-guided hepaticogastrostomy (EUSHGS) and other procedures[29]. EUS-RV is designed to facilitate ERCP and does not involve tract
dilation or stent placement and is therefore more physiologically and minimally invasive among the
existing EUS-guided procedures[30]. Indications for EUS-RV include benign or potentially resectable
malignant cases and unresectable malignant cases not suitable for other EUS-BD methods[31,32]. EUSCDS and EUS-HGS involve direct transmural biliary drainage, so there could be some serious adverse
events[33]. Therefore, both techniques are currently indicated for unresectable malignant cases[29-31,
33]. EUS-HGS and EUS-CDS are mainly used in patients in whom access to the papilla is not possible,
such as in cases of duodenal obstruction or surgically altered anatomy. Therefore, they are beyond the
scope of this review and are not included. However, indications for EUS-BD might change over time as
technology advances, and improvements in devices/stents could increase technical success rates and
reduce adverse event rates[34-37].
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Table 2 Summary of studies on reporting percutaneous-transhepatic-endoscopic rendezvous procedures
One-stage
Malignant biliary
vs twoobstruction
stage

Technical
success rate

Retrospective (n =
84)

78.5%

One-stage

95.2% (80/84)

19% (16/84); Cholangitis: 9.5%; Pancreatitis: 3.5%; Hemorrhage: 2.3%;
Pneumoperitoneum: 3.5%

3.5%

Bokemeyer et al Retrospective (n =
[21] (2019)
163)

71.3%

NA

80.4%
(131/163)

16.6% (27/163); Procedure-related complications: 8.6%; Drainage-related complications: 8%

NA

Yang et al[26]
(2017)

Retrospective (n =
42)

38%

Two-stage

92.9% (39/42)

7.1% (3/42)

NA

Tomizawa et al
[24] (2014)

Retrospective (n =
26)

91%

One-stage
(73%) or
two-stage

88% (23/26)

19.2% (5/26)

0

Neal et al[27]
(2010)

Retrospective (n =
106)

100%

Two-stage

92.5% (98/106)

4.9% (5/106)

0

Chang et al[28]
(2010)

Retrospective (n =
20)

0

Two-stage

100% (20/20)

10% (2/20); Pancreatitis: 5%; Cholangitis:
5%

0

Overall

441

-

-

88.7%
(391/441)

13.2% (58/441)

-

Ref.

Study design
(patient number)

Chivot et al[23]
(2021)

PTE-RV
related
mortality

Adverse events

PTE-RV: Percutaneous-transhepatic-endoscopic rendezvous procedures; NA: Not available.

Figure 3 Percutaneous-transhepatic-endoscopic rendezvous procedures. A: Placement of an angiocatheter to protect the liver capsule and
parenchyma from guidewire damage; B: A metal stent is passed through the distal biliary stricture over the antegrade-introduced guidewire; C: Cannulation alongside
the antegrade-introduced angiocatheter.

EUS-assisted rendezvous technique
In EUS-RV, the bile duct is punctured under EUS guidance, followed by the introduction of an AGW
into the duodenum (Figure 4). The EUS endoscope is then switched to a duodenoscope, with eventual
ERCP (SBC is achieved over the AGW or in parallel to the AGW). There are three puncture routes for
EUS-RV[11,31,38]: (1) The intrahepatic bile duct (IHBD) route: Either transesophageal puncture of B2 or
transgastric puncture of B2 or B3 can be performed. If the target is the right IHBD, it can be punctured
from the duodenal bulb (D1). Transgastric puncture of B2 is most frequently performed; (2) The
extrahepatic bile duct (EHBD)/D1 route, with puncture from D1: In this route, the endoscope is usually
in the push position (long position), and the proximal EHBD is punctured; and (3) The EHBD/second
portion of the duodenum (D2) route, with puncture from D2. In this route, the endoscope is usually in a
short position, and the distal EHBD is punctured.
Two studies proposing treatment algorithms suggested using the EHBD/D2 route as a first-line
approach[10,31]. They reported that the EHBD/D2 route was feasible in 50%-62.5% of patients, with
EUS-RV success rates of 100% in both studies. Iwashita et al[10] found that the EUS-RV success rate via
the EHBD/D1 and IHBD routes was only 66.7%. Matsubara et al[31] found that the time between
puncture and guidewire placement with the DEHBD/D2 route was significantly shorter than that with
other methods (3.5 min vs 14.0 min, P = 0.014). Therefore, EUS-RV via the EHBD/D2 route can be
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Figure 4 Endoscopic ultrasound-assisted rendezvous procedures. A: Under endoscopic ultrasound, the proximal extrahepatic bile duct is punctured
through the duodenal bulb. The sonoendoscope is in a long position; B: The guidewire is delivered antegradely to the duodenum through the puncture route; C:
Switch to a duodenoscope to grasp the antegradely introduced guidewire.

considered a first-line approach when feasible, although the route of access should be chosen on a
patient-by-patient basis[10,31,32]. In the case of the IHBD approach, Iwashita et al[39] reported a hybrid
rendezvous technique, in which a 6-French dilator was inserted into the biliary system for better
guidewire manipulation, which could improve the technical success rate.
EUS-RV has been increasingly used in patients with SBC failure in initial ERCP[11,30]. A review by
Tsuchiya et al[11] in 2016 (15 studies, 382 patients) reported that EUS-RV had an overall success rate of
82% (50%-100% between studies) and a complication rate of 13% (0-23% between studies). They also
found that the IHBD puncture route had a lower success rate than the EHBD route (76% vs 85%).
Therefore, in this review, we performed a literature search in Medline and included studies published
after 2015 (7 studies, 177 patients; Table 3)[10,31,32,40-43]. The proportion of patients with malignant
biliary obstruction was 43.5% (0-68.8% between studies). The results showed an overall EUS-RV success
rate of 84.4% (78.6%-100% between studies) and a complication rate of 15.6% (6.3%-23.3% between
studies) for EUS-RV. These results are similar to those in the aforementioned review article.
Furthermore, we found that the IHBD puncture route also had a lower success rate than the EHBD route
(74.2% vs 84.9%). The associated complications included pancreatitis (6.7%), cholangitis (1.7%), bile
leak/peritonitis (3.3%), hematoma (0.6%), perforation (0.6%), pneumomediastinum (1.7%), aspiration
pneumonia (0.6%), and gastric mucosal laceration (0.6%). In a recent meta-analysis (12 studies, 342
patients), Klair et al[30] further reported that, if only patients with normal anatomy (without surgical
alterations) were included in the analysis, the technical success rate would have improved from 86.1% to
88.3%. The pooled clinical success rate was 80.8% (95%CI: 64.1-90.8). The pooled overall adverse event
rate was 14% (95%CI: 10.5-18.4), including pancreatitis (7.2%), cholangitis (2.3%), bile leak (3.3%),
bleeding (2.1%), perforation (2.7%), and peritonitis (2.3%). However, all of the studies included in this
meta-analysis were retrospective.
Some unanswered questions remain; for example, does early switching to EUS-RV without spending
too much time on advanced cannulation techniques improve technical success rates and reduce
complication rates[44]? Further studies are required to clarify this issue.

CONCLUSION
Based on this review, interval ERCP appears to have the lowest technical success rate and overall
complication rate of the three endoscopic salvage methods. Given the acceptably high success rates and
low complication rates, and without the need for additional expertise, facilities (e.g., EUS), or other
specialists (e.g., radiologists), interval ERCP can be considered the first choice when SBC is not feasible
with advanced cannulation techniques[4]. In this way, more invasive alternative interventions can be
avoided in approximately three-quarters of patients. However, the main limitation of interval ERCP is
that it must be delayed by a few days to improve the success rate. Therefore, patients in urgent need of
biliary drainage (e.g., uncontrolled cholangitis) should undergo other, more invasive therapies. In this
setting, since percutaneous biliary puncture is a more widespread technique than EUS-BD, and most
ERCP endoscopists can perform rendezvous procedures, two-stage PTE-RV can be considered because
PTBD can achieve early bile drainage. Of course, if both interventional radiologists and endoscopists are
available, one-stage PTE-RV is welcome because it reduces complication rates. Another situation in
which PTE-RV can be considered a first choice is when the patient has a PTBD drainage tube before the
initial ERCP. EUS-BD is a relatively new technique and requires additional technical expertise/facilities,
and as such, its use has been limited to some ERCP endoscopists at some advanced endoscopy centers.
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Table 3 Summary of studies on reporting endoscopic ultrasound-guided rendezvous procedures
Malignant
biliary
obstruction

Success
rate via
EHBD

Success
rate via
IHBD

Overall
technical
success
rate

Overall complication rate

Iwashita et al Prospective (n =
[10] (2016)
20)

60% (12/20)

86.7%
(13/15)

75% (3/4)

80% (16/20)

15% (3/20); Hematoma (5%); Pancreatitis (10%)

Tang et al
[40] (2016)

Retrospective (n
= 25)

52% (13/25)

83.3%
(20/24)

0 (0/1)

80% (20/25)

16% (4/25); Pancreatitis (12%); Cholangitis (4%)

Okuno et al
[32] (2017)

Retrospective (n
= 39)

62.5% (24/39)

84.6%
(22/26)

68.8%
(11/16)

78.6% (33/42)

16.7% (7/42); Pneumomediastinum (4.8%); Retroperitoneal perforation (2.4%); Cholangitis (2.4%); Peritonitis
(4.8%); Pancreatitis (2.4%)

Nakai et al
[41] (2017)

Retrospective (n
= 30)

30% (9/30)

NA

NA

93.3% (28/30)

23.3% (7/30); Pancreatitis (10.0 %); Bile peritonitis (3.3
%); Cholangitis (3.3 %); Aspiration pneumonia (3.3 %);
Gastric mucosa laceration (3.3 %)

Shiomi et al
[42] (2018)

Prospective (n =
20)

40% (8/20)

83.3%
(10/12)

87.5% (7/8)

85% (17/20)

15% (3/20); Biliary peritonitis (10%); Pancreatitis (5%)

Martínez et
al[43] (2019)

Retrospective (n
= 27)

0

81.5 %
(22/27)

-

81.5 % (22/27) 11.1% (3/27); Pneumomediastinum (3.7%); Bile leak
(3.7%); Pancreatitis (3.7%)

Matsubara et Retrospective (n
al[31] (2020) = 16)

68.8% (11/16)

93.3%
(14/15)

100% (2/21)

100% (16/16)

6.3% (1/16); Pancreatitis (6.3%)

Overall

43.5% (77/177)

84.9%
(101/119)

74.2%
(23/31)

84.4%
(152/180)

15.6% (28/180); Pancreatitis (6.7%); Bile leak/peritonitis
(3.3%); Cholangitis (1.7%); Pneumomediastinum (1.7%);
Retroperitoneal perforation (0.6%); Hematoma (0.6%);
Aspiration pneumonia (0.6%); Gastric mucosa laceration
(0.6%)

Study design
(patient
number)

Ref.

n = 177

1

Including one patient had initial extrahepatic bile duct approach attempt.
NA: Not available; IHBD: Intrahepatic bile duct; EHBD: Extrahepatic bile duct.

Figure 5 The proposed treatment algorithm. ERCP: Endoscopic retrograde cholangiopancreatography; PTBD: Percutaneous transhepatic biliary drainage;
PTE-RV: Percutaneous-transhepatic-endoscopic rendezvous procedure; EUS-BD: Endoscopic ultrasound-assisted or guided biliary drainage.

When local experts are available, EUS-BD could serve as a first-line salvage technique before
considering PTBD, as recommended by recently issued ESGE guidelines[29]. If not, it might be
performed in a second endoscopic session by another endoscopist with dual endoscopic techniques.
Based on the current review, we propose a treatment algorithm to provide practical recommendations,
as shown in Figure 5. Since there have been no comparative studies between treatments, the suggested
practice should be validated by further studies.
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Abstract
Early detection of pancreatic cancer has long eluded clinicians because of its
insidious nature and onset. Often metastatic or locally invasive when symptomatic, most patients are deemed inoperable. In those who are symptomatic,
multi-modal imaging modalities evaluate and confirm pancreatic ductal adenocarcinoma. In asymptomatic patients, detected pancreatic lesions can be either
solid or cystic. The clinical implications of identifying small asymptomatic solid
pancreatic lesions (SPLs) of < 2 cm are tantamount to a better outcome. The
accurate detection of SPLs undoubtedly promotes higher life expectancy when
resected early, driving the development of existing imaging tools while promoting more comprehensive screening programs. An imaging tool that has
matured in its reiterations and received many image-enhancing adjuncts is
endoscopic ultrasound (EUS). It carries significant importance when risk
stratifying cystic lesions and has substantial diagnostic value when combined
with fine needle aspiration/biopsy (FNA/FNB). Adjuncts to EUS imaging include
contrast-enhanced harmonic EUS and EUS-elastography, both having improved
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the specificity of FNA and FNB. This review intends to compile all existing enhancement
modalities and explore ongoing research around the most promising of all adjuncts in the field of
EUS imaging, artificial intelligence.
Key Words: Pancreatic ductal adenocarcinoma; Pancreatic cancer; Endoscopic ultrasound; Contrast-enhanced
endoscopic ultrasound; Endoscopic ultrasound contrast agents; Endoscopic ultrasound elastography;
Artificial intelligence; Fractal analysis; Endoscopy; Imaging
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Several reviews have evaluated the use of contrast-enhanced endoscopic ultrasound (CE-EUS),
EUS-elastography (EUS-E), and artificial intelligence in separation. Not many have reviewed all three
modalities' strengths in a single article. This article elaborates on current methods and outcomes of CEEUS and EUS-E while reviewing the impact of artificial intelligence on the field of EUS imaging.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the 5th most fatal cancer globally, and those receiving a
diagnosis have only a 6% 5-year survival rate[1]. Fortunately, early detection of a PDAC, especially
when smaller than 1 cm, along with timely resection can aggrandize 5-year survival rates by up to 80.4%
[2]. This disease's increasing incidence and mortality trend have brought different specialists (i.e.
radiologists and gastroenterologists) together to create a framework to enhance early detection.
Computed tomography (CT), magnetic resonance imaging (MRI), and endoscopic ultrasound (EUS)
have all emerged as essentials in the multidisciplinary diagnostic approach of PDAC. EUS images of the
pancreas are distinct from all modalities above because of their increased spatial resolution, making it
94% sensitive for PDAC detection[3]. Successive generations of EUS imaging transducers and postprocessing software have markedly improved the spatial resolution of conventional B-mode EUS
images. When used alone, it boasts a superior diagnostic accuracy over multidetector CT and MRI,
singularly for solid pancreatic lesions (SPLs), but a meager specificity when differentiating pancreatic
cancer from other pathologies[3,4]. However, with the advent of image-enhancing technologies such as
contrast-enhanced EUS (CE-EUS) and EUS-elastography (EUS-E), there is evidence to suggest that even
smaller SPLs are now detectable with good sensitivity and specificity[5-7]. Although promising, these
advances' overarching impact in the face of early pancreatic cancer detection and diagnosing benign
pancreatic diseases is still largely underwhelming. Pancreatic cancer remains a leading cause of death in
industrialized populations, and the new case burden is estimated to grow steadily for the next 20 years
[8]. Thus far, we know that the diagnostic accuracy of EUS, when coupled with EUS-guided tissue
sampling, holds good outcomes, but reproducing its performance with ease remains a global challenge.
The learning curve to master and competently perform an EUS examination is steep[9,10]. In this
context, the introduction of artificial intelligence (AI), alone or in combination with existing enhanced
EUS imaging technologies, may contribute to filling the gaps in accurately and consistently diagnosing
pancreatic diseases[11]. This commentary highlights existing enhanced EUS imaging technologies while
paving the way for AI, postulating its possible role in this arena.

EUS-E
Elastography is an ultrasonographic tool to measure the stiffness of the desired study area. The desired
study area for a suspicious pancreatic lesion is also known as a region of interest (ROI). Akin to the
clinical aspect of palpating a mass by hand and describing its characteristics, elastography does this
similarly, but instead for deeper structures[12]. The two types of elastography include strain
elastography (SE) and sheer wave elastography (SWE). However, SWE is still unstable in its use to
measure the elasticity of SPLs and will not be discussed further in this article[13].
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The type of elastography used in EUS is quasi-static or SE. It measures tissue displacement from a
compressive force generated internally by the patient’s physiology like breathing and vascular
pulsations or externally by the tip of the echoendoscope pressing against the GI wall[14]. The
compressive force deforms the tissue momentarily. The amount the tissue deforms or the degree to
which it gets displaced is known as strain. Softer or more elastic tissue, i.e. more benign, will have more
displacement while stiffer, inelastic, and generally more malignant tissue, will have less strain[15]. The
images can be seen side by side on the EUS display, with the EUS-E overlayed on the B mode image.
We present examples for PDAC (Figure 1A and B) and for a metastatic lymph node (Figure 1C). The
color spectrum represents a qualitative measurement, blue being the hardest and red being the softest.
Quantitative measurements are seen on the strain histogram or valued as the strain ratio (SR; the strain
of the larger round-shaped ROI area A divided by the strain of smaller round-shaped region of
surrounding normal tissue area B). Suggested surrounding normal homogenous tissue to be used as
reference include either healthy surrounding pancreatic parenchyma (pSR) or healthy GI tract wall
(wSR). Suggested elastography SR values are automatically computed and estimated using the built-in
software found in the Olympus EU-ME2 processor and the Hitachi United States machines. However,
the reference areas have yet to be standardized.

Outcomes
One of the earliest prospective multicenter studies by Giovannini[16] evaluated the elastography of
pancreatic masses from 121 patients on initial EUS referenced against final histological diagnoses.
Elastography successfully demonstrated “intense blue” on qualitative measurement for all PDAC,
endocrine tumors, pancreatic metastasis, and pancreatic sarcomas. According to his scoring system of 1
through 5 (5 being the stiffest and most intense blue), scores 1 and 2 had a negative predictive value
(NPV) of 77.4%, whilst scores 3 and 4 had a positive predictive value (PPV) for malignancy of 92.8%[16].
In the interest of detecting smaller ductal adenocarcinomas (< 15 mm), which if resected earlier, have
shown a 5-year survival mark in PDAC survivors to exceed 30%-60%, Ignee et al[7] evaluated SRs for
SPLs of < 15 mm from 218 patients across 13 international centers. They found that EUS-E patterns of a
small lesion (average size 11 ± 3 mm), if found to be soft, could confidently rule out malignancy (NPV
98%). Although PDAC was diagnosed in these small lesions with a sensitivity of 96%, elevated stiffness
in a detected lesion had a specificity of only 67% with a PPV of 56% when diagnosing malignancy[7].
These small lesions’ final etiological percentage breakdown was 66% benign, while 52% were neuroendocrine tumors (NETs). Notably, 36% of the NETs were stiff lesions, while 64% were soft compared to
surrounding tissue. The remaining 23% were PDAC, 17% other entities, and 8% metastasis (which
showed stiffness only 59% of the time)[7].
In 2012, Pei et al[17] and in 2013, Ying et al[18], the Asian groups conducted separate metanalyses, but
with additions to pooled data on the subject matter of EUS-E’s diagnostic accuracy, a more recent metaanalysis of 17 studies analyzing 1544 lesions from 1537 patients was conducted in 2017. From their
pooled results, EUS-E reported an accumulated sensitivity of 97% (95%CI: 95%-99%) and a sensitivity of
67% (95%CI: 59%-74%) for qualitative methods; 97% sensitivity (95%CI: 95%-98%) and 67% specificity
(95%CI: 61%-73%) for Strain Histograms, and lastly, 98% specificity (95%CI: 96%-99%) and 62%
sensitivity (95%CI: 56%-68%) for strain ratios, suggesting its value as a complement to EUS-guided
tissue sampling, i.e. EUS-FNA[19].
Similarly, guidelines proposed by the European Federation of Societies for Ultrasound in Medicine
and Biology (EFSUMB) advocate using elastography as a complementary tool for focal pancreatic lesion
characterization[20]. When a EUS-FNA sample is negative, but the index of suspicion for malignancy
remains, the EFSUMB recommends using elastography and CE-EUS for repeat tissue sampling or
referring the patient directly to the surgeons for operative intervention without further delay[20]. We
demonstrate the clinical application of EUS-E (with CE-EUS) to target FNB sampling in a patient with a
degenerated intraductal papillary mucinous neoplasm (IPMN) under our surveillance (Figure 2). This
patient had positive cytology, warranting early surgery. Although documented to be helpful in the
diagnosis of early autoimmune pancreatitis due to an idiosyncratic distribution of tissue stiffness, the
guidelines cannot recommend the use of elastography in differentiating advanced chronic pancreatitis
from pancreatic cancer[20].
One of EUS-E’s many inherent limitations is evident here: Its low specificity and inability to
consistently distinguish between pancreatic diseases (inflammatory vs neoplastic) or even types of
pancreatic malignancies.
Inbuilt elastography software reduces intra-observer variability by overcoming the selection bias of
images by providing the operator with a real-time movie of all recorded frames. However, there
remains significant inter-observer variability when differentiating NETs from normal pancreatic
parenchyma, as both may appear green i.e. soft.
Here are a few other scenarios where misdiagnoses occur: (1) If the endoscopist places too much
compressive pressure between the probe and the examined tissue; and (2) False image reconstruction
due to the heterogeneity of the examined tissue i.e. in the case of pancreatic cancer where some areas
within the lesion are either necrotic, fibrous from desmoplasia, or have become inhomogeneous from
vessel infiltration.

WJG

https://www.wjgnet.com

3816

August 7, 2022

Volume 28

Issue 29

Spadaccini M et al. Enhanced EUS imaging and artificial intelligence

Figure 1 Endoscopic ultrasound-elastography. A and B: Endoscopic ultrasound-elastography (EUS-E) use in demonstrating stiffness of pancreatic ductal
adenocarcinoma tissue (encircled A) against normal pancreatic parenchyma (encircled B); C: EUS-E use in demonstrating stiffness of metastatic lymph nodes in
patient from B. The nodes in B-mode when seen with elastography are blue, indicating that it’s hard and potentially malignant.

Figure 2 The clinical application of endoscopic ultrasound-elastography (with contrast-enhanced endoscopic ultrasound) to target fine
needle biopsy sampling in a patient with a degenerated intraductal papillary mucinous neoplasm under our surveillance. A: Case
demonstration of a degenerated intraductal papillary mucinous neoplasm and combination use of endoscopic ultrasound-elastography (EUS-E) to direct fine needle
biopsy (FNB) sampling. Pre-EUS-E, the area of concern was iso-echoic, resembling normal parenchyma; however, under EUS-E, the area is stiff (blue); B: Contrast
use post-FNB showing hypo-enhancement of the area of concern, confirming the area previously highlighted by EUS-E; C: Post-EUS-E and contrast-enhanced EUS
guided FNB sampling in the same patient, allowing targeted sampling of the hard area.

Other pitfalls include: (1) A lack of standardization for cut-off values for strain ratios, although some
experts propose using parenchyma-to-lesion SR of > 9.10 (PPV 89.7%; NPV 76.9%) or the gastric wall-tolesion SR of > 16.2 (PPV 86.5%; NPV 80%)[21]; (2) Border delineation once the lesion becomes larger
[22]; (3) Inability to measure strain if the lesion is too far away from the probe, and lastly; and (4) Image
acquisition when fluid is present, i.e. with cysts[22].
Carrara et al[21] demonstrated the use of fractal geometry analysis (Figure 3) to quantify the surface
roughness of 2 tissues that share the same mechanical properties on elastography, and in doing so,
overcome a significant limitation of EUS-E, but further trials are required[21]. Studies are also underway
to evaluate the use of EUS-E in differentiating actual vessel wall infiltration by tumor tissue from that
caused by an inflammatory reaction. The European Elastography Group, amongst others, is also
designing and training deep learning platforms for future use in reducing inter-operator variability.

CE-EUS IMAGING
CE-EUS imaging is a non-invasive technique that utilizes a contrast agent during a EUS examination to
improve diagnostic imaging. Contrast use in ultrasound imaging was first pioneered in 1986 by
Matsuda and Yabuuchi with the infusion of CO2 as a medium. Kato heralded its subsequent application
into EUS in 1991, confined only to angiographic examinations[23]. In the mid-1990s, the use of Doppler
function and sonicated serum albumin expanded the application of CE-EUS beyond the premise of
angiographic studies[24].
In CE-EUS, the mechanical index (MI) alludes to the reaction of microbubbles in response to a
stimulus in the form of an acoustic wave[25]. From this response, CE-EUS is typed into two: (1)
Contrast-enhanced high-MI EUS (CEHMI-EUS), not requiring specific interpretive software; and (2)
Contrast-enhanced low-MI EUS (CELMI-EUS), requiring a contrast-specific software mode.
A significant advantage of CELMI-EUS over CEHMI-EUS is its higher resolution and visibility of the
contrast enhancer bubbles. In contrast, CEHMI-EUS's ability to display pancreatic macro-vessels (vessels
with a diameter of approximately 0.2 mm and higher) comes at the expense of microbubble destruction
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Figure 3 Three-dimensional surface fractal dimension estimate. A and B: Endoscopic ultrasound-elastography images (A) are used to highlight
representative parenchymal regions (B) of solid pancreatic lesions; C: A computer-aided image analysis system generates an irregularly-shaped three-dimensional
surface as a “shape matrix” of points with the column and row numbers proportional to the x and y coordinates and with the depth information z (x, y) stored as a
matrix element. The three-dimensional fractal dimension, which is an index of the “surface roughness”, is automatically determined using the box-counting algorithm.
The fractal dimension of a surface is expressed by a real number greater than 2 (the Euclidean dimension of a two-dimensional surface) and less than 3 (the
Euclidean dimension of a solid). A surface with a higher surface fractal dimension is wrinkled than one with a lower dimension.

and, as a result, CEHMI-EUS's use for Doppler enhancement is preferred[26].
In collaboration with European experts in a recently issued guideline, the Asian Federation of
Societies for Ultrasound in Medicine and Biology (AFSUMB) concluded that the MI should be between
0.2 and 0.4. They added that the 0.1 to 0.4 range used in published reports was influenced by several
factors, including EUS probe type (radial or linear), image processing hardware, and software, phaseinversion harmonics, amplitude modulations, and focal points[27].

Contrast-enhanced harmonic EUS imaging
Tissue harmonic imaging (THI) is an ultrasonographic technique, first introduced in 1997, that utilizes
nonlinear propagation of ultrasound (US) waves to generate images that are superior in quality to the
fundamental B-mode imaging mode[28]. This tool was incorporated into the EUS imaging arsenal
approximately a decade later[29].
The two image processing techniques developed to generate harmonic images were the band ltering
method and phase inversion method. The ability of harmonic imaging to improve signal-to-noise ratio
and reduce artifacts produced by side lobes, grating lobes, and reverberation allowed it to outperform
earlier imaging applications, such as Color Doppler and power Doppler, which were susceptible to
motion artifacts[30]. Furthermore, this modality allowed for visualization of parenchymal perfusion and
microvasculature of the pancreas[31].
AFSUMB, in their summary recommendations, alluded to the benefit of contrast-enhanced harmonic
EUS (CH-EUS) for characterization of solid pancreatic masses, pancreatic cancer staging in patients with
suspected major vessel involvement, identication of mural nodules in cystic pancreatic lesions, and
detection of subtle pancreatic lesions[27].
Nevertheless, THI is saddled with certain intrinsic technical limitations. The narrow bandwidth
decreases axial resolution when applying the band filtering method. This limitation gave rise to the
conception of the phase inversion method. However, the latter method necessitates the transmission of
two US pulses, thus decreasing the frame rate and raising the possibility of motion artifacts[30].

Contrast agents
The first reported use of intravenous ultrasound contrast agents (UCAs) in ultrasonography was for
image enhancement during echocardiography. Its adoption followed this in transabdominal ultrasonography before it was eventually introduced in EUS[32]. EFSUMB’s recommendation on contrast for CEEUS in non-liver applications highlighted its similarity to its use in transabdominal CEUS[33]. Worth
noting is that the modalities, as mentioned earlier, represent the only imaging techniques that allow a
dynamic observation of the CE phases[34]. UCAs are used to augment their ability in lesion characterization and intervention guidance.
During the evolutionary phase of CE-EUS, various agents were explored to advance the diagnostic
performance of this modality. To render stability and durability, all commercially available agents are
composed of gas-filled microbubbles encapsulated by a phospholipid or albumin shell. Each agent is
aptly categorized based on its half-life and ability for transpulmonary passage[32].
The AFSUMB working group strongly recommends the following for use as UCAs: SonoVue
(Lumason, sulfur hexafluoride micro-bubbles; Bracco, Milan, Italy; available in Europe, China, India,
Korea, Hong Kong, New Zealand, Singapore, and Brazil); Definity (octafluoropropane microbubbles;
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Bristol- Myers Squibb Medical Imaging, New York, NY, United States; available in the United States,
Canada, and Australia), and Sonazoid (perfluorobutane microbubbles; GE Healthcare, Chicago, IL,
United States; Daiichi Sankyo, Tokyo, Japan; available in Japan, South Korea, Taiwan and Norway).
They further stated that neither of the agents had a superior diagnostic ability over the other[27].

Outcomes
A significant emphasis has been placed on researching the adjunctive role of CE-EUS in evaluating solid
pancreatic masses. The result is a wealth of data that supports its use in assessing the pancreas and
related pathologies[33]. Mei et al[35] affirmed this in a recent meta-analysis (n = 1497) to evaluate the
accuracy of CE-EUS in discriminating between benign and malignant pancreatic masses with a reported
pooled sensitivity, specificity, and diagnostic odds ratio of 0.91, 0.86, and 69.50, respectively[35].
Another meta-analysis that included 1139 patients across 12 studies highlighted that both high and
low MI techniques had a 94% sensitivity and 89% specificity in differentiating pancreatic adenocarcinoma from other pathologies, with an area under the receiver operating characteristic curve of 0.9732.
Subgroup analysis by excluding the outliers provided a sensitivity and specificity of 93%[36].
Săftoiu et al[37] analyzed the diagnostic accuracy of combining CE-EUS and elastography to differentiate focal pancreatic masses and highlighted its influence in decision making when confronted with a
negative EUS-FNB result with a strong clinical suspicion of malignancy. A similar study by the same
authors assessed the "synergistic" performance of CE-EUS with EUS-EG in 50 patients with a negative
FNA of pancreatic masses. The results determined 19 to be pancreatic adenocarcinoma and 31 to be
pseudo-tumoral chronic pancreatitis. CE-EUS reported a specicity of 100% and an accuracy of 93% in
the cohort of 25 patients where EUS-EG demonstrated high lesion stiffness, diagnosing malignancy[38].
Buxbaum et al[39], in a prospective tandem-controlled trial involving 101 cases of focal pancreatic
lesions, concluded that CE-EUS increased the diagnostic yield compared to conventional B-mode EUS
with an odds ratio of 7.8 (95%CI: 2.7-30.2). Ninety-one percent of lesions were correctly characterized in
the validation cohort, with an improved yield compared to unenhanced EUS[39]. In a real-life clinical
setting, we demonstrate its use in a case of a degenerated IPMN showing how its use allows differentiation of tumor vegetation from mucus within a cyst (Figure 4).

AI
AI can level the playing field for endoscopists globally by making this highly sensitive and specific, but
technically challenging, diagnostic tool we know as EUS more user-friendly and quicker to master.
The existing image enhancing techniques, CH-EUS and EUS-E, are available to the endoscopist
currently as stand-alone software plug-ins. They require prior training before use with a low to
moderate learning curve to master given that the user is already proficient with an echoendoscope.
The potential of AI is seen here in its ability to harness the diagnostic power of EUS while unifying all
existing and future image-enhancing techniques “under one roof.” This unifying software can aid the
endoscopist by highlighting areas of concern while prompting suitable image-enhancing methods.
This added edge of diagnostic confidence can help overcome lesion ambiguity and improve lesion
specificity, regardless of the years of prior endosonographic training.

Principle of AI
AI is a divaricate under the broader umbrella of computing methodology and information sciences. It
utilizes autonomous properties from rapidly advancing technological developments in deep learning as
a segue to mimic human behavior ultimately. Over the last decade, AI applications have quickly
matured. Their iterations in the daily practice of various fields within medicine are expanding with
success.
The development and training of computer-aided diagnosis (CAD) systems revolve around the aim
of autonomously distinguishing features that the human eye and mind may unintentionally miss.
Identifying and interpreting changes of varying subtleties, particularly in medical images, has been the
high point of AI. The objectivity of a trained CAD system could potentially seek to overcome one of the
most significant limitations of any physician or endoscopist: The lack of an intra- and inter-observer
agreement. Suppose an AI system can distinguish between neoplastic and non-neoplastic lesions with
near perfection after training, it would seem reasonable to imagine that the burden from pathological
examinations may be considerably relieved very soon. Thus far, colonic adenoma detection and differentiation have gained tremendous attention from several CAD systems utilizing deep learning and
Artificial Neural networks. Due to their promising results, these systems have gained popularity in dayto-day endoscopy usage[40-43].

AI and EUS
The most common application of AI in EUS is creating machine learning architectures that extract EUS
images and analyze them for their textures (boasting accuracy of up to 93%-94%) to create an artificial
neural network that can ultimately serve as a clinical decision support tool. It can do one of 2 things: (1)
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Figure 4 Use of contrast-enhanced endoscopic ultrasound to study the evolution of a degenerated intraductal papillary mucinous
neoplasm and the vegetations within, allowing differentiate between mucus and vegetations as only tumor vegetations will show
inhomogeneous enhancement.

Using the station approach to familiarize the endoscopist with normal anatomy, as demonstrated by
Kanno et al[44]; and (2) Non-invasively differentiating pancreatic parenchymal pathologies when EUSFNB may not be clinically feasible or have a poor diagnostic yield in the case of cysts or AIP[40].
In 2008, two studies emerged providing the diagnostic ability of AI integrated EUS in reporting
pancreatic diseases. Săftoiu et al[45] reported 68 cases in a prospective study using a neural network
EUS to compare PDAC and chronic pancreatitis. The authors reported 95% accuracy in the system’s
diagnostic ability. In the second study, Das et al[46] reviewed 319 images with a neural network system
and performed a principal component analysis to compare acute and chronic pancreatitis, from
pancreatic carcinoma. The study reported the area under the curve indicating the systems’ diagnostic
ability to be 93%. In 2013, Zhu et al[47] studied 288 cases retrospectively with a support vector machine
and reached an accuracy of 94%.
Additionally, Săftoiu et al[48], in a prospective multicenter study, reported 167 cases using a neural
network system, reaching a diagnostic accuracy of 94%. Ozkan et al[49] reported an accuracy of 93% in
reviewing 332 images in retrospect using a neural network. A deep learning architecture specific to EUS
noteworthy of mentioning is one used to differentiate high-grade dysplasia vs malignancy for IPMN
with an accuracy of 94%[42]. In a single-center retrospective study that trained a deep learning
algorithm using 3970 still images, deep learning was superior to human ability in its diagnostic accuracy
(95% vs 56%), proving an objective method such as is this is more accurate in diagnosing malignancies
of IPMN origin in comparison to conventional EUS features[42].
AI demonstrates its usefulness again in increasing diagnostic specificity using occlusion heatmap
analysis to differentiate AIP from PDAC. The result is overcoming a delay in diagnosis, initiating
immunosuppressive or chemoradiotherapy early, and preventing unwarranted resections (90%
sensitive, 85% specific)[50]. It is worth mentioning that these studies use a cross-validation method with
an internal control check, thus inflating the actuality of the diagnostic accuracy. In its applications to
actual EUS fine-needle biopsy histopathological samples, AI was able to bring diagnostic clarity to
difficult-to-analyze samples with an accuracy of 94.1% despite cellular paucity and contamination.
In centers with a lack of dedicated GI pathologists, AI software can quickly close this gap of
diagnostic delay and eliminate repeat sampling at second or third centers[11]. One setback of AI is the
black-box phenomenon, which can cause judgment errors without an explanatory basis. That said, a
trained convolutional neural network model with extracted visual features from various pancreatic
diseases, namely chronic pseudo-tumoral pancreatitis, NET, and PDAC, can accurately produce a realtime diagnosis[51].

SUMMARY RECOMMENDATIONS
For a suspected pancreatic mass, we propose utilizing both EUS-E and CE-EUS to augment conventional B-mode imaging (Figure 5).
Their advantages in defining nodules and ambiguous ROIs allow FNA/FNB sampling precision,
making them crucial adjuncts in day-to-day practice, whether for first encounters or follow-up visits.
Validation studies are still underway to evaluate promising non-contrast-based high-definition
imaging modalities. The modalities are in-built into the echo processor for ease of microvasculature
study. They carry great potential in supplementing and possibly surrogating UCAs in conditions, such
as pregnancy or compromised cardiopulmonary status[52]. However, until then, EUS-E and CE-EUS
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Figure 5 Graphical representation of existing diagnostic applications to endoscopic ultrasound imaging in the form of a fractal tree,
fractal analysis with artificial intelligence being the possible future of enhanced endoscopic ultrasound imaging. AI: Artificial intelligence; CHEUS: Contrast-enhanced harmonic endoscopic ultrasound; FNB: Fine needle biopsy.

coupled with B-mode imaging will remain the choice stratagem in improving the early detection of
pancreatic cancer.

CONCLUSION
In the EUS world of greys, colors emerged from elastography and patterns from contrast use, improving
the overall accuracy of pancreatic mass differentiation. AI could be the rainbow that bridges us to a
more precise diagnosis.
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Abstract
BACKGROUND
Recent studies have demonstrated that dysfunction of the intestinal barrier is a
significant contributing factor to the development of severe acute pancreatitis
(SAP). A stable intestinal mucosa barrier functions as a major anatomic and
functional barrier, owing to the balance between intestinal epithelial cell (IEC)
proliferation and apoptosis. There is some evidence that calcium overload may
trigger IEC apoptosis and that calcineurin (CaN)/nuclear factor of activated Tcells (NFAT) signaling might play an important role in calcium-mediated
apoptosis.
AIM
To investigate the potential mechanisms underlying the therapeutic effect of
Qingyi decoction (QYD) in SAP.
METHODS
A rat model of SAP was created via retrograde infusion of sodium deoxycholate.
Serum levels of amylase, tumor necrosis factor (TNF-α), interleukin (IL)-6, D-lactic
acid, and diamine oxidase (DAO); histological changes; and apoptosis of IECs
were examined in rats with or without QYD treatment. The expression of the two
subunits of CaN and NFAT in intestinal tissue was measured via quantitative realtime polymerase chain reaction and western blotting. For in vitro studies, Caco-2
cells were treated with lipopolysaccharide (LPS) and QYD serum, and then cell
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viability and intracellular calcium levels were detected.
RESULTS
Retrograde infusion of sodium deoxycholate increased the severity of pancreatic and intestinal
pathology and the levels of serum amylase, TNF-α, and IL-6. Both the indicators of intestinal
mucosa damage (D-lactic acid and DAO) and the levels of IEC apoptosis were elevated in the SAP
group. QYD treatment reduced the serum levels of amylase, TNF-α, IL-6, D-lactic acid, and DAO
and attenuated the histological findings. IEC apoptosis associated with SAP was ameliorated
under QYD treatment. In addition, the protein expression levels of the two subunits of CaN were
remarkably elevated in the SAP group, and the NFATc3 gene was significantly upregulated at
both the transcript and protein levels in the SAP group compared with the control group. QYD
significantly restrained CaN and NFATc3 gene expression in the intestine, which was upregulated
in the SAP group. Furthermore, QYD serum significantly decreased the LPS-induced elevation in
intracellular free Ca2+ levels and inhibited cell death.
CONCLUSION
QYD can exert protective effects against intestinal mucosa damage caused by SAP and the
protective effects are mediated, at least partially, by restraining IEC apoptosis via the
CaN/NFATc3 pathway.
Key Words: Severe acute pancreatitis; Intestinal epithelial cell; Apoptosis; Calcineurin/nuclear factor of
activated T-cells pathway; Qingyi decoction
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: This manuscript investigated the role of the calcineurin (CaN)/nuclear factor of activated T-cells
(NFATc3) pathway in the apoptosis of intestinal epithelial cells (IECs) in severe acute pancreatitis (SAP)
and the potential mechanisms underlying the therapeutic effect of Qingyi decoction (QYD). QYD
significantly restrained CaN and NFATc3 gene expression in the intestine, ameliorated IEC apoptosis
associated with SAP, and decreased the lipopolysaccharide-induced elevation in intracellular free Ca2+
levels and cell death. These findings suggest that the protective effects of QYD might be mediated, at least
partially, by downregulating IEC apoptosis via the CaN/NFATc3 pathway.

Citation: Wang GY, Shang D, Zhang GX, Song HY, Jiang N, Liu HH, Chen HL. Qingyi decoction attenuates
intestinal epithelial cell injury via the calcineurin/nuclear factor of activated T-cells pathway. World J
Gastroenterol 2022; 28(29): 3825-3837
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3825.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3825

INTRODUCTION
Severe acute pancreatitis (SAP) is a severe acute abdominal disease characterized by high morbidity and
mortality that can occur as a consequence of systemic inflammatory response syndrome (SIRS) and
multiple organ dysfunction syndrome (MODS)[1]. A considerable amount of literature has been
published on SAP. These studies have demonstrated that dysfunction of the intestinal barrier is a
significant contributing factor to the development of SAP. Disruption of the intestinal barrier can give
rise to gut bacteria and endotoxin translocation, thus creating secondary infections, SIRS, and MODS,
leading to SAP[2]. A stable intestinal mucosa barrier functions as a major anatomic and functional
barrier, owing to the balance between intestinal epithelial cell (IEC) proliferation and apoptosis. Recent
research has revealed that IEC apoptosis plays an essential role in the development of SAP, and
increased IEC apoptosis has been confirmed to contribute to intestinal injury, mucosal atrophy, bacterial
translocation, and barrier dysfunction in SAP[3-5].
As a ubiquitous second messenger, Ca2+ has a significant impact on a variety of cellular processes in
nearly all cell types. Calcineurin (CaN), a unique calcium-activated serine/threonine phosphatase, is a
dominant factor in calcium-dependent signal transduction pathways. Nuclear factor of activated T-cells
(NFAT) is a substrate phosphorylated by CaN, that is completely dependent on Ca2+/CaN signaling;
thus, NFAT is remarkably responsive to intracellular Ca2+ oscillations[6]. There is some evidence that
calcium overload may trigger IEC apoptosis and that CaN/NFAT signaling might play an important
role in calcium-mediated apoptosis[7,8].
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Qingyidecoction (QYD), a Chinese herbal medicine consisting of Radix Bupleuri (Chaihu, Bupleurum
scorzonerifolium Willd.), Scutellariae Radix (Huangqin, Scutellaria baicalensis Georgi.), Aucklandiae Radix
(Muxiang, Aucklandia lappa Decne.), Rhizoma Corydalis (Yanhusuo, Corydalis acropteryx Fedde), Coptidis
Rhizoma (Huanglian, Coptis chinensis Franch.), Radix Paeoniae Alba (Baishao, Paeonia lactiflora Pall.),
Rhei Radix Et Rhizoma (Dahuang, Rheum palmatum L.) and Natrii Sulfas (Mangxiao, Mirabilite) has been
widely utilized for several decades in the treatment of acute pancreatitis in China[9]. QYD, as an organic
combination of many effective components, plays a multitarget role in acute pancreatitis treatment
through multiple pathways, including protecting the intestinal barrier. The efficacy of QYD has been
demonstrated to involve its ability to moderate endotoxin generation, restrict excessive neutrophil
activation, minimize the release of inflammatory cytokines, and inhibit IEC apoptosis[10]. The present
study aimed to investigate the role of the CaN/NFATc3 pathway in the apoptosis of IECs in SAP and
explore the potential mechanisms underlying the therapeutic effect of QYD.

MATERIALS AND METHODS
Animal preparation and experimental protocols
Male Sprague-Dawley (SD) rats, 180-220 g, were obtained from the specific-pathogen-free Animal
Center of Dalian Medical University. This study was approved by the Ethics Committee of Dalian
Medical University. Thirty male SD rats were randomly divided into an SAP group, a QYD treatment
group, and a control group, with ten rats per group. The SAP model was established using a method
previously described[9]. The rats in the QYD group were gavaged with three doses of QYD (10 mL/kg
body weight/dose, the First Affiliated Hospital of Dalian Medical University, Dalian, China) 0.5 h
before and 6 and 12 h after surgery. The rats in the control group received only sham surgery[9]. The
rats were anesthetized with 10% chloralhydrate via intraperitoneal injection at 3 mL per kg bodyweight
24 h post operation. Abdominal aorta blood samples and tissue samples were collected immediately.

Measurement of serum amylase, interleukin-6, tumor necrosis factor-α, D-lactic acid, and diamine
oxidase
Serum amylase was detected using a spectrophotometric method with a commercial kit (Jiancheng,
Nanjing, China). Briefly, 0.5 mL of starch reagent and 0.10 mL of serum samples were added to a 5 mL
graduated tube. After incubating for 7.5 min at 37 °C, 0.5 mL of iodine reagent and 3.0 mL water were
added immediately. The absorbance was measured at 660 nm. Enzyme-linked immunosorbent assay
(ELISA) kits for tumor necrosis factor (TNF-α) (Lengton, Shanghai, China), D-lactic acid (Goybio,
Shanghai, China), diamine oxidase (DAO) (Jiancheng, Nanjing, China), interleukin (IL)-6 (Lengton,
Shanghai, China) were used to evaluate the levels in rat serum according to the manufacturer’s
instructions.

Histological examination
Pancreatic and intestinal tissues were fixed in 10% formaldehyde. After dehydration in gradient alcohol
and transparentizing in xylene, the tissues were embedded in paraffin and cut into 5 μm thick slices.
The slices were stained with hematoxylin and eosin for histological examination. The tissues were
scored under an optical microscope (Leica, Solms, Germany) by a pathologist blinded to the experimental design. Five histopathological parameters (edema, inflammatory infiltration, hemorrhage, and
acinar necrosis) of the pancreatic tissue were evaluated, each on a scale of 0-4 using a previously
described method[11]. Mucosal injury, inflammatory infiltration, and hemorrhage were graded, each on
a scale of 0-5, using a method described in a previous article to assess intestinal tissue[12].

Apoptosis detection
Fixed rat intestinal sections with 10% formaldehyde were deparaffinized in xylene and rehydrated
through a graded ethanol series. A terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay kit (Keygen, Nanjing, China) was applied to assess apoptosis in intestinal
tissue. Briefly, rat intestinal sections were treated with 50 μL of the TUNEL reaction mixture and then
incubated at 37 °C for 60 min. After rinsing with phosphate buffer solution, tissue sections were stained
with 4’,6-diamidino-2-phenylindole (DAPI) and observed with fluorescence microscopy.

Immunofluorescence analysis
For immunofluorescence analysis, intestinal sections were incubated in a xylol-ethanol gradient to
remove the paraffin. The slides were incubated with primary antibody against NFATc3 (Santa Cruz,
CA, United States) and subsequently incubated with Alexa Fluor goat anti-rabbit immunoglobulin G
(Life Technologies), and then observed using fluorescence microscopy following staining of the nuclei
with DAPI (Sigma-Aldrich, St. Louis, MO). The specificity of the signals was monitored by blank
staining without primary antibodies.
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Western blot analysis
Western blotting was performed as previously described[13]. Total protein from intestinal tissue was
extracted with a protein extraction kit (KeyGen, Nanjing, China). Protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose
membrane. After nonspecific binding was blocked, the membranes were incubated with primary
antibodies against calcineurin A (CnA, 1:2000, Abcam, United Kingdom), calcineurin B (CnB, 1:500,
Abcam, United Kingdom), and β-actin (1:1000). Immunoreactive proteins were visualized using
enhanced chemiluminescence detection (Bioworld Technology, Nanjing, China). ImageJ software was
used for statistical analyses of the band intensities normalized to β-actin.

Quantitative real-time polymerase chain reaction
Total RNA extraction from intestinal tissue was performed with NAiso Plus (TaKaRa, Dalian, China),
and then a PrimeScriptTMRT MasterMix kit (TaKaRa, Dalian, China) was used to synthesize cDNA.
Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out in a 7300 Real-time PCR
System using a SYBR® Premix Ex TaqTMIIKit (TaKaRa). The primer sequences were as follows: NFATC3
forward 5’-GGTGGCCATCCTGTTGTGAA-3’ and reverse 5’-CAGTAATGCGATGCACCTGGTAA-3’; βactin forward 5’- GGAGATTACTGCCCTGGCTCCTA-3’ and reverse 5’-GACTCATCGTACTCCTGCTTGCTG-3’. The 2-ΔΔCt method was used for statistical analyses of the mRNA levels normalized to βactin.

Preparation of QYD serum
Drug-containing serum was prepared as described previously[14]. Ten SD rats were divided into two
groups: A normal group and a QYD serum group. In the QYD serum group, QYD (the First Affiliated
Hospital of Dalian Medical University, Dalian, China) was administered to SD rats via gavage at 10
mL/dose/kg body weight twice per day for 5 d. The rats in the normal group were treated with the
same volume of saline. After 5 d of treatment, blood samples were extracted from the abdominal
arteries. Under anesthesia, serum was isolated from both the normal group and the QYD group based
on a previously described method[15].

Cell experimental design
Caco-2 cells were randomly divided into the following groups: The rat serum group, in which the cells
were treated with 10% normal rat serum for 24 h; the rat serum + lipopolysaccharide (LPS) group, in
which the cells were exposed to 100 ng/mL LPS and 10% normal rat serum for 24 h; and the QYD serum
+ LPS group, in which the cells were treated with 100 ng/mL LPS and 10% QYD serum for 24 h.

Cell viability analysis
Caco-2 cell viability was assessed using MTT assays (Sigma, St Louis, MO, United States). After
incubation with MTT dye (5 mg/mL) for 4 h at 37 °C, DMSO (150 μL/well) was added. The optical
absorbance was evaluated with a microplate reader at 490 nm to measure cell viability.

Measurement of intracellular calcium levels
Intracellular Ca2+ levels were monitored using the Ca2+-sensitive fluorescent indicator Fluo-3. Flou-3 can
enter cells through the medium of lipophilic AM and combine with intracellular free Ca2+. The
fluorescence intensity of Flou-3 is positively correlated with the concentration of intracellular free Ca2+.
Caco-2 cells were seeded in HBSS buffer with Fluo-3/AM at 5 μmol/L for 30 min. The cells were
washed twice in fresh HBSS and then treated with 0.5 mL of HBSS buffer. Finally, a confocal laser
scanning microscope (BioRad Radiance 2100) was used to assess the fluorescence intensity.

Statistical analysis
Data are expressed as the mean ± SD. SPSS v16.0 software was used for data analysis. One-way ANOVA
was applied to assess significant differences between groups; P < 0.05 was considered to indicate a
statistically significant difference.

RESULTS
Histological changes in the pancreas and intestine
As shown in Figure 1A, edema, inflammatory infiltration, hemorrhage, and acinar necrosis were
observed in the pancreas as the characteristic morphological features of SAP. Interstitial edema,
irregular villi, mucosal erosion, and inflammatory infiltration were exhibited in the SAP group, with
necrosis and shedding of the intestinal epithelium. The pancreatic and intestinal histological scores were
significantly higher according to the standards of Anthony and Chiu, respectively. However, QYD
treatment significantly ameliorated the pancreatic and intestinal pathology caused by SAP (Figures 1B
and 1C).
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Figure 1 Histological changes in pancreatic and intestinal tissues. A: Slight edema was detected [pancreas control (CON) group]; broad necrosis of
acinar cells and interstitial edema were observed [pancreas severe acute pancreatitis (SAP) group]; only local necrosis, slight interstitial edema, and few inflammatory
cell infiltrates were observed [pancreas Qingyi decoction (QYD) group]. Slight interstitial edema was detected (intestine CON group); irregular villi, mucosal erosion,
and inflammatory infiltration were observed (intestine SAP group); edema and mild mucosal erosion were observed (intestine QYD group); B: Histological scores for
the pancreas; C: Histological scores for the intestine. The histological scores for the pancreas and intestine were significantly ameliorated in the QYD treatment group
compared with the SAP group. aP < 0.05, 100 ×. CON: Control; QYD: Qingyi decoction; SAP: Severe acute pancreatitis.

Serum levels of amylase, IL-6, TNF-α, D-lactic acid and DAO
It can be seen from the data in Figure 2 that the serum levels of amylase (Figure 2A), IL-6 (Figure 2B),
and TNF-α (Figure 2C) were increased significantly in the SAP group compared with the control group.
Consistent with previous research results, QYD treatment ameliorated the increases in amylase, IL-6,
and TNF-α serum levels observed in the SAP group. D-lactic acid and DAO, which can serve as markers
of intestinal barrier dysfunction and tissue injury, were significantly increased in the SAP group
compared with the control group. However, the levels of serum D-lactic acid and DAO in the QYD
group were significantly decreased compared with those in the SAP group (Figures 3A and 3B).

CnA and CnB expression in intestine
Following QYD treatment, the expression levels of CnA and CnB were detected via western blot
analysis. The results, shown in Figure 4A, demonstrated that the expression levels of CnA and CnB
were increased in the SAP group. The band intensities of CnA and CnB in the SAP group were 2.78 and
1.24, respectively, normalized to β-actin. QYD treatment significantly reduced the protein expression
levels of CnA and CnB (Figures 4B and 4C).

NFATc3 expression in the intestine
Furthermore, we examined NFATc3 protein expression in intestinal tissues using immunofluorescence.
NFATc3 was highly expressed in the SAP group compared with the control group but significantly
downregulated under QYD treatment (Figure 5A). Semiquantitative analysis showed that the relative
integral optical density (IOD) value was higher in the SAP group than in the control group. However,
the relative IOD value was lower in the QYD group than in the SAP group (Figure 5B).

Transcription of NFATc3 mRNA in intestinal tissue
Compared with the control group, qRT-PCR analysis revealed that the level of NFATc3 mRNA
transcription was obviously increased in the SAP group. QYD treatment decreased the mRNA level
compared with that in the SAP group (Figure 6).
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Figure 2 Serum levels in the different experimental groups. A: Amylase; B: Interleukin-6; C: Tumor necrosis factor-α. aP < 0.05. CON: Control; QYD:
Qingyi decoction; SAP: Severe acute pancreatitis; TNF: Tumor necrosis factor; IL: Interleukin.

Figure 3 Effect of Qingyi decoction on serum. A: D-lactic acid; B: Diamine oxidase. aP < 0.05. CON: Control; QYD: Qingyi decoction; SAP: Severe acute
pancreatitis; DAO: Diamine oxidase.

Figure 4 Expression of calcineurin subunits in the intestine. A: Calcineurin A (can) and calcineurin B (CnB) protein expression in the intestine; B: Qingyi
decoction (QYD) treatment significantly inhibited the elevatcanCnA protein expression in the intestine observed in the severe acute pancreatitis (SAP) group; C: QYD
treatment significantly inhibited the elevated CnB protein expression in the intestine observed in the SAP group. aP < 0.05. CON: Control; QYD: Qingyi decoction;
SAP: Severe acute pancreatitis; CnA: Calcineurin A; CnB: Calcineurin B.

ICE apoptosis
TUNEL staining results of rat intestinal tissue slices revealed that retrograde infusion of sodium
deoxycholate increased ICE apoptosis compared with the control rats (Figure 7). However, compared
with that in the SAP group, the level of ICE apoptosis in the QYD groups was significantly lower.

Effect of QYD serum on cell viability and intracellular calcium
A significant decline in cell viability after LPS treatment was verified by MTT assays (Figure 8), but
QYD serum inhibited LPS-induced cell death. LPS induced a significant increase in Ca2+ levels.
Treatment with QYD serum significantly attenuated the increase in Ca2+ levels caused by LPS-induced
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Figure 5 Immunofluorescence and semiquantitative analysis of nuclear factor of activated T-cells c3 expression. A: Immunofluorescence of
nuclear factor of activated T-cells c3 (NFATc3) expression; B: Semiquantitative analysis of NFATc3 expression. NFATc3 was highly expressed in the severe acute
pancreatitis group compared with the control group but significantly downregulated under Qingyi decoction treatment. aP < 0.05. BLANK: Control without primary
antibody; CON: Control; QYD: Qingyi decoction; SAP: Severe acute pancreatitis.

Figure 6 The level of nuclear factor of activated T-cells c3 mRNA transcription in intestinal tissue. aP < 0.05. CON: Control; QYD: Qingyi
decoction; SAP: Severe acute pancreatitis; NFATc3: Nuclear factor of activated T-cells c3.

injury (Figure 9A). The relative mean optical density value was higher in the LPS group than in the
control group, but QYD serum treatment decreased the relative mean optical density induced by LPS
(Figure 9B).

DISCUSSION
SAP refers to an acute abdominal disease characterized by rapid onset, rapid progression, and a high
fatality rate. Prior studies have noted the importance of the intestinal barrier in the progression of SAP,
which involves alterations in its mechanical, immune, chemical, and biological barriers[16]. Bacterial
and/or endotoxin translocation from the gut lumen caused by intestinal barrier functional disturbance
has a major influence on the prognosis of SAP[17]. The intestinal epithelium functions as the first barrier
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Figure 7 Transferase-mediated dUTP nick-end labeling assay to assess intestinal epithelial cell apoptosis. Compared with that in the severe
acute pancreatitis group, the level of intestinal epithelial cell apoptosis in the Qingyi decoction groups was significantly lower. 200 ×. BLANK: Control without primary
antibody; CON: Control; QYD: Qingyi decoction; SAP: Severe acute pancreatitis. TUNEL: Transferase-mediated dUTP nick-end labeling; DAPI: 4’,6-diamidino-2phenylindole.

Figure 8 Effect of Qingyi decoction serum on lipopolysaccharide-induced cell viability. aP < 0.05. QYD: Qingyi decoction; LPS: Lipopolysaccharide.

to defend against the invasion of overcrowded intestinal bacteria owing to intestinal motor dysfunction
in SAP. Therefore, conservation and renovation of the intestinal epithelial function may have a positive
effect on SAP and reduce SAP-mediated septic morbidity and mortality[18]. As a specific form of cell
death in terms of its morphology and biochemistry, apoptosis has been thought of as a key factor in the
physiological processes of IEC biology[19]. Recently, investigators have examined the effects of IEC
apoptosis on intestinal integrity[18]. TNF-α, secreted from pancreatic acinar cells, monocytes and
macrophages, not only mediates primary inflammation directly but also contributes to the occurrence of
secondary inflammation[20,21]. High concentrations of TNF-α can be detected in serum as well as in
pancreatic parenchyma, ascitic fluid, and lymphatic drainage in the early stages of AP. Many studies
have confirmed that high serum levels of TNF-α are related to the severity of AP[22,23]. IL-6 is a
phosphorylated glycoprotein of 185 amino acids encoded by the human IL-6 gene. The IL-6 gene has
been mapped to human chromosome 7p21-24[24]. Current evidence has clarified that IL-6 is a vital
cytokine in AP development; moreover, the serum level of IL-6 is associated with AP severity[25]. DAO
is an intestinal mucosal enzyme that plays a key role in digestion and absorption and maintenance of
the mucosal barrier. DAO activity in the mature upper villus cells of the intestinal mucosa is high, but it
is very low in all other tissues under normal physiological conditions. However, DAO activity increases
in the blood plasma and intestinal lumen when the intestinal mucosa is damaged[26,27]. D-lactic acid is
a metabolite produced by the fermentation of intestinal bacteria. When the permeability of the intestinal
mucosa increases as a result of infection with bacteria, D-lactic acid can enter the blood circulation and
be detected in the peripheral blood. Consequently, D-lactic acid can be used as an early indicator of
intestinal mucosa damage with high specificity[28]. In accordance with previous studies, the present
results confirmed that retrograde infusion of sodium deoxycholate successfully created a rat model of
SAP. Retrograde infusion of sodium deoxycholate increased the severity of pancreatic and intestinal
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Figure 9 Fluorescence images of [Ca2+]i changes and the relative mean optical density. A: Fluorescence images of Ca2+ changes measured using a
confocal microscope; B: The relative mean optical density. Treatment with Qingyi decoction serum significantly attenuated the increase in Ca2+ levels observed in
response to lipopolysaccharide-induced injury. aP < 0.05. QYD: Qingyi decoction; LPS: Lipopolysaccharide.

pathology and the levels of serum amylase, TNF-α, and IL-6. Moreover, both the indicators of intestinal
mucosa damage (D-lactic acid and DAO) and the levels of IEC apoptosis were elevated in the SAP
group.
CaN, a serine/threonine phosphatase, can be defined as a central calcium-responsive signaling
molecule that has a significant impact on immune responses. CaN contains two subunits, CnA (the large
catalytic subunit) and CnB (the smaller regulatory subunit). As a result, the formation of a heterodimer
determines the activity of CaN[29]. It is now well established based on a variety of studies that CaN is a
significant contributing factor to the development of acute pancreatitis as a unique target of aberrant
calcium signaling[30-32]. For example, bile acid-induced pancreatic injury, transient high ductal
pressure-induced pancreatic inflammation, and pancreatic inflammation caused by radiocontrast agents
are all dependent on CaN activation[31,33]. CaN can dephosphorylate several substrates; one of the
most important of these substrates is NFATc[34]. CaN/NFAT signaling can accurately adjust gene
expression to alter cell differentiation and development, dependent on its remarkable ability to sense
Ca2+ oscillations in cells[35]. When phosphorylated, all NFAT members reside in the cytosol of resting
cells. However, upon dephosphorylation in response to high intracellular levels of Ca2+, cytosolic CaN
binds to NFAT, leading to nuclear translocation and transcription. The calcium-CaN-activated NFAT
family contains four members (NFATc1, NFATc2, NFATc3, and NFATc4), among which the NFATc3
gene has been identified to be expressed in mammalian intestinal tissues[36]. The effects of NFATc3 in
AP were described in a report by Awla et al[37]. Their results demonstrated that NFATc3 could adjust to
trypsinogen activation, inflammation, and pancreatic tissue damage during the process of AP.
Consequently, NFATc3 activity might be a therapeutic target[37]. In this study, we found that the
protein expression levels of the two subunits of CaN were remarkably elevated in the SAP group.
Furthermore, we examined NFATc3 expression using qRT-PCR and immunofluorescence analyses. The
results suggested that the NFATc3 gene was significantly upregulated at both the transcript and protein
levels in the SAP group compared with the control group.
The therapeutic effects and associated mechanisms of QYD may lie in clearing fever, detoxifying,
soothing the liver, regulating the flow of vital energy and removing obstructions, invigorating the
circulation of blood, dissipating blood stasis, and dredging urination and defecation, according to
traditional Chinese medicine’s holistic thoughts[38]. QYD, as an organic combination of many effective
components, plays a multitarget role in acute pancreatitis treatment through multiple pathways,
including defending the intestinal barrier. It has been proven that QYD can suppress intestinal bacterial
translocation, moderate inflammatory factor release, and prohibit intestinal mucosa destruction by
inhibiting the expression of intestinal secreted phospholipase A2[39], suppressing the Toll-like receptor
4/nuclear factor-kappa B signaling pathway and stimulating Zona occludens 1 expression[9]. Serum
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pharmacology, first brought forward by the famous Japanese medical scientist Masakazu Tashiro, was
introduced into the field of TCM medical research in 1997[40]. Serum pharmacology can broadly be
defined as a new experimental method in which the target drug is administered orally to experimental
animals, and then the serum is separated for in vitro pharmacological testing after a certain period[41].
Currently, rabbits and rats are mainly chosen for the preparation of drug-containing serum as a result of
their biological characteristics similar to those of humans[42]. After investigation of many of the
pharmacokinetic parameters of TCM, an optimal medication plan (medicating 2 times a day, 3 d to 5 d
continuously, and exsanguination 1 h after the last medication) was proven feasible. Owing to better
reflecting the metabolism of TCM in the human body, serum pharmacology can provide new directions
for pharmacological analysis of TCM[43]. In this study, the severity of SAP in the QYD group was
attenuated compared with that in the untreated SAP group. In addition, the levels of IEC apoptosis
declined in the QYD group relative to the untreated group. QYD significantly alleviated the upregulation of CaN and NFATc3 gene expression in the intestine in the SAP group. Further study indicated
that QYD serum significantly decreased the LPS-induced elevation of intracellular free Ca2+ levels and
cell death.

CONCLUSION
In summary, the results of this research demonstrated that the CaN/NFATc3 pathway might play a key
role in IEC injury caused by SAP and that QYD can exert protective effects. Moreover, QYD can regulate
CaN and NFATc3 gene expression. The findings suggest that the protective effects of QYD might be
mediated, at least partially, by restraining IEC apoptosis via the CaN/NFATc3 pathway.

ARTICLE HIGHLIGHTS
Research background
Severe acute pancreatitis (SAP) is a severe acute abdominal disease characterized by high morbidity and
mortality. A considerable amount of literature has demonstrated that intestinal barrier dysfunction is a
significant contributory factor to SAP development. Qingyi decoction (QYD) has been used to treat
acute pancreatitis in China for many years.

Research motivation
The protective functions of QYD against intestinal mucosa injuries caused by SAP will provide new
therapeutic information on SAP.

Research objectives
To research the function and mechanism of QYD in treating intestinal mucosa injuries caused by SAP.

Research methods
A rat model of SAP was created. Hematoxylin and eosin staining of pancreatic and intestinal tissue was
performed. Enzyme-linked immunosorbent assay was used to estimate the concentrations of tumor
necrosis factor (TNF-α), interleukin (IL)-6, D-lactic acid, and diamine oxidase (DAO). Terminal
deoxynucleotidyl transferase dUTP nick-end labeling was carried out to assess intestinal epithelial cell
(IEC) apoptosis. Quantitative real-time polymerase chain reaction, western blotting, and immunofluorescence were used to determine the expression of calcineurin (CaN) and nuclear factor of activated Tcells (NFATc3). MTT and confocal laser scanning microscope were used to detect cell viability and
intracellular calcium levels in vitro studies.

Research results
In this study, the severity of SAP in the QYD group was attenuated. In addition, the levels of IEC
apoptosis declined in the QYD group. QYD significantly restrained CaN and NFATc3 gene expression
in the intestine. Further study indicated that QYD serum significantly decreased the lipopolysaccharideinduced elevation in intracellular free Ca2+ levels and cell death.

Research conclusions
This research demonstrated that the CaN/NFATc3 pathway might play a key role in IEC injury caused
by SAP and that QYD can exert protective effects, at least partially, by restraining IEC apoptosis via the
CaN/NFATc3 pathway.

Research perspectives
This study provides insight into the function and mechanism of QYD in the treatment of intestinal
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mucosa injuries caused by SAP in vivo and in vitro experiments, thereby providing theoretical support
for the clinical application of QYD.
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AIM
To investigate the role of mesenteric adipose tissue-derived exosomes in the
pathogenesis of CD aggravation in obese individuals.
METHODS
First, we induced colitis in mice initiated on high-fat and normal diets and
compared the severity of colitis. We then extracted and identified exosomes from
mesenteric adipose tissue and determined the levels of metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) in mesenteric adipose tissue-derived
exosomes and the colon. Next, we demonstrated an interaction between MALAT1
and the miR-15a-5p/activating transcription factor 6 (ATF6) axis. Finally, we
explored the effects of mesenteric adipose tissue-derived exosomes extracted from
mice fed a high-fat or normal diet on the severity of 2,4,6-trinitrobe-nzenesulfonic
acid (TNBS)-induced colitis and ATF6-related endoplasmic reticulum stress
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pathways.
RESULTS
High-fat diet was found to aggravate TNBS-induced colitis in mice. The expression of MALAT1 in
mesenteric adipose tissue-derived exosomes of high-fat diet-fed mice increased. The increased
expression of MALAT1 in colon tissue exacerbated TNBS-induced colitis and activated the ATF6
endoplasmic reticulum stress pathway. This effect was partially reversed by the reduced
expression of MALAT1 and overexpression of miR-15a-5p.
CONCLUSION
Mesenteric adipose tissue-derived exosome-encapsulated long noncoding RNAs MALAT1 targets
the colon and aggravates TNBS-induced colitis in obese mice, which may potentially act on the
miR-15a-5p/ATF6 axis and activate endoplasmic reticulum stress.
Key Words: Metastasis-associated lung adenocarcinoma transcript; Crohn’s disease; miR-15a-5p; Mesenteric
adipose tissue; Obesity; Colitis; Inflammatory bowel disease
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: A higher visceral adipose tissue ratio has been associated with increased disease activity in
patients with Crohn’s disease. However, the mechanisms underlying this effect remain unclear. Our study
indicates that a high-fat diet increases the mesenteric adipose tissue content and aggravates colitis in mice.
Mesenteric adipose tissue-derived exosome long noncoding RNAs metastasis-associated lung adenocarcinoma transcript 1 can be absorbed by the colon, leading to the activation of the endoplasmic reticulum
stress pathway by targeting the miR-15a-5p/activating transcription factor 6 axis to aggravate colitis.

Citation: Chen D, Lu MM, Wang JH, Ren Y, Xu LL, Cheng WX, Wang SS, Li XL, Cheng XF, Gao JG, Kalyani
FS, Jin X. High-fat diet aggravates colitis via mesenteric adipose tissue derived exosome metastasis-associated
lung adenocarcinoma transcript 1. World J Gastroenterol 2022; 28(29): 3838-3853
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3838.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3838

INTRODUCTION
Crohn’s disease (CD) is a chronic relapsing inflammatory disease of the gastrointestinal tract that results
from the interplay between genetic susceptibility and various environmental exposures[1]. The
incidence of CD is higher in developed countries and urban areas than in developing and rural areas[2].
Similarly, the prevalence of CD is increasing in areas with rapid urbanization[3], paralleling the obesity
epidemic, possibly in conjunction with western-style diets characterized by high fat content.
The conventional understanding is that CD is a chronic disease characterized by wasting, low weight,
and malnutrition. Nevertheless, based on real world data, 15%-40% of patients with inflammatory
bowel disease (IBD), including CD and ulcerative colitis (UC), are obese and 20%-40% are overweight
[4]. Several studies have shown that obesity is associated with an increased risk of developing CD[5,6], a
higher disease activity, and comparatively worse clinical outcomes[7]. For instance, Jain et al[8] observed
that obesity was not only associated with an increased risk of persistent disease activity and relapse in
patients with IBD but also with higher rates of anxiety, depression, fatigue, pain, and inferior social
function scores. Although these studies on the association between obesity and the course of CD have
some limitations, and the above-mentioned outcomes have not been observed consistently, accumulating evidence indicates that visceral adiposity better captures the association between obesity and CD
than body mass index[4]. A higher baseline visceral adipose tissue/total fat mass ratio was found to be
associated with increased disease activity[9]. Although the influence of obesity on the course of CD has
been confirmed, the underlying mechanism remains elusive.
Significant expansion of adipose tissue is a common phenomenon in obese individuals. In addition to
storing energy, adipose tissue is an endocrine organ that secretes various adipokines, lipokines, and
exosomes, contributing to the state of chronic inflammation in obese individuals[10]. Localized
mesenteric fat accumulation in CD patients, known as creeping fat, is not only related to overall obesity
but also has a systemic pro-inflammatory effect[11]. Adipose tissue and visceral adipose tissue-derived
endocrine hormones are involved in multiple diseases, including cancer[12], cardiovascular disease[13],
and nonalcoholic steatohepatitis (NASH)[14]. Exosomes are extracellular vesicles secreted by various
cells, including adipocytes[15]. Visceral adipose tissue-derived exosomes display tissue affinity, prefer-
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entially targeting the colonic lamina propria[16]. Mesenteric adipose tissue can directly invade the
lamina propria. Therefore, we hypothesized that obesity exacerbates IBD, partially due to mesenteric
adipose tissue-derived exosomes.
Previous studies have indicated that exosomes contain multiple non-coding RNAs such as circular
RNAs, long noncoding RNAs (lncRNAs), and microRNAs, which serve as messengers in cell-to-cell
communication. Among these, lncRNAs are non-coding RNAs containing more than 200 nucleotides
[17]. LncRNAs can interact with transcription factors to regulate transcription, bind to proteins to
promote the formation of ribonucleoproteins, guide chromatin-modifying protein complexes targeting
genes, and act as sponges for downstream microRNAs, participating in a variety of pathophysiological
processes[18]. To our knowledge, few studies have explored the potential functions and mechanisms of
adipocyte-derived exosomal lncRNAs in the exacerbation of CD.
The present study aimed to investigate the role of lncRNAs transferred by mesenteric adipose tissuederived exosomes in obesity aggravated CD, and thereby assess the potential of these IncRNAs as
therapeutic targets for the treatment of CD in this subpopulation.

MATERIALS AND METHODS
Construction of obesity mouse model and colitis mouse model
C57BL/6 mice (6-8 wk old) were purchased from Chengdu Dossy Experimental Animals Co.,Ltd. and
fed either a normal diet (ND) (#D12451, Research Diets, United States) or a high-fat diet (HFD)
(#D12492, Research Diets, United States) for 12 wk. To induce acute experimental colitis, 2,4,6-trinitrobenzenesulfonic acid (TNBS) (Beyotime, China; 100 μg/g, 175 μL) was injected into the colon for 4 d. The
daily disease activity index (DAI) score was calculated in mice in accordance with a well-established
method[19]. The body weight of the mice in each group was also recorded. On day 8, the mice were
sacrificed for colon and mesenteric adipose tissue collection. Rectum tissue, 3 cm away from the anal
margin, was collected for hematoxylin and eosin (HE) staining and inflammatory pathological score
determination using the following steps. Briefly, mouse colon tissue was fixed in 10% formaldehyde,
embedded in paraffin, sectioned, and stained with HE. Details of histological scoring have been
described previously[20]. The remaining colon tissue was placed in liquid nitrogen for subsequent
analyses. Mice were randomly divided into the following four groups (n = 6 each): ND + control, HFD +
control, normal diet + TNBS, and HFD + TNBS.

RNA Extraction and real-time reverse transcription-PCR
Total RNA was isolated using Trizol (Invitrogen, United States) and reverse-transcribed into cDNA
using the First Strand cDNA Synthesis Kit (TransGen, China), in accordance with the manufacturer’s
instructions. Real-time reverse transcription-PCR (qRT-PCR) was performed using the SYBR Premix Ex
Taq qPCR kit (TaKaRa, Japan). Primer sequences used are listed in Supplementary Table 1.

Enzyme linked immunosorbent assay and Western blotting
The concentrations of mouse interleukin 1β (IL-1β), tumor necrosis factor α (TNF-α), and interleukin 6
(IL-6) were detected using enzyme linked immunosorbent assay (ELISA) kits (Elabscience, China)
according to the manufacturer’s instructions. Additionally, total protein was isolated using radioimmune precipitation assay (RIPA) buffer (TaKaRa, Japan) supplemented with a protease inhibitor
(Roche, Switzerland). After quantification using the BCA Protein Assay Kit (Thermo, United States), the
proteins were separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked and incubated overnight with antibodies against activating
transcription factor 6 (ATF6) (ab227830, Abcam, United Kingdom), p-PERK (MA5-15033, Thermo,
United States), p-IRE1 (CSB-RA00,7795A724phHU, CUSABIO, China), GRP78 (MA5-27687, Thermo,
United States), p-EIF2α (51995, CST, United States), CHOP (5554T, CST, United States), and GAPDH
(ab8245, Abcam, United Kingdom) at 4 °C. The membranes were then incubated with HRP-conjugated
secondary antibodies (Multi Sciences, China). Finally, the protein bands were detected using enhanced
chemiluminescence (ECL) kits (Thermo, United States).

Isolation and primary culture of adipocytes
Mesenteric adipose tissue (25 g) was isolated and placed into a sterile 50 mL polypropylene test tube
containing 15 mL of collagenase [1 mg collagenase/1 mL phosphate belanced solution (PBS); 3 mL
solution/1 g tissue]. After grinding, the solution was swirled for 20 s and the test tube was incubated at
37 °C in a rocking water bath at 100 rpm for 40 min. The solution was vortexed and filtered through a
funnel containing a double gauze. Thereafter, the homogenate was centrifuged at 1000 rpm for 10 min,
followed by collection of the top fat layer, which was washed three times with PBS. The precipitate was
then resuspended in 10 mL of RBC lysis buffer (154 mmol/L NH4Cl, 10 mmol/L KHCO3, 1 mmol/L
EDTA) in a water bath at 37 °C and 100 rpm for 5 min, followed by centrifugation at 1000 rpm for 10
min. The precipitates were resuspended in 10 mL of plate culture medium (DMEM, 0.1 mmol/L
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penicillin, 0.06 mmol/L streptomycin, 10% HI-FBS, pH 7.4), swirled, spread on 100 mm culture dishes,
and incubated at 37 °C. After 20 h, the cells were washed with 10 mL of PBS three times, and supplemented with 1 mL of trypsin. Finally, the cells were resuspended and subcultured for further analysis.

Isolation and confirmation of exosomes
The supernatant of adipocytes was collected and centrifuged at 2000 × g for 30 min, followed by
filtration through a 0.22 μm membrane to remove apoptotic cells, debris, and large particles. Exosomes
were extracted from the filtrate according to the manufacturer’s instructions as described previously
[21]. For further confirmation, the diluted exosomes were subjected to NanoFCM (China) for
transmission electron microscopy and size distribution analysis.

Luciferase reporter assay and RNA pull-down assay
The luciferase reporter assay was performed using the Dual-Luciferase Reporter Assay System
(Promega, United States), as described previously[22]. The RNA pulldown assay was performed using
the Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo, United States). Briefly, miR-15a-5p was
biotinylated and transfected into the Caco-2 cells. Cultured cells were collected for lysis 48 h later.
Thereafter, the RNA bound to miR-15a-5p was captured using Pierce nucleic acid-compatible streptavidin magnetic beads. Finally, qRT-PCR was performed to determine the expression of metastasisassociated lung adenocarcinoma transcript 1 (MALAT1).

Transfection of shMALAT1 and miR-15a-5p mimic
Adipocytes were transfected with shMALAT1 and miR-15a-5p using Plko.1-EGFP-puro. ShMALAT1
was designed based on information from Thermo Fisher (http://rnaidesigner.thermofisher.com/
rnaiexpress/). The sequence of shMALAT1 was 5’-TGTACTATCCCATCACTGAAG-3’.

Statistical analysis
All data are presented as mean ± SD. Differences between two groups were analyzed using the
Student’s t-test. Two-way analysis of variance was used to compare the differences between multiple
groups with two factors. All statistical analyses were performed using GraphPad 9.0.2 software, and P <
0.05 was considered to indicate a significant difference between groups.

RESULTS
High-fat diet aggravated TNBS-induced colitis
Accumulating evidence has shown that CD is more severe in obese individuals. We established a model
of obesity in mice fed a HFD for 12 wk, while mice on a ND were used as controls. Thereafter, TNBS
was used to induce colitis in the mice (Figure 1A). Compared with the control group, colon length was
significantly shortened in the TNBS treatment group and the effect was further exacerbated by HFD
(Figure 1B). To determine the degree of colitis activity index in different groups of mice, the DAI score
was calculated daily for 8 d after starting TNBS treatment. HFD mice had a higher DAI score than the
ND mice (Figure 1C). In addition, HFD significantly aggravated the TNBS-induced weight loss in mice
(Figure 1D). To observe the degree of tissue damage in the mouse colon more intuitively, we used the
colon tissue for HE staining and determined the histological injury scores (Figure 1E and F), which
showed that HFD aggravated TNBS-induced colitis and tissue damage.
In addition, we measured the expression levels of pro-inflammatory cytokines in the colon tissues of
mice in each group. The expression of TNF-α, IL-1β, and IL-6 in the colon of HFD mice treated with
TNBS was significantly higher than that in ND mice treated with TNBS (Figure 1G-I). Notably, HFD
itself increased the levels of pro-inflammatory cytokines in the colon of mice, which may be related to
chronic inflammatory states in the body caused by obesity. These results suggest that HFD aggravates
the severity of TNBS-induced colitis.

Successful extraction and identification of mesenteric adipose tissue derived exosomes (MAT-Exos)
The mesenteric adipose tissue index was significantly increased in HFD mice (Figure 2A). MAT-Exos
were isolated from mesenteric adipose tissue cultured in vitro, and the typical mitochondrial
morphology was observed using transmission electron microscopy (Figure 2B). Using Western blotting,
we demonstrated that the isolated exosomes expressed exosomal marker proteins CD63 and TSG101
and the adipocyte exosomal membrane protein HSP70 (Figure 2C). The properties of exosomes were
further demonstrated by particle size analysis (Figure 2D). In summary, we successfully harvested and
identified exosomes from mesenteric adipose tissue.

Partial contribution of MAT-Exo to increased colon lncRNA MALAT1 Levels in HRD-fed mice
Existing literature indicates increased levels of lncRNA MALAT1 in HFD-fed mice[23]. In this study, the
expression of lncRNA MALAT1 in MAT-Exos was found to be significantly increased in HFD-fed mice
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Figure 1 High-fat diet aggravated colitis. A: Experimental grouping process; B: Colon length of mice in each group; C: Disease activity index of mice in each
group; D: Body weight change trend of mice in each group; E: Hematoxylin and eosin staining images of colon tissue; F: Histological damage score of colon tissue; G:
Expression of tumor necrosis factor-α in colon tissue by enzyme linked immunosorbent assay (ELISA); H: Expression of interleukin-1β in colon tissue by ELISA; I:
Expression of interleukin-6 (IL-6) in colon tissue by ELISA. DAI: Disease activity index; TNBS: 2,4,6-trinitrobe-nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet;
TNF-α: Tumor necrosis factor-α; IL-1β: Interleukin-1β. aP < 0.05, bP < 0.01.

Figure 2 Extraction and identification of exosomes derived from mesenteric adipose tissue. A: Mesenteric adipose index of mice in each group; B:
Images of exosomes observed under transmission electron microscopy; C: Western blotting to detect exosome marker proteins; D: Exosome particle size analysis.
TNBS: 2,4,6-trinitrobe-nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet. aP < 0.05, bP < 0.01.

using qRT-PCR (Figure 3A). The relative expression of lncRNA MALAT1 in mesenteric adipose and
colon tissue in HFD mice treated with TNBS was significantly increased compared to that in ND mice
treated with TNBS (Figure 3B and C). Therefore, we focused our attention on lncRNA MALAT1 and
speculated that the increase in the relative expression of MALAT1 in the colon tissue of HFD mice may
be partially attributed to exosomes from the mesenteric adipose tissue.
For further verification, MAT-Exos labeled with a PKH26 marker were incubated with Caco2 cells in
vitro. PKH26 fluorescence in Caco2 cells was detected using a laser scanning confocal microscope,
indicating that Caco2 cells can absorb MAT-Exos (Supplementary Figure 1). In addition, exosomes
isolated from the mesenteric adipose tissue of HFD-fed and ND mice were injected into the mice via the
tail vein, followed by lncRNA MALAT1 detection in the mouse colon tissue. MAT-Exos of HFD-fed
mice increased the relative expression of lncRNA MALAT1 in the colon tissues of recipient mice
(Figure 3D). We speculate that in HFD mice, the MAT-Exos-encapsulated lncRNA MALAT1 might
target the colon to increase its local expression.
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Figure 3 Mesenteric adipose tissue derived exosomes from high-fat diet-fed mice increase the expression of long noncoding RNAs
metastasis-associated lung adenocarcinoma transcript 1 in colon. A: Expression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)
in mesenteric adipose tissue derived exosomes (MAT-Exos) in each group; B: Expression of MALAT1 in mesenteric adipose tissue in each group; C: Expression of
MALAT1 in colon in each group; D: Expression of MALAT1 in colon of normal mice after treated with MAT-Exos extracted from higt-fat diet mice or normal diet mice.
MALAT1: Metastasis-associated lung adenocarcinoma transcript 1; TNBS: 2,4,6-trinitrobe-nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet. bP < 0.01.

LncRNA MALAT1 targetes the miR-15a-5p/ATF6 axis
Numerous miRNAs with the ability to interact with lncRNA MALAT1 have been reported in literature
[24], among which miR-15a-5p has attracted our attention. After searching miRDB (http://mirdb.org)
[25] and TargetScan, we identified many potential mRNAs downstream of miR-15a-5p. Combining the
literature review and bioinformatic prediction (Figure 4A), we chose ATF6 as the target mRNA of miR15a-5p. ATF6 is an important molecule associated with endoplasmic reticulum (ER) stress[26] involved
in gut homeostasis and IBD processes[27-29]. Western blotting was used to detect ATF6 expression in
the colon tissues of mice in each group. The ATF6 Levels in the colon tissues of ND mice treated with
TNBS were higher than those in ND mice without TNBS treatment. In addition, HFD was found to
upregulate the expression of ATF6 in the colon tissues (Figure 4B). Subsequently, we used a dualluciferase assay to confirm the interaction between ATF6 and miR-15a-5p. Compared with the control
group, miR-15a-5p reduced the relative expression of ATF6 when placed downstream of the wild-type
3’ untranslated regions (3’ UTRs), but not when it was downstream of the mutant 3’ UTR, indicating a
regulatory relationship between miR-15a-5p and ATF6 (Figure 4C). We then verified the interaction
between miR-15a-5p and MALAT1 using RNA pull-down assays. We found that miR-15a-5p could bind
to MALAT1, whereas the mutant miR-15a-5p could not pull down MALAT1 (Figure 4D). Based on these
direct and indirect evidences, we can conclude that lncRNA MALAT1 can act on the miR-15a-5p/ATF6
axis.

LncRNA MALAT1 binds miR-15a-5p to aggravate TNBS-induced colitis in HFD-fed mice
We designed animal experiments to further demonstrate that mesenteric adipose tissue derived
exosomes and their encapsulated lncRNA-MALAT1 can aggravate TNBS-induced colitis in HFD mice.
First, MAT-Exos from HFD mice were isolated, and treated with either a short hairpin RNA targeting
MALAT1 (shMALAT) or a miR-15a-5p mimic before injection. MAT-Exos from ND mice were used as a
control. Thereafter, the mice were randomly divided into four groups and treated with ND-MAT-Exos,
HFD-MAT-Exos, HFD-MAT-Exos + shMALAT1, or HFD-MAT-Exos + miR-15a-5p mimic, i.e., A, B, C,
and D groups, respectively. Mice were injected with MAT-Exos (100 μg/mouse) via the tail vein on days
1, 4, and 8. On day 3, TNBS was administered to induce colitis. On day 9, the mice were sacrificed and
the colon tissue was collected. Compared to MAT-Exos from ND mice, MAT-EXOSs from HFD mice
significantly increased the body weight loss (Figure 5A), DAI (Figure 5D), and histological damage

WJG

https://www.wjgnet.com

3844

August 7, 2022

Volume 28

Issue 29

Chen D et al. High-fat diet activates MALAT1-miR-15a-5p-ATF6 pathway

Figure 4 Associations between metastasis-associated lung adenocarcinoma transcript 1 and miR-15a-5p/activating transcription factor 6.
A: Prediction of miR-15a-5p binding site on the 3’ untranslated region of activating transcription factor 6 (ATF6); B: Western blotting to detect ATF6 protein; C: Dual
luciferase report of miR-15a-5p and ATF6; D: RNA pull down analysis of miR-15a-5p and metastasis-associated lung adenocarcinoma transcript 1. ATF6: Activating
transcription factor 6; TNBS: 2,4,6-trinitrobe-nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet; 3’ UTR: 3’ untranslated region; WT: Wild type; Mut: Mutant. aP <
0.05, bP < 0.01.

score (Figure 5E and F), and decreased colon length (Figure 5B and C). Transfection with shMALAT1 to
knockdown the expression of MALAT1 or treatment with the miR-15a-5p mimic to enhance the function
of miR-15a-5p partially reversed the effects of MAT-Exos on HFD mice. In conclusion, lncRNA
MALAT1 may sponge miR-15a-5p and aggravate TNBS-induced colitis in HFD mice.

LncRNA MALAT1 acted on the miR-15a-5p/ATF6 axis to exacerbate colitis in response to ER stress
To further investigate whether lncRNA MALAT1 encapsulated within MAT-Exos of HFD mice
aggravated TNBS-induced colitis via the miR-15a-5p/ATF6 axis, we detected the protein content of
ATF6 in the colon tissue of mice in each group. MAT-Exos of HFD mice increased ATF6 expression in
the colon tissue, whereas transfection with shMALAT1 or (A6) treatment with the miR-15a-5p mimic
resulted in reduced expression of ATF6 in the colon tissue (Figure 6A). ATF6 is involved in IBD that
develops in response to ER stress[30]. We further examined the expression of proteins associated with
the ATF6-related ER stress pathway in the colon tissue. The expression of GRP78 and XBP-1 was
increased in the colon of mice injected with MAT-Exos from HFD mice, a phenomenon that was
antagonized by shMALAT1 and the miR-15a-5p mimic (Figure 6B; Supplementary Figure 2). In addition, the expression of other ER stress pathway related proteins, such as p-PERK, p-IRE1, p-eIF2α, and
CHOP, also increased upon injecting MAT-Exos into HFD mice (Figure 6B). Previous studies have
shown that ER stress activates NF-κB signaling to induce an inflammatory response[31,32]. Therefore,
we also detected inflammatory factors associated with the NF-κB pathway (Figure 6C) using ELISA. The
observed changes were consistent with the expression of proteins associated with the ATF6-related ER
stress pathway.
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Figure 5 Mesenteric adipose tissue derived exosomes of high-fat diet-fed mice aggravate 2,4,6-trinitrobe-nzenesulfonic acid solutioninduced colitis, reversed by shMALAT1 and miR-15a-5p mimic. A: Body weight change trend of mice in each group; B: Colon length of mice in each
group; ND-MAT-Exos, HFD-MAT-Exos, HFD-MAT-Exos + shMALAT1, and HFD-MAT-Exos + miR-15a-5p mimic are labelled as A, B, C, and D groups, respectively;
C: Colon image of mice in each group; D: Disease activity index of mice in each group; E: Histological damage score of colon tissue, ND-MAT-Exos, HFD-MAT-Exos,
HFD-MAT-Exos + shMALAT1, and HFD-MAT-Exos + miR-15a-5p mimic are labelled as A, B, C, and D groups, respectively; F: Hematoxylin and eosin staining
images of colon tissue. HFD: High-fat diet; ND: Normal diet; MAT-Exos: Mesenteric adipose tissue derived exosomes; MALAT1: Metastasis-associated lung
adenocarcinoma transcript 1. aP < 0.05, bP < 0.01.

DISCUSSION
Currently, almost one-third of the patients with IBD are obese and have a poor quality of life[8], great
difficulty in inducing remission[33-35], increased risk of disease recurrence[8], and a higher burden of
hospitalization and disease expenditure[36]. Therefore, it is necessary to explore the mechanism by

WJG

https://www.wjgnet.com

3846

August 7, 2022

Volume 28

Issue 29

Chen D et al. High-fat diet activates MALAT1-miR-15a-5p-ATF6 pathway

Figure 6 Long noncoding RNAs metastasis-associated lung adenocarcinoma transcript 1 acted on the miR-15a-5p/activating transcription factor 6 axis to activate the endoplasmic reticulum stress signaling pathway. ND-MAT-Exos, HFD-MAT-Exos, HFD-MAT-Exos +
shMALAT1, and HFD-MAT-Exos + miR-15a-5p mimic are labelled as 1, 2, 3, and 4 groups, respectively. A: The expression level of activating transcription factor 6 in
colon tissue; B: The expression level of endoplasmic reticulum stress related proteins in colon tissue detected by Western blotting; C: The expression level of
interleukin (IL)-β, tumor necrosis factor α, IL-6 in the colon tissue detected by enzyme linked immunosorbent assay. ATF-6: Activating transcription factor 6; IL:
Interleukin; TNF-α: Tumor necrosis factor α. aP < 0.05, bP < 0.01.

which obesity is induced in IBD to improve its treatment. Previous studies have shown that the
increased severity of IBD in obese patients is related to increased intestinal permeability, intestinal
microflora translocation, and changes in the intestinal microflora spectrum[37,38]. In addition, the
increase in plasma leptin levels and decrease in adiponectin levels were also found to be involved in
obesity-mediated IBD aggravation, but the mechanisms underlying these processes need further
exploration[39]. In this study, we propose a novel mechanism through which obesity aggravates IBD via
exosome-secreted lncRNAs.
First, we demonstrated that a high-fat diet could aggravate TNBS-induced colitis in mice and
explored the underlying mechanisms. One of the main characteristics of obesity is the accumulation of
adipose tissue. As adipose tissue is an endocrine organ, it plays an important role in a variety of
metabolism-related diseases, especially visceral adipose tissue[40]. We focused our attention on the
mesenteric adipose tissue, a type of visceral adipose tissue, as it is closest to the colon tissue and can
communicate with the colon in various ways. In patients with CD, the lesion is often surrounded by a
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special type of mesenteric adipose tissue called creeping fat, which is associated with the translocation
of gut microbiota[41]. These findings suggest that the mesenteric adipose tissue may play an important
role in IBD progression. We further found that TNBS treatment reduced the content of the mesenteric
adipose tissue. However, the content of the mesenteric adipose tissue in HFD mice treated with TNBS
was still significantly higher than that in ND mice treated with TNBS.
Exosomes serve as important means of intercellular communication. Previous reports have shown
that exosomes secreted by visceral fat could target the colon tissue[16]. Therefore, we hypothesized that
mesenteric-derived exosomes in obese mice may aggravate TNBS-induced colitis. Exosomes from the
mesenteric adipose tissue were isolated and identified. Subsequently, exosomes extracted from the
mesenteric adipose tissue of HFD and ND mice were separately injected into TNBS-treated ND mice via
the tail vein. The results showed that exosomes from the mesenteric adipose tissue of HFD mice
aggravated TNBS-induced colitis.
We then investigated the molecular mechanism by which exosomes derived from the mesenteric
adipose tissue of HFD mice aggravated TNBS-induced colitis. A recent study indicated that visceral
adipose tissue-derived exosomes can exacerbate colitis severity through proinflammatory noncoding
RNAs such as miR-155[16]. In this study, we focused on the lncRNAs in exosomes. Using qRT-PCR, we
identified that lncRNA expression is strongly associated with HFD in mesenteric adipose exosomes, as
well as mesenteric adipose and colon tissues. In the same structures or tissues, the expression of
MALAT1 was higher in TNBS-treated HFD mice than in TNBS-treated ND mice. An additional injection
of MAT-Exos from HFD mice via the tail vein increased the relative expression of MALAT1 in the colon
tissue, indicating that the increased expression of lncRNA MALAT1 in the colon tissue can be partially
attributed to MAT-Exos arising from increased creeping fat. In fact, shMALAT1 partially reversed the
effect of exosomes derived from the mesenteric adipose tissue in HFD mice, suggesting that exosomes
derived from the mesenteric adipose tissue in HFD mice aggravated TNBS-induced enteritis in part due
to the high expression of lncRNA MALAT1 in exosomes.
The mechanism by which lncRNA aggravates colitis was further investigated. We revealed that
lncRNA MALAT1 could bind miR-15a-5p in vivo, and that the miR-15a-5p mimic could reverse the
aggravation of colitis. Furthermore, the miR-15a-5p mimic and sh-MALAT1 reversed the HFD mice
MAT-Exos-induced increase in the expression of ER stress-related proteins, including ATF6. We further
verified the interaction between miR-15-15p and ATF6 using a dual-luciferase reporter assay. These
results indicate that lncRNA MALAT1 may activate the ATF6-related ER stress signaling pathway by
binding miR-15a-5p.
MALAT1 is abundantly expressed and highly conserved in 33 species of mammals, with the earliest
study linking it to metastasis in non-small cell lung cancer[42]. However, recent studies have shown that
MALAT1 plays an important role in a variety of tumors[18] as well as in a variety of autoimmune[43],
infectious[44,45], and metabolism-related diseases[46]. Previous studies have shown that MALAT1
Levels are reduced in the plasma of patients with CD[47], suggesting that MALAT1 may be a protective
factor with respect to the occurrence and development of CD. The results of our study indicated that
TNBS treatment decreased the expression of MALAT1, in accordance with finding of previous reports,
but the differences were not significant. Moreover, Li et al[48] indicated that MALAT1 targets intestinal
epithelial cells and enhances the intestinal epithelial barrier, which plays a protective role by sequestering miR-146b-5p and maintaining the expression of AJC proteins, NUMB, and CLDN11 in IBD.
However, they did not demonstrate an effect of MALAT1 overexpression on colitis in vivo.
Intriguingly, our study showed that obesity-induced increases in MALAT1 expression in colon tissue
can aggravate colitis, suggesting that MALAT1 may be a double-edged sword with respect to IBD.
Mechanistically, the contrary effect of MALAT1 in colitis was mainly due to the fact that exosomes
derived from the mesenteric adipose tissue targeted the lamina propria of the colon rather than
intestinal epithelial cells[16]. Many immune cells are distributed within the lamina propria of the colon,
including dendritic cells, macrophages, and lymphoid cells, which supplement the barrier function of
intestinal epithelial cells[49]. In addition, many adaptive immune system-related lymphocytes are
recruited from peripheral circulation to the lamina propria and are involved in the onset and
progression of IBD. LncRNA MALAT1 encapsulated in exosomes from the mesenteric adipose tissue
may act on the abovementioned immune cells in the lamina propria and activate the ATF6-related ER
stress pathway to promote the release of pro-inflammatory cytokines[50].
ER stress plays a role in the occurrence and development of metabolic syndrome-related diseases in
the obese population[51]. Our study demonstrates that ER stress is one of the potential mechanisms by
which obesity aggravates IBD, thereby highlighting the importance of weight loss in obese patients with
IBD and the treatment of metabolic syndrome-related diseases. In addition, we preliminarily identified a
new signaling pathway, namely, the MALAT1-miR-15a-5p/ATF6 axis, revealing a new regulatory
mechanism, i.e., the ATF6-related ER stress signaling pathway. Whether this signaling pathway plays a
role in other tissues or diseases requires further investigation.
This study has several limitations that should be acknowledged. First, the effect of exosomes derived
from the mesenteric adipose tissue was only studied in the colon as a whole, and the specific target cell
types remain unclear and require further elucidation. Second, it would be more beneficial if the
regulation of the lncRNAMALAT1-miR-15a-5p-ATF6 pathway could be confirmed in a more in-depth
investigation. Finally, we speculated that the divergent effect of lncRNA MALAT1 on IBD severity may
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Figure 7 Long non-coding RNA metastasis-associated lung adenocarcinoma transcript 1 encapsulated by mesenteric adipose tissuederived exosomes targets the colon to aggravate colitis via the microRNA-15a-5p/activating transcription factor 6 axis in response to
endoplasmic reticulum stress. ATF-6: Activating transcription factor 6; LnRNA: Long non-coding RNA; IL: Interleukin; TNF-α: Tumor necrosis factor-α; ER:
Endoplasmic reticulum; MAT-Exos: Mesenteric adipose tissue derived exosomes; MALAT1: Metastasis-associated lung adenocarcinoma transcript 1.

be due to its various targeting areas, where endogenous MALAT1 may exert its effect on intestinal
epithelial cells, while extrinsic mesenteric adipose tissue-derived EXO-MALAT1 may act on the
intestinal lamina propria through its gut-homing property. However, this theory requires further
exploration in the future.
Overall, HFD increased the content of the mesenteric adipose tissue and associated EXO lncRNA
MALAT1, which was then absorbed by the colon where it targeted the miR-15a-5p/ATF6 axis, thereby
leading to the activation of the ER stress pathway. Further, downstream activation of the inflammatory
factor signaling pathway may partially contribute to the aggravation of colitis in obese IBD patients.

CONCLUSION
A higher visceral adipose-tissue ratio was associated with an increased disease activity in CD patients.
But the underlining mechanism still remains elusive. Our study indicated that high-fat diet increased
the content of mesenteric adipose tissue and aggravated colitis in mice. Mesenteric adipose tissue
derived exosome lncRNA metastasis-associated lung adenocarcinoma transcript 1 can be absorbed by
the colon leading to activation of the endoplasmic reticulum stress pathway by way of targeting the
miR-15a-5p/ATF6 axis to aggravate colitis (Figure 7).

ARTICLE HIGHLIGHTS
Research background
Obesity is associated with an increased risk of developing Crohn’s disease (CD), higher disease activity,
and comparatively worse clinical outcomes, especially in CD patients with a high visceral adipose tissue
ratio. However, the underlying mechanisms remain unclear.

Research motivation
Exosomes contain multiple non-coding RNAs such as long non-coding RNAs (lncRNAs), which serve as
messengers in cell-cell communication. Visceral adipose tissue derived exosomes display tissue affinity
and preferentially target the colonic lamina propria. We hypothesized that obesity exacerbates inflammatory bowel disease, partially through mesenteric adipose tissue-derived exosomes.
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Research objectives
To investigate the role of mesenteric adipose tissue-derived exosomes in CD aggravation through
obesity, thereby providing a potential therapeutic target for CD in this subpopulation.

Research methods
A 2,4,6-trinitrobe-nzenesulfonic acid (TNBS) was used to induce colitis in mice fed a high-fat diet (HFD)
and normal diet (ND). Exosomes from the mesenteric adipose tissue were extracted and identified,
followed by the investigation of lncRNA metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) expression. Luciferase reporter and RNA pull-down assays were performed to verify the
interaction between MALAT1 and miR-15a-5p/activating transcription factor 6 (ATF6) axis. Finally,
mesenteric adipose tissue-derived exosomes extracted from HFD-fed mice were isolated and treated
with either a short hairpin RNA targeting MALAT1 (shMALAT) or an miR-15a-5p mimic before being
injected into mice to explore their influence on TNBS-induced colitis.

Research results
HFD can aggravate TNBS-induced colitis in mice, and increase the expression of MALAT1 in mesenteric
adipose tissue-derived exosomes. Increased expression of MALAT1 in the colon tissue exacerbated
TNBS-induced colitis and activated the ATF6-related endoplasmic reticulum stress pathway. Moreover,
this effect was partially reversed by the reduced expression of MALAT1 and overexpression of miR-15a5p.

Research conclusions
Mesenteric adipose tissue-derived exosome-encapsulated lncRNA MALAT1 targets the colon and
aggravates TNBS-induced colitis in obese mice, which may potentially act on the miR-15a-5p/ATF6 axis
and indice endoplasmic reticulum stress.

Research perspectives
Obesity-mediated aggravation of colitis might involve the mesenteric adipose tissue-derived exosome
lncRNA MALAT1, but the specific cells of the intestine targeted by MALAT1 deserve further exploration.
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The mechanisms underlying gastrointestinal (GI) dysmotility with ulcerative colitis (UC) have not
been fully elucidated. The enteric nervous system (ENS) plays an essential role in the GI motility.
As a vital neurotransmitter in the ENS, the gas neurotransmitter nitric oxide (NO) may impact the
colonic motility. In this study, dextran sulfate sodium (DSS)-induced UC rat model was used for
investigating the effects of NO by examining the effects of rate-limiting enzyme nitric oxide
synthase (NOS) changes on the colonic motility as well as the role of the ENS in the colonic
motility during UC.
AIM
To reveal the relationship between the effects of NOS expression changes in NOS-containing
nitrergic neurons and the colonic motility in a rat UC model.
METHODS
Male rats (n = 8/each group) were randomly divided into a control (CG), a UC group (EG1), a UC
+ thrombin derived polypeptide 508 trifluoroacetic acid (TP508TFA; an NOS agonist) group (EG2),
and a UC + NG-monomethyl-L-arginine monoacetate (L-NMMA; an NOS inhibitor) group (EG3).
UC was induced by administering 5.5% DSS in drinking water without any other treatment (EG1),
while the EG2 and EG3 were gavaged with TP508 TFA and L-NMMA, respectively. The disease
activity index (DAI) and histological assessment were recorded for each group, whereas the
changes in the proportion of colonic nitrergic neurons were counted using immunofluorescence
histochemical staining, Western blot, and enzyme linked immunosorbent assay, respectively. In
addition, the contractile tension changes in the circular and longitudinal muscles of the rat colon
were investigated in vitro using an organ bath system.
RESULTS
The proportion of NOS-positive neurons within the colonic myenteric plexus (MP), the relative
expression of NOS, and the NOS concentration in serum and colonic tissues were significantly
elevated in EG1, EG2, and EG3 compared with CG rats. In UC rats, stimulation with agonists and
inhibitors led to variable degrees of increase or decrease for each indicator in the EG2 and EG3.
When the rats in EGs developed UC, the mean contraction tension of the colonic smooth muscle
detected in vitro was higher in the EG1, EG2, and EG3 than in the CG group. Compared with the
EG1, the contraction amplitude and mean contraction tension of the circular and longitudinal
muscles of the colon in the EG2 and EG3 were enhanced and attenuated, respectively. Thus,
during UC, regulation of the expression of NOS within the MP improved the intestinal motility,
thereby favoring the recovery of intestinal functions.
CONCLUSION
In UC rats, an increased number of nitrergic neurons in the colonic MP leads to the attenuation of
colonic motor function. To intervene NOS activity might modulate the function of nitrergic
neurons in the colonic MP and prevent colonic motor dysfunction. These results might provide
clues for a novel approach to alleviate diarrhea symptoms of UC patients.
Key Words: Nitrergic neurons; Nitric oxide; Nitric oxide synthase; Ulcerative colitis; Colonic motility;
Colonic myenteric plexus
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: This study focused on the effects of nitrergic neurons in the myenteric plexus (MP) on colonic
motor function in rats with ulcerative colitis (UC). The results suggest that an increased number of
nitrergic neurons in the colonic MP of the UC rats leads to reduced colon contractile function. Therefore,
the regulation of the activity of nitrergic neurons in the colonic MP through interference with the activities
of nitric oxide synthase might be a novel potential and prospective way to reduce the diarrhea symptoms
in UC patients.
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INTRODUCTION
Ulcerative colitis (UC) is a nonspecific inflammatory disorder of the intestine that primarily involves the
rectum, sigmoid colon, and/or, the whole colon, in severe cases. Clinical features include recurrent
episodes of abdominal pain, diarrhea, and mucopurulent stools[1]. Unfortunately, the disease course is
permanent and causes great suffering to the patients. UC can occur at any age (mainly in young adults),
and in recent years, its incidence has increased worldwide[2]. The etiology of UC is complex, and its
pathogenesis might be related to genetics[3], immunological factors, psychiatric depression and anxiety
[4], environmental factors[5], dietary allergy, intestinal flora[6], and other factors. Therefore, it leads to
treatment difficulty and a prolonged treatment course, and recurs easily. Although current pharmacological treatments in the clinic might improve patient’s symptoms, they still cannot achieve satisfactory
results. In recent years, the research on the aspects of gastrointestinal (GI) motility disorders in UC
patients has advanced, and the abnormal intestinal dynamics has become a focus of research on the
pathogenesis of UC [7-9].
The enteric nervous system (ENS), including the submucous plexus (SP) and myenteric plexus (MP)
[10,11], as an essential component of the peripheral nervous system (PNS), is independent of the central
nervous system (CNS) and is involved in the regulation of intestinal secretion, absorption, and motility
[12]. Neurons in the ENS, depending on their neurotransmission function, are divided into sensory
neurons, motor neurons, and interneurons. Further, motor neurons are divided into excitatory and
inhibitory ones, regulating the systolic and diastolic function of the intestine, respectively. Typically, the
ENS plays a vital role in maintaining gut homeostasis; however, gut motility gets impaired once the
relaxation and contraction functions of the gut become imbalanced.
As the primary inhibitory gas neurotransmitter within the ENS, nitric oxide (NO) regulates several GI
functions, such as vascular permeability, mucosal defense, immune regulation, and GI motility[13].
Nitric oxide synthase (NOS), the rate-limiting enzyme of NO synthesis, is widely distributed in endothelial cells, macrophages, neuro-phagocytes, and neuronal cells. NOS can be divided into neural
NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). Out of these, nNOS is located
within the nervous tissue of both the CNS and PNS. NO is one of the major inhibitory neurotransmitters
of non-adrenergic noncholinergic (NANC) nerves in the ENS and its release by NOS-positive neurons
plays an essential role in stimulating GI secretion and relaxing GI smooth muscle. Changes in the NOS
expression level cause alterations in GI motility; however, the impact of such changes in UC on colonic
motility has not been clearly defined. Therefore, this study aimed to observe the changes of NOS within
the colonic MP in dextran sulfate sodium (DSS)-induced UC rats, to further understand the underlying
mechanisms of colonic motility in UC for delineating a new direction for the treatment of UC.

MATERIALS AND METHODS
Reagents
Dextran sulfate sodium (DSS; PC-99017), NG-monomethyl-L-arginine monoacetate (L-NMMA; PC45273), and thrombin derived polypeptide 508 trifluoroacetic acid (TP508TFA; PC-50991) were
purchased from PlantChemMed Co., Ltd (Shanghai, China). Rabbit Anti-HuD + HuC (ab184267) and
Goat Anti-nNOS (ab1376) were purchased from Abcam (Cambridge, United Kingdom). Donkey AntiGoat Alexa Fluor 488 (a11055) and Donkey Anti-Rabbit Alexa Fluor 594 (A21207) were purchased from
Invitrogen Co., Ltd (Carlsbad, United States). Mouse Anti-β-Actin monoclonal antibody (A1978) and
Immobilon Forte western HRP substrate (Cat. No. WBLUF0020) were purchased from Merck KGaA
(Darmstadt, Germany). HRP-Labeled Goat Anti-Rabbit IgG (H + L) (ZB-2306) and HRP-Labeled Goat
Anti-Mouse IgG (H + L) (ZB-2305) were purchased from ZhongShan GoldBridge Biotechnology Co., Ltd
(Beijing, China). SDS-PAGE Gel Preparation Kit (P0012A) was purchased from Beyotime Biotechnology
Co., Ltd (Shanghai, China). BCA Protein Concentration Assay Kit (AR0146) was purchased from
BOSTER Biological Technology Co., Ltd (Wuhan, China). NOS1/nNOS ELISA Kit (E-EL-R1438C) were
purchased from Elabscience Biotechnology Co., Ltd (Wuhan, China). All other reagents and chemicals
used in this study are commercially available.

Animals and animal tests
Thirty-two 8-wk-old male Sprague-Dawley rats weighing 200 ± 20 g were housed in a specific pathogenfree animal house. The animals were kept at a standard room temperature of 24 °C, with 40%-60%
relative humidity, 12 h light-dark alternation, and a standard laboratory diet containing 23% protein
and water. All animals were provided by the Animal Center of the Fourth Military Medical University
and divided into four major groups. All experimental procedures were conducted in accordance with
the Principles of Laboratory Animal Care and approved by the University Ethics Committee and
performed as per institutional guidelines. Efforts were made to minimize the number of animals used.
The rats were randomly divided into four groups (n = 8/each group), including the control (CG), UC
(EG1), UC + NOS agonist TP508TFA (EG2), and UC + NOS inhibitor L-NMMA (EG3) groups. The CG
group was housed as described above, whereas the animals in the three experimental groups (EG1-3)
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were given tap water containing 5.5% DSS. The CG group was fed in the same way as the experimental
groups except that DSS was not added in the tap water. All animals were given free access to water for 7
d, and the water was changed to tap water at day 15. Further, EG2 rats were treated with 3 mL of 0.01
mmol/L TP508 TFA i.g. daily for 15 d and EG3 rats were treated with 3 mL of 0.01 mmol/L L-NMMA
i.g. daily for 15 d. Animals were regularly monitored for the general conditions, body weight, stool
characteristics, occult blood, and hematochezia for the evaluation of the disease condition. The scoring
criteria of the disease activity index (DAI) were as follows[14]: Body weight: No loss, 0 points; loss by
1%-5%, 1 point; loss by 6%-10%, 2 points; loss by 11%-15%, 3 points; loss by more than 15%, 4 points;
stool characteristics: Normal (well-shaped), 0 points; bondless (mushy and semi-formed stool that does
not adhere to the anus), 2 points; loose (watery stool that can adhere to the anus), 4 points; fecal occult
blood or macroscopic hematochezia: Normal, 0 points; occult blood (+), 2 points; macroscopic
hematochezia, 4 points. DAI score was calculated as equal to the average value of the sum of the above
scores.
Rats in each group were individually subjected to the open field test on day 14 of the experiment. The
rats were randomly placed into boxes with a height of 30-40 cm and a length of 100 cm on the bottom
side. The box's inner walls were darkened, and the bottom surface was divided on the average 25
squares (4 cm × 4 cm) with a digital camera set 2 m above each side. The data was acquired automatically and recorded for 15 min. This technique was used to test the spontaneous activity of the animals
and their anxious behavior in an open environment.
On the 15th day of the experiment, rats in each group were anesthetized with an intraperitoneal
injection of 7% chloral hydrate (0.4 mL/100 g). The whole colon was removed to compare the colon
length for rats in each group.

Histological evaluation of the colon
Eight rats in each group were used for histological evaluation of the colon. Following the whole colon
removal, the intestinal lumen was flushed using 0.01 mmol/L PBS buffer, and transected 6-9 cm from
the anus. Colons were fixed in 4% paraformaldehyde, dehydrated in graded alcohols, and then
embedded in the paraffin. The block was cut into 5 μm thick sections and hematoxylin-eosin stained.
Afterwards, the slides were mounted with neutral gum and dried at 37 °C overnight. A whole slide was
observed under a scanning biomicroscope (SLIDEVIEW VS200, Olympus, Tokyo, Japan). Histological
changes were recorded based on the staining results, and the histological index (HI) scoring was
performed, with the following criteria[15]: 0 points for no damage; 1 point for disappearance of basal
1/3 crypts; 2 points for disappearance of basal 2/3 crypts; 3 points disappearance of crypts with intact
epithelial cells; and 4 points for crypt and epithelial cell disappearance.

Immunofluorescence histochemical staining
The distal colons of eight rats in each group were dissected separately. The intestinal lumens were
flushed in 0.01 mol/L PBS buffer, then a colonic strip with a width of approximately 0.5-1.0 cm was cut
along the travel direction of the circular muscle (CM). Afterwards, the dissected colon was fixed in 4%
paraformaldehyde. The mucosal layer was fixed upward and horizontally in PBS buffer (pH = 7.4). The
mucosal, submucosal, and CM layers were removed with the help of filament forceps to preserve the
longitudinal muscle (LM) layer. The tissues were blocked in 10% donkey serum for 30 min and then
incubated with Rabbit-Anti-HuD + HuC (1: 500) and Goat-Anti-nNOS (1: 300) in a shaker overnight at 4
°C. Slides were incubated with Donkey Anti-Goat Alexa Fluor 488 (1: 500) and Donkey Anti-Rabbit
Alexa Fluor 594 (1: 500) for 4 h. Eight different fields (approximately 1.0 cm × 1.0 cm) of the specimens
were observed using confocal microscopy (FV-1000, Olympus, Tokyo, Japan) with the appropriate laser
beams and filter settings for Alexa 488 (excitation, 488 nm; emission, 510-530 nm) and Alexa 594
(excitation, 543 nm; emission, 590-615 nm). Digital images were captured with an FV10-ASW 4.2 from
Olympus, and these images eventually saved as TIFF files to calculate changes in the proportion of
colon nitrergic neurons.

Western blot analysis
Four rats in each group were anesthetized and perfused with pre-cooled PBS buffer, and the terminal
colon was transected. The mucosa and submucosa were separated with silk tweezers. The muscle layer
was put into a pre-cooled EP tube. The tissue was homogenized using an ultrasonic grinder, in the lysis
buffer (RIPA: protease inhibitor: phosphatase inhibitors = 100:1:1). After standing for 10 min on ice, the
supernatant was centrifuged at 12000 rpm (10008 × g) for 10 min. The protein concentration was
measured using a BCA protein concentration assay kit and FC microplate reader (1410101, Thermo
Fisher Scientific, Shanghai, China). The protein samples were kept at -80 °C for further use.
Gels were made using the SDS-PAGE gel preparation kit, and the samples were electrophoresed at a
constant voltage of 80 and 120 V. Membrane transfer was achieved at a constant current of 300 mA.
First, the PVDF membranes were blocked with Western blocking solution (P0252, Beyotime Biotechnology Co., Ltd., Shanghai, China) for 15 min and then incubated with Rabbit Anti-nNOS (1:1000) and
Anti-β-Actin antibody (mouse monoclonal; 1:5000) on a shaker overnight at 4 °C. The PVDF membranes
were then incubated with HRP-labeled Rabbit Anti-Goat IgG (H + L) (1:10000) and HRP-labeled Goat
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Anti-Mouse IgG (H + L) (1:10000) for 2 h. After three rinses (10 min each) in TBST, the membranes were
probed by ImmobilonTM Western chemiluminescent HRP substrate (WBKLS0050, Merck KGaA,
Darmstadt, Germany) and placed into ECL for the detection. The proteins were analyzed using ImagePro Plus software (Image-Pro Plus Version 6.0, Media Cybernetics, Maryland, United States).

ELISA
Whole blood from four rats in each group were kept for 2 h at room temperature and then centrifuged
at 3800 rpm (1000 × g) for 20 min, followed by the removal of supernatant. Next, the terminal colon
tissues were grounded and disrupted with an appropriate volume of PBS (usually at a weight to volume
ratio of 1:9), homogenized using a glass homogenizer, and then centrifuged at 8460 rpm (5000 × g) for 5
to 10 min. Afterwards, the supernatant was collected. The NOS1/nNOS ELISA kit was used to
determine the concentration of NOS in the colon as well as in the serum.

In vitro gut colonic tension detection
Four rats in each group were used to explore the changes of in vitro gut colonic tension, including eight
circular and eight longitudinal colon muscle strips. Rats were anesthetized, and the abdominal cavity
was exposed. Then, the intestinal tube was carefully separated with the forceps and quickly freed. The
colon was excised and placed in Krebs' fluid at 37 °C with a continuous supply of 95% O2 and 5% CO2
mixture. Then, 3 mm × 10 mm circular and LM strips were cut, where both ends were anchored to
tension receptors and platinum rings at the lower end, respectively. The signals acquired by the tension
receptors were recorded and processed with a multi-channel physiological signal acquisition and
processing system (RM6240E, INSTRUMENT FACTORY, Chengdu, China). The mean amplitude of
spontaneous contractions was recorded in circular and LM strips obtained from control and UC rats at
rest, when the muscle strips were allowed to rest in the incubation solution for 30 min. After 10 min of
recording, TP508TFA (1 × 10-4 mol/L) was added to the bath of the UC group, and the mean amplitude
changes of circular and LM strips were recorded, respectively. The liquid in the bath was replaced after
10 min, and the bath was washed. After resting for 30 min, L-NMMA (1 × 10-4 mol/L) was added, and
the corresponding mean amplitude changes were re-recorded.

Statistical analysis
SPSS version 23.0 statistical software (SPSS Inc, Chicago, United States) was used for statistical analyses.
Data are expressed as the mean ± SD, and comparisons between groups were performed by one-way
ANOVA. A P value of < 0.05 was considered statistically significant.

RESULTS
DAI scores
Sloth, anorexia, emaciation, decreased fur gloss, and higher stool frequency were found in all EG rats,
with some developing mucopurulent bloody stools. From days 0 to 5, animals in all groups gained
weight (CG group: 28.90 ± 2.43 g; EG1 group: 18.10 ± 3.23 g; EG2 group: 17.00 ± 6.17 g; EG3 group: 21.80
± 3.63 g). The body weight of rats in each group was not significantly different (P > 0.05); however, the
body weight of rats in the EG1-3 groups began to decrease from day 6. Until day 15, the CG group
(116.60 ± 2.76 g) and EG2 group (58.60 ± 7.79 g) gained weight, while the EG1 group (26.00 ± 3.69 g) and
EG3 group (60.40 ± 3.99 g) lost weight. The decrease in body weight was statistically significantly
different between the EG groups and CG group (P < 0.05); the differences in weight change between the
EG2-3 groups and EG1 group were also statistically significant (P < 0.05) (Figure 1A). As for the stool
profiles of all the groups, two rats in the CG group exhibited bondless and loose stools without
hematochezia. For the EG1 group, it took 3.25 ± 0.31 d to the occurrence of loose stools, 3.37 ± 0.37 d to
fecal occult blood, and 4.1 2 ± 0.39 d to macroscopic hematochezia; the corresponding values in the EG2
and EG3 groups were 3.85 ± 0.50 d, 4.00 ± 0.37 d, and 4.62 ± 0.41 d, and 2.87 ± 0.29 d, 2.62 ± 0.26 d, and
3.37 ± 0.32 d, respectively. Regarding the DAI scores, no statistically significant differences was found
from day 0 to day 5 for any group (P > 0.05). After day 5, the intergroup differences in DAI scores were
significantly increased. The DAI scores were (0.12 ± 0.12), (3.15 ± 0.11), (2.67 ± 0.12), and (3.69 ± 0.15) for
the CG, EG1, EG2 and EG3 groups, respectively, at day 15. Moreover, the scores were significantly
different between the EG groups and CG group (P < 0.0001), and between the EG2-3 groups and EG1
group (P < 0.05) (Figure 1B).

Comparison of colon length and behavior
The colonic morphology of rats from each group was compared during the dissection (Figure 2A).
Compared with the CG group, the colon length in the EG groups showed various degrees of shortening,
and the differences were statistically significant (P < 0.0001). The difference was also significant between
the EG2-3 groups and EG1 group (P < 0.05) (Figure 2B).
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Figure 1 Disease activity of animals in each group. A: Body weight changes of rats. The differences in body weight were statistically significant between EG
groups and CG group (aP < 0.05), and between EG2-3 groups and EG1 group (cP < 0.05); B: Disease activity index scores. The differences were significant between
EG groups and CG group (bP < 0.0001), and between EG2-3 groups and EG1 group (aP < 0.05). CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide
synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2: UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group;
DAI: Disease activity index.

Figure 2 Colon length in each group and results of the open field test. A: Colon length of rats in the four groups; B: Comparison of colon length in CG
(19.71 ± 0.11 cm), EG1 (16.59 ± 0.35 cm), EG2 (17.80 ± 0.19 cm), and EG3 (15.11 ± 0.44 cm) groups. There were statistically significant differences between EG
groups and CG group (bP < 0.0001), and between EG2-3 groups and EG1 group (aP < 0.05); C: Movement trajectories of rats. a: CG; b: EG1; c: EG2; d: EG3; D:
Results of the open field test. There were statistically significant differences between EG groups and CG group (bP < 0.0001), and between EG2-3 groups and EG1
group (aP < 0.05). CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2:
UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group.

On the 14th day of the experiment, the behavior of rats was examined using an open field test. The
number of times that the rats passed through the center of an open box within 15 min period is shown
as follows: 30.75 ± 1.46 for the CG, 18.38 ± 0.98 for EG1, 23.38 ± 1.40 for EG2, and 9.50 ± 0.86 for EG3
group. Differences were statistically significant between the EG groups and CG group (P < 0.0001).
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Additionally, the EG2-3 groups showed statistically significant differences compared with the EG1
group (P < 0.05) (Figure 2C and D).

Colonic histological damage assessment
The results of HE staining indicated that the colonic tissue structure of CG rats was normal, with the
mucosal layer showing a well-arranged monolayer of columnar epithelial cells, clear intestinal glands,
morphologically normal goblet cells, and no inflammatory cell infiltration. In the colon of EG1 rats, most
crypts disappeared, with some broken or disappearing epithelia, accompanied by inflammatory cell
infiltration. In the colon of EG2 rats, 1/3-2/3 of basal crypts disappeared, with the occasional
destruction of epithelial cells. In the colon of EG3 rats, crypts completely disappeared, with some broken
or disappearing epithelia, accompanied by massive inflammatory cell infiltration (Figure 3A). The HI
scores for the colons of the rats in the CG, EG1, EG2, and EG3 groups were 0.00 ± 0.00, 3.07 ± 0.25, 2.22 ±
0.17, and 3.71 ± 0.14, respectively. The differences were statistically significant between the EG groups
and CG group (P < 0.0001), and between the EG2-3 groups and EG1 group (P < 0.05) (Figure 3B).

Changes in proportion of NOS-positive colonic myenteric neurons
The distal rat colons were double-stained by immunofluorescence histochemistry to observe the distribution and expression of NOS-positive neurons within the colonic MP. Within the colonic MP of rats,
the proportion of these neurons in each group was counted. Enteric neurons exhibited a reticular distribution in the colonic MP (Figure 4B). NOS-positive neurons accounted for 31.38 ± 0.94% in the CG
group (Figure 4C) but were more distributed within the marginal side of the ganglia (Figure 4A). They
were fusiform or star-shaped, and their nuclei were round with several elongated protrusions. The
protrusions of these neurons were interconnected with each other to form a dense and complex neural
network. In the EG1 group, the percentage of NOS-positive neurons in colonic neurons (Figure 4E)
increased to 42.25% ± 0.88% under disease conditions (Figure 4F). The distribution of these neurons was
no longer confined to the edges of the ganglia and began to appear elsewhere within the ganglia
(Figure 4D). Moreover, the proportion of NOS-positive neurons in the EG2 group increased to 51.75% ±
1.22% (Figure 4I and H). These neurons in the ganglia were disorganized and widely distributed within
the ganglia (Figure 4G). Compared with the EG1 group, the proportion of NOS-positive neurons in the
EG3 group decreased to 37.25% ± 1.09% (Figure 4L and K), with their distribution within the ganglia
being predominantly marginal (Figure 4J). The changes in the proportion of NOS-positive neurons to
colonic neurons in the EG groups were statistically significant in comparison to the CG group (P <
0.0001); however, the EG2 and EG3 groups were also significantly different from the EG1 group (P <
0.05) (Figure 4M).

NOS protein expression level in colonic MP
The expression level of NOS protein in the colonic MP of EG1 rats was higher than that in the CG group.
The NOS expression in the EG2 rat colon was further increased, while the expression in the EG3 rat
colon was lower than that in the EG1 group. The differences were statistically significant between the
EG groups and CG group (P < 0.0001) and between the EG2-3 groups and EG1 group (P < 0.05)
(Figure 5A and B).

Concentration of NOS in colonic myenteric tissue and serum
The concentration of NOS was significantly increased in the colonic myenteric tissue in the EG groups
compared with the CG group (P < 0.0001); the EG2 group had a higher NOS concentration, whereas the
EG3 group had a lower concentration than the EG1 group, and the difference between the EG2-3 groups
and EG1 group was also statistically significant (P < 0.05) (Figure 6A). In addition, serum concentrations
of NOS were significantly increased in the EG group compared with the CG group (P < 0.0001);
however, the EG2 group had a significantly higher NOS concentration, whereas the EG3 group had a
significantly lower concentration than the EG1 group (P < 0.05) (Figure 6B).

Comparison of contraction tension of isolated rat colonic smooth muscle
At rest, the contraction of the LM in the colon of CG rats appeared as a regular and sine wave-like curve
with relatively neat amplitude (Figure 7A). In EGs rats, the contraction was significantly more frequent,
with the increased amplitude (Figure 7B-D). The contraction tension of the LM of the colon was considerably more significant in EG rats than in CG rats (P < 0.0001). However, the contraction tensions of the
colonic LM were significantly weakened and increased in EG2 and EG3 rats, respectively, when
compared with EG1 rats (P < 0.001) (Figure 7E).
At rest, the contraction of the colonic CM in CG rats appeared as a regular and triangular wave-like
curve. The amplitude was neat, with a contraction interval between the adjacent two waves (Figure 8A).
In EGs rats, contraction of the CM of the colon was significantly accelerated, and its amplitude was
increased (Figure 8B-D). The contraction tension of the colonic CM was significantly larger in EG rats
than in CG rats (P < 0.0001). The contraction tension of the colonic CM appeared significantly weakened
and increased in EG1 rats compared with EG2 and EG3 rats, respectively (P < 0.0001) (Figure 8E).
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Figure 3 Histological evaluation. A: HE stained rat colon tissues. a: CG; b: EG1; c: EG2; d: EG3. Scale bar = 100 μm; B: Comparison of colonic histological
index scores showing statistically significant differences between EG groups and CG group (bP < 0.0001) and between EG2-3 groups and EG1 group (aP < 0.05). CG:
Control group; UC: Ulcerative colitis; NOS: Nitric oxide synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2: UC + NOS agonist
TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group; HI: Histological index.

DISCUSSION
An increase or decrease in the number of neurons and/or neuronal degeneration in the ENS can lead to
various diseases. For instance, congenital dysplasia of the ENS leads to congenital megacolon
(Hirschsprung disease) and primary achalasia, whereas neurodegenerative ENS alterations can lead to
the disorders such as Alzheimer, Huntington, and Parkinson diseases[16,17]. The secondary alterations
in the ENS also result in inflammatory infiltrates or immune system pathologies such as irritable bowel
syndrome[18], idiopathic enteric gangliosidosis[19], paraneoplastic syndrome[20], slow transit
constipation[21], severe acute pancreatitis[22], diabetes mellitus[23,24], and UC[25].
The different types of ENS neurons have significantly different morphology and structure associated
with the synthesis and secretion of neurotransmitters. However, by forming complex synaptic
connections, these neurons participate in the structural basis that mainly underlies the relatively
independent reflex activity of the gut and can also regulate the diverse motor and sensory activities of
the digestive tract.
Despite the unclear etiology of UC, numerous studies have shown that its pathogenesis might be
associated with the interactions between genetic susceptibility, environmental provoking factors, and
immune-mediated tissue damage. Additionally, the relationship between abnormal intestinal motility
and UC has also gained attention. Abnormal ENS is an important mechanism contributing to the
abnormal colonic motility of UC, which is an important factor causing diarrhea in UC patients.
The onset of UC has a complex genetic background. Based on the gene polymorphism and heterogeneity, the impaired local barrier function of the intestinal mucosa can be the result of a combination of
factors, such as altered epithelial permeability, neuroendocrine regulation, and intestinal flora translocation[26]. This, in turn, provokes the inflammatory response with symptoms such as abdominal pain,
diarrhea, and colonic motor dysfunction. As the rate-limiting enzyme of NO synthesis in the body, NOS
has three sub-types: iNOS, eNOS, and nNOS. Histological studies have identified intense focal iNOS
expression by the inflamed bowel epithelium and in the mononuclear cell infiltrate in the intestinal
tissues of both Crohn’s disease and UC patients[27]. A great number of studies suggest that iNOS in the
ENS may play a part in preventing activation of mast cells, reducing leukocyte adhesion to the
endothelium and protecting the host from being invaded by colonic bacteria[28-30]. In normal and UC
states, eNOS expression is limited to colonic vascular endothelium[31]. Baker et al[32] confirmed that
during DSS-induced UC, eNOS KO mice suffered less tissue damage and inflammation than wild-type
mice, suggesting that eNOS is essential for maintaining the integrity of the GI mucosa. nNOS is one of
the specific markers for nitrergic neurons within the ENS, the primary inhibitory neurons of the colonic
MP[33]. By releasing inhibitory neurotransmitter NO, nitrergic neurons can regulate GI motility. The
changes in expression of nNOS in the colonic MP of UC rats indicate that nitrergic neurons may be
involved in NO-based neurotransmission and regulate GI motility in UC state.
Research has shown that NO is the second messenger in the smooth muscle cells (SMCs) or interstitial
cells of Cajal (ICCs)[34]. NO is highly lipid-soluble and reaches target ICCs in a freely diffusible manner
after synthesis. It binds to the soluble guanylyl cyclase in the cells to increase the enzymatic activity by
altering its spatial configuration, which further leads to an increase in cyclic guanosine monophosphate
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Figure 4 Changes in the number of nitric oxide synthase-positive neurons in the colonic myenteric plexus. A-L: Immunofluorescent
histochemical double-staining of the rat colonic myenteric plexus (MP) for nitric oxide synthase (NOS; green) and HuC/D (red) in CG (A-C), EG1 (D-F), EG2 (G-I), and
EG3 (J-L) rats. Scale bar = 30 μm; M: Comparison of the proportion of NOS-positive neurons in the colonic MP showing statistically significant differences between
EG groups and CG group (bP < 0.0001), and between EG2-3 groups and EG1 group (aP < 0.05). CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide
synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2: UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group;
MP: myenteric plexus.

(cGMP) within the cells, activating the cGMP protein kinase-dependent calcium pumps, and therefore
finally participates in intercellular information transmission[35]. Therefore, it could be concluded that as
a messenger of information transmission between the NOS-positive neurons and GI SMCs, increased
NO can reduce the Ca2+ influx and directly promotes smooth muscle relaxation. In addition, studies
have confirmed that NO can inhibit muscle contraction by inhibiting the release of excitatory
transmitters[23,36]. Therefore, NO-mediated reduced contractility of the intestinal smooth muscle might
be one of the important mechanisms contributing to colonic dysmotility[9,37].
In the present study, DSS was applied to induce the UC rat model successfully. For the first time, the
finding of a secondary increase in NOS expression in the colonic MP of UC rats, combined with altered
in vitro colonic contraction tension, suggests that the increased NOS expression is associated with the
altered colonic motility in UC rats. Increasing (or decreasing) the number of NOS-positive neurons
might enhance (or attenuate) the diastolic function of the colonic smooth muscle regulated by these
neurons. However, the change in the number of NOS-positive neurons is often due to changes in the
concentration and release of neurotransmitters caused by changes in the amount of NOS contained in
neurons under pathological conditions, rather than caused by neuronal degeneration and regeneration.
The results of in vitro studies of the colon using both agonists and inhibitors of NOS further confirmed
that the altered NOS expression regulate the colonic motility in UC. A previous similar study
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Figure 5 Relative nitric oxide synthase protein expression in the colonic myenteric plexus. A: Western blot analysis of expression of nitric oxide
synthase (NOS) in the colonic myenteric plexus (MP) of rats in the four groups; B: Comparison of the relative expression of NOS protein in the colonic MP of rats in
the four groups showing statistically significant differences between EG groups and CG group (bP < 0.0001), and between EG2-3 groups and EG1 group (aP < 0.05).
CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2: UC + NOS agonist
TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group; NOS: Nitric oxide synthase; MP: Myenteric plexus.

Figure 6 Changes in nitric oxide synthase concentration in colonic myenteric tissue and serum. A: Comparison of nitric oxide synthase (NOS)
concentration in colonic myenteric tissue of rats in the four groups showing statistically significant differences between EG groups and CG group (bP < 0.0001), and
between EG2-3 groups and EG1 group (aP < 0.05); B: Comparison of NOS concentrations in the serum of rats in the four groups showing statistically significant
differences between EG groups and CG group (bP < 0.0001), and between EG2-3 groups and CG group (aP < 0.05). CG: Control group; UC: Ulcerative colitis; NOS:
Nitric oxide synthase; L-NMMA: NG-monomethyl-L-arginine monoacetate; EG1: UC group; EG2: UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor LNMMA group; NOS: Nitric oxide synthase.

demonstrated that the NOS expression and NO concentration within the muscular layer of the stomach
and small intestine were increased in an animal model of chronic pancreatitis[38]. These results suggest
that the reduced contractility of the gastric CM because of NO inhibition might be an important
mechanism underlying gastric motor dysfunction in chronic pancreatitis[36,38]. Moreover, these
findings can provide an interesting insight into the role of the ENS during GI dysmotility.
The initiation of colonic dysmotility in UC may be related to the structural alterations and abnormal
number of ICCs, disturbed intestinal electrophysiology, changes in colonic pressure, and abnormal
expression of gut-related neurotransmitters. Our present results have demonstrated that the increased
NOS expression inhibits the contraction motility of the colonic smooth muscle. Therefore, appropriate
adjustment of NOS levels can alter the expression of nitrergic neurons, control the motor movement of
the intestinal smooth muscle, and improve the UC colonic motor function. Of note, this could improve
the symptoms of UC patients, providing a basis for the screening of novel agents against UC.

CONCLUSION
The increased number of nitrergic neurons in the colonic MP of UC rats, both in vitro and in vivo,
diminishes the colonic motor function. In contrast, activation and inhibition of NOS activity could
induce and diminish the colon motor function, respectively. Further, an increased number of nitrergic
neurons in the colonic MP of UC rats leads to reduced colon contractile function. Therefore, the
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Figure 7 Comparison of isolated colonic longitudinal muscle contraction tension. A-D: Contraction amplitude of the colonic longitudinal muscle of
CG (A), EG1 (B), EG2 (C), and EG3 (D) rats; E: Comparison of the contraction tension of the colonic longitudinal muscle among rats from the four groups: CG (0.69
± 0.02 g), EG1 (1.4 2 ± 0.02 g), EG2 (2.24 ± 0.07 g), and EG3 (1.01 ± 0.02 g). All differences were statistically significant between EG groups and CG group (aP <
0.0001) and between EG2-3 groups and EG1 group (bP < 0.001). CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide synthase; L-NMMA: NG-monomethyl-Larginine monoacetate; EG1: UC group; EG2: UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group; LM: Longitudinal muscle.

Figure 8 Comparison of isolated colonic circular muscle contraction tension. A-D: Contraction amplitude of the colonic circular muscle of CG (A),
EG1 (B), EG2 (C), and EG3 (D) rats; E: Comparison of the contraction tension of the rat colonic circular muscle among the four groups: CG (1.46 ± 0.06 g), EG1
(2.12 ± 0.49 g), EG2 (2.87 ± 0.04 g), and EG3 (1.72 ± 0.04 g). All differences were statistically significant between EG groups and CG group (aP < 0.0001) and
between EG2-3 groups and EG1 group (bP < 0.0001). CG: Control group; UC: Ulcerative colitis; NOS: Nitric oxide synthase; L-NMMA: NG-monomethyl-L-arginine
monoacetate; EG1: UC group; EG2: UC + NOS agonist TP508TFA group; EG3: UC + NOS inhibitor L-NMMA group; CM: Circular muscle.

regulation of nitrergic neurons in the colonic MP through interference with the activity of NOS might be
a novel potential and prospective way to reduce diarrhea symptoms in UC patients.
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ARTICLE HIGHLIGHTS
Research background
Ulcerative colitis (UC) is a nonspecific inflammatory intestinal disorder with a complex etiology and
poorly understood pathogenesis. The association between abnormal intestinal motility and UC has
gained increasing attention over the past years. The enteric nervous system (ENS) regulates gut motility
and based on their functions, has been divided into inhibitory and excitatory neurons, which mainly
regulate the gut motility in terms of relaxation and contraction via different neurotransmitters. Nitrergic
neurons are typical inhibitory neurons in the ENS and act through the neurotransmitter nitric oxide,
which is synthetized by the rate-limiting enzyme nitric oxide synthase (NOS), whose expression
changes might affect the motor function of the gut.

Research motivation
UC is an intestinal disease with abdominal pain and diarrhea as the main symptoms, which are
associated with abnormal gastrointestinal motility. Alterations in the amount of enteric neurotransmitters may change the number of enteric neurons. Nitrergic neurons are well-established enteric
inhibitory neurons, and modification of its expression may interfere with its regulatory effect on
intestinal motility and improve the symptoms of abdominal pain and diarrhea in UC.

Research objectives
This study aimed to investigate the relationship between colonic NOS expression changes and colonic
motility in dextran sulfate sodium (DSS)-induced UC rats, and to explore the effects of nitrergic neurons
on colonic motility in UC rats to discover the potential mechanisms for the treatment of UC.

Research methods
UC was induced in adult male rats with 5.5% DSS, and part of them were administered with NOS
agonists and inhibitors. The rats were divided into control (CG), UC (EG1), UC + agonist (EG2), and UC
+ inhibitor (EG3) groups. The changes in tissue expression, relative protein expression, and concentration of NOS in rats were detected by immunofluorescence histochemical double staining, Western
blot, and ELISA techniques, respectively. The effect of nitrergic neurons on colonic motility was
examined by the changes in colonic circular muscle (CM) and longitudinal muscle (LM) contraction
tension in vitro.

Research results
Compared with CG rats, the proportion of NOS positive neurons within the colonic myenteric plexus
(MP), the relative expression of NOS, and the concentration of NOS in both serum and colonic tissue
were significantly higher in EG rats. After administration of NOS agonists and inhibitors, various
degrees of increase and decrease were observed in EG2 and EG3 rats, respectively. The contraction
amplitude and mean contraction tension of the CM and LM in rat colon after administration of agonists
and inhibitors were attenuated and enhanced in vitro, respectively. For UC, regulating the expression of
NOS within the MP may improve intestinal motility, thereby favoring the recovery of intestinal
function.

Research conclusions
Nitrergic neurons within the rat colonic MP are involved in the regulation of colonic motility. Increased
NOS in the colonic MP of UC rats causes nitrergic neurons amplification, leading to decreased colonic
contraction function. Modulation of NOS levels within colonic MP can alter nitrergic neuron expression
and adjust the motor activity of the intestinal smooth muscle, which can further improve colonic motor
function, moderate UC symptoms, and provide evidence for the development of new drugs against UC.

Research perspectives
This study demonstrated increased NOS expression in the colonic MP of UC rats, with a possible corresponding increase in nitrergic neuron expression and a decrease in colonic contraction function in UC
rats. Thus, by regulating the expression of NOS in the colonic MP, colonic motor function and
interruption in the pathogenesis of UC can be achieved, thus providing a novel insight into the
treatment of UC.

FOOTNOTES
Author contributions: Li YQ and Chen J designed the study and edited the manuscript; Li YR, Li Y, Xu M, Jin Y, and
Fan HW conducted the experiments; Li YR and Li Y completed the data analysis; Zhang Q and Tan GH provided
language modification; Li YR and Li Y wrote the manuscript; all authors read and approved the final manuscript;
and Li YR and Li Y contributed equally in carrying out this study and writing the manuscript.

WJG

https://www.wjgnet.com

3865

August 7, 2022

Volume 28

Issue 29

Li YR et al. Nitrergic neurons and colonic motility

Supported by National Natural Science Foundation of China, No. 31971112; Natural Science Foundation of Liaoning
Province, No. 2021-MS-330; and Innovation Capability Support Program of Shaanxi, No. 2021TD-57.

Institutional animal care and use committee statement: All animal experiments conformed to the internationally
accepted principles for the care and use of laboratory animals (licence No. SCXK (Shan) 2019-001, Animal Experiment
Center, The Fourth Military Medical University, China; protocol No. IACUC-20211101, The Laboratory Animal
Welfare and Ethics Committee at The Fourth Military Medical University, China).

Conflict-of-interest statement: All authors report no relevant conflicts of interest for this article.
Data sharing statement: No additional data are available.
ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and
revised according to the ARRIVE guidelines.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BYNC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license
their derivative works on different terms, provided the original work is properly cited and the use is noncommercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: China
ORCID number: Yan-Rong Li 0000-0001-7830-1055; Yan Li 0000-0001-5089-8574; Yuan Jin 0000-0001-7184-2844; Mang
Xu 0000-0003-1017-1455; Hong-Wei Fan 0000-0002-9546-593X; Qian Zhang 0000-0001-7249-4191; Guo-He Tan 0000-00021101-207X; Jing Chen 0000-0001-9971-1053; Yun-Qing Li 0000-0002-3707-3348.

S-Editor: Ma YJ
L-Editor: Wang TQ
P-Editor: Cai YX

REFERENCES
1
2
3
4

5
6

7

8

9

10
11
12

13

WJG

Kuehn F, Hodin RA. Impact of Modern Drug Therapy on Surgery: Ulcerative Colitis. Visc Med 2018; 34: 426-431 [PMID:
30675487 DOI: 10.1159/000493492]
Hoffmann P, Krisam J, Stremmel W, Gauss A. Real-World Outcomes of Vedolizumab Therapy in Ulcerative Colitis and
Crohn's Disease at a Tertiary Referral Center. Dig Dis 2019; 37: 33-44 [PMID: 30134234 DOI: 10.1159/000492322]
Ponder A, Long MD. A clinical review of recent findings in the epidemiology of inflammatory bowel disease. Clin
Epidemiol 2013; 5: 237-247 [PMID: 23922506 DOI: 10.2147/CLEP.S33961]
Higuchi LM, Khalili H, Chan AT, Richter JM, Bousvaros A, Fuchs CS. A prospective study of cigarette smoking and the
risk of inflammatory bowel disease in women. Am J Gastroenterol 2012; 107: 1399-1406 [PMID: 22777340 DOI:
10.1038/ajg.2012.196]
Santana PT, Rosas SLB, Ribeiro BE, Marinho Y, de Souza HSP. Dysbiosis in Inflammatory Bowel Disease: Pathogenic
Role and Potential Therapeutic Targets. Int J Mol Sci 2022; 23 [PMID: 35408838 DOI: 10.3390/ijms23073464]
Sundin J, Aziz I, Nordlander S, Polster A, Hu YOO, Hugerth LW, Pennhag AAL, Engstrand L, Törnblom H, Simrén M,
Öhman L. Evidence of altered mucosa-associated and fecal microbiota composition in patients with Irritable Bowel
Syndrome. Sci Rep 2020; 10: 593 [PMID: 31953505 DOI: 10.1038/s41598-020-57468-y]
Bassotti G, Antonelli E, Villanacci V, Nascimbeni R, Dore MP, Pes GM, Maconi G. Abnormal gut motility in
inflammatory bowel disease: an update. Tech Coloproctol 2020; 24: 275-282 [PMID: 32062797 DOI:
10.1007/s10151-020-02168-y]
Li H, Fan C, Lu H, Feng C, He P, Yang X, Xiang C, Zuo J, Tang W. Protective role of berberine on ulcerative colitis
through modulating enteric glial cells-intestinal epithelial cells-immune cells interactions. Acta Pharm Sin B 2020; 10: 447461 [PMID: 32140391 DOI: 10.1016/j.apsb.2019.08.006]
Głąbska D, Guzek D, Grudzińska D, Lech G. Influence of dietary isoflavone intake on gastrointestinal symptoms in
ulcerative colitis individuals in remission. World J Gastroenterol 2017; 23: 5356-5363 [PMID: 28839435 DOI:
10.3748/wjg.v23.i29.5356]
Costa M, Spencer NJ, Brookes SJH. The role of enteric inhibitory neurons in intestinal motility. Auton Neurosci 2021; 235:
102854 [PMID: 34329834 DOI: 10.1016/j.autneu.2021.102854]
Schemann M. Control of gastrointestinal motility by the "gut brain"--the enteric nervous system. J Pediatr Gastroenterol
Nutr 2005; 41 Suppl 1: S4-S6 [PMID: 16131964 DOI: 10.1097/01.scs.0000180285.51365.55]
Saldana-Morales FB, Kim DV, Tsai MT, Diehl GE. Healthy Intestinal Function Relies on Coordinated Enteric Nervous
System, Immune System, and Epithelium Responses. Gut Microbes 2021; 13: 1-14 [PMID: 33929291 DOI:
10.1080/19490976.2021.1916376]
Tse JKY. Gut Microbiota, Nitric Oxide, and Microglia as Prerequisites for Neurodegenerative Disorders. ACS Chem
Neurosci 2017; 8: 1438-1447 [PMID: 28640632 DOI: 10.1021/acschemneuro.7b00176]

https://www.wjgnet.com

3866

August 7, 2022

Volume 28

Issue 29

Li YR et al. Nitrergic neurons and colonic motility
14

15

16

17

18
19

20

21

22

23

24

25
26

27

28

29
30

31

32

33
34
35

36

37

WJG

Sánchez-Fidalgo S, Cárdeno A, Sánchez-Hidalgo M, Aparicio-Soto M, de la Lastra CA. Dietary extra virgin olive oil
polyphenols supplementation modulates DSS-induced chronic colitis in mice. J Nutr Biochem 2013; 24: 1401-1413 [PMID:
23337347 DOI: 10.1016/j.jnutbio.2012.11.008]
Murano M, Maemura K, Hirata I, Toshina K, Nishikawa T, Hamamoto N, Sasaki S, Saitoh O, Katsu K. Therapeutic effect
of intracolonically administered nuclear factor kappa B (p65) antisense oligonucleotide on mouse dextran sulphate sodium
(DSS)-induced colitis. Clin Exp Immunol 2000; 120: 51-58 [PMID: 10759763 DOI: 10.1046/j.1365-2249.2000.01183.x]
Drossman DA, Tack J, Ford AC, Szigethy E, Törnblom H, Van Oudenhove L. Neuromodulators for Functional
Gastrointestinal Disorders (Disorders of Gut-Brain Interaction): A Rome Foundation Working Team Report.
Gastroenterology 2018; 154: 1140-1171.e1 [PMID: 29274869 DOI: 10.1053/j.gastro.2017.11.279]
Filpa V, Moro E, Protasoni M, Crema F, Frigo G, Giaroni C. Role of glutamatergic neurotransmission in the enteric
nervous system and brain-gut axis in health and disease. Neuropharmacology 2016; 111: 14-33 [PMID: 27561972 DOI:
10.1016/j.neuropharm.2016.08.024]
Niesler B, Kuerten S, Demir IE, Schäfer KH. Disorders of the enteric nervous system - a holistic view. Nat Rev
Gastroenterol Hepatol 2021; 18: 393-410 [PMID: 33514916 DOI: 10.1038/s41575-020-00385-2]
Fornai M, Pellegrini C, Antonioli L, Segnani C, Ippolito C, Barocelli E, Ballabeni V, Vegezzi G, Al Harraq Z, Blandini F,
Levandis G, Cerri S, Blandizzi C, Bernardini N, Colucci R. Enteric Dysfunctions in Experimental Parkinson's Disease:
Alterations of Excitatory Cholinergic Neurotransmission Regulating Colonic Motility in Rats. J Pharmacol Exp Ther 2016;
356: 434-444 [PMID: 26582732 DOI: 10.1124/jpet.115.228510]
Li S, Fei G, Fang X, Yang X, Sun X, Qian J, Wood JD, Ke M. Changes in Enteric Neurons of Small Intestine in a Rat
Model of Irritable Bowel Syndrome with Diarrhea. J Neurogastroenterol Motil 2016; 22: 310-320 [PMID: 26645247 DOI:
10.5056/jnm15082]
De Giorgio R, Barbara G, Stanghellini V, De Ponti F, Salvioli B, Tonini M, Velio P, Bassotti G, Corinaldesi R. Clinical
and morphofunctional features of idiopathic myenteric ganglionitis underlying severe intestinal motor dysfunction: a study
of three cases. Am J Gastroenterol 2002; 97: 2454-2459 [PMID: 12358272 DOI: 10.1111/j.1572-0241.2002.06002.x]
Lin Z, Liu Y, Zheng Q, Hu Q. Increased proportion of nitric oxide synthase immunoreactive neurons in rat ileal myenteric
ganglia after severe acute pancreatitis. BMC Gastroenterol 2011; 11: 127 [PMID: 22111589 DOI:
10.1186/1471-230X-11-127]
Dai Y, Haque MM, Stuehr DJ. Restricting the conformational freedom of the neuronal nitric-oxide synthase flavoprotein
domain reveals impact on electron transfer and catalysis. J Biol Chem 2017; 292: 6753-6764 [PMID: 28232486 DOI:
10.1074/jbc.M117.777219]
Anitha M, Gondha C, Sutliff R, Parsadanian A, Mwangi S, Sitaraman SV, Srinivasan S. GDNF rescues hyperglycemiainduced diabetic enteric neuropathy through activation of the PI3K/Akt pathway. J Clin Invest 2006; 116: 344-356 [PMID:
16453021 DOI: 10.1172/JCI26295]
Gracie DJ, Guthrie EA, Hamlin PJ, Ford AC. Bi-directionality of Brain-Gut Interactions in Patients With Inflammatory
Bowel Disease. Gastroenterology 2018; 154: 1635-1646.e3 [PMID: 29366841 DOI: 10.1053/j.gastro.2018.01.027]
Leonardi I, Paramsothy S, Doron I, Semon A, Kaakoush NO, Clemente JC, Faith JJ, Borody TJ, Mitchell HM, Colombel
JF, Kamm MA, Iliev ID. Fungal Trans-kingdom Dynamics Linked to Responsiveness to Fecal Microbiota Transplantation
(FMT) Therapy in Ulcerative Colitis. Cell Host Microbe 2020; 27: 823-829.e3 [PMID: 32298656 DOI:
10.1016/j.chom.2020.03.006]
Singer II, Kawka DW, Scott S, Weidner JR, Mumford RA, Riehl TE, Stenson WF. Expression of inducible nitric oxide
synthase and nitrotyrosine in colonic epithelium in inflammatory bowel disease. Gastroenterology 1996; 111: 871-885
[PMID: 8831582 DOI: 10.1016/s0016-5085(96)70055-0]
Kolios G, Rooney N, Murphy CT, Robertson DA, Westwick J. Expression of inducible nitric oxide synthase activity in
human colon epithelial cells: modulation by T lymphocyte derived cytokines. Gut 1998; 43: 56-63 [PMID: 9771406 DOI:
10.1136/gut.43.1.56]
Kubes P. Inducible nitric oxide synthase: a little bit of good in all of us. Gut 2000; 47: 6-9 [PMID: 10861252 DOI:
10.1136/gut.47.1.6]
Vallance BA, Deng W, De Grado M, Chan C, Jacobson K, Finlay BB. Modulation of inducible nitric oxide synthase
expression by the attaching and effacing bacterial pathogen citrobacter rodentium in infected mice. Infect Immun 2002; 70:
6424-6435 [PMID: 12379723 DOI: 10.1128/IAI.70.11.6424-6435.2002]
Vallance BA, Dijkstra G, Qiu B, van der Waaij LA, van Goor H, Jansen PL, Mashimo H, Collins SM. Relative
contributions of NOS isoforms during experimental colitis: endothelial-derived NOS maintains mucosal integrity. Am J
Physiol Gastrointest Liver Physiol 2004; 287: G865-G874 [PMID: 15217783 DOI: 10.1152/ajpgi.00187.2004]
Beck PL, Xavier R, Wong J, Ezedi I, Mashimo H, Mizoguchi A, Mizoguchi E, Bhan AK, Podolsky DK. Paradoxical roles
of different nitric oxide synthase isoforms in colonic injury. Am J Physiol Gastrointest Liver Physiol 2004; 286: G137G147 [PMID: 14665440 DOI: 10.1152/ajpgi.00309.2003]
Luo CX, Zhu DY. Research progress on neurobiology of neuronal nitric oxide synthase. Neurosci Bull 2011; 27: 23-35
[PMID: 21270901 DOI: 10.1007/s12264-011-1038-0]
Bulc M, Palus K, Dąbrowski M, Całka J. Hyperglycaemia-Induced Downregulation in Expression of nNOS Intramural
Neurons of the Small Intestine in the Pig. Int J Mol Sci 2019; 20 [PMID: 30987291 DOI: 10.3390/ijms20071681]
Lalatta-Costerbosa G, Clavenzani P, Petrosino G, Mazzoni M. An immunohistochemical study of the distribution of nitric
oxide synthase-immunoreactive neurons and fibers in the reticular groove of suckling lambs. J Anat 2011; 218: 439-448
[PMID: 21323665 DOI: 10.1111/j.1469-7580.2011.01345.x]
Tomuschat C, O'Donnell AM, Coyle D, Dreher N, Kelly D, Puri P. NOS-interacting protein (NOSIP) is increased in the
colon of patients with Hirschsprungs's disease. J Pediatr Surg 2017; 52: 772-777 [PMID: 28196663 DOI:
10.1016/j.jpedsurg.2017.01.046]
Huber A, Saur D, Kurjak M, Schusdziarra V, Allescher HD. Characterization and splice variants of neuronal nitric oxide
synthase in rat small intestine. Am J Physiol 1998; 275: G1146-G1156 [PMID: 9815045 DOI:
10.1152/ajpgi.1998.275.5.G1146]

https://www.wjgnet.com

3867

August 7, 2022

Volume 28

Issue 29

Li YR et al. Nitrergic neurons and colonic motility
38

WJG

Chen L, Yu B, Luo D, Lin M. Enteric motor dysfunctions in experimental chronic pancreatitis: Alterations of myenteric
neurons regulating colonic motility in rats. Neurogastroenterol Motil 2018; 30: e13301 [PMID: 29520975 DOI:
10.1111/nmo.13301]

https://www.wjgnet.com

3868

August 7, 2022

Volume 28

Issue 29

WJ G

World Journal of
Gastroenterology

Submit a Manuscript: https://www.f6publishing.com

World J Gastroenterol 2022 August 7; 28(29): 3869-3885

DOI: 10.3748/wjg.v28.i29.3869

ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE
Basic Study

N-linked glycoproteomic profiling in esophageal squamous cell
carcinoma
Qi-Wei Liu, Hao-Jie Ruan, Wei-Xia Chao, Meng-Xiang Li, Ye-Lin Jiao, Douglas G Ward, She-Gan Gao, Yi-Jun
Qi

Specialty type: Medicine, research
and experimental

Provenance and peer review:
Unsolicited article; Externally peer
reviewed.

Qi-Wei Liu, Hao-Jie Ruan, Wei-Xia Chao, Meng-Xiang Li, She-Gan Gao, Yi-Jun Qi, Henan Key
Laboratory of Microbiome and Esophageal Cancer Prevention and Treatment; Henan Key
Laboratory of Cancer Epigenetics; Cancer Hospital, The First Affiliated Hospital, College of
Clinical Medicine, Henan University of Science and Technology, Luoyang 471003, Henan
Province, China

Peer-review model: Single blind

Ye-Lin Jiao, Department of Pathology, The First People’s Hospital of Luo Yang, Luoyang
471000, Henan Province, China

Peer-review report’s scientific
quality classification

Douglas G Ward, Institute of Cancer and Genomic Sciences, College of Medical and Dental
Sciences, University of Birmingham, Birmingham B15 2TT, United Kingdom

Grade A (Excellent): 0
Grade B (Very good): 0
Grade C (Good): C, C
Grade D (Fair): 0
Grade E (Poor): 0

Corresponding author: Yi-Jun Qi, MD, PhD, Professor, Henan Key Laboratory of Microbiome
and Esophageal Cancer Prevention and Treatment; Henan Key Laboratory of Cancer
Epigenetics; Cancer Hospital, The First Affiliated Hospital, College of Clinical Medicine,
Henan University of Science and Technology, No. 29 Jinghua Road, Luoyang 471003, Henan
Province, China. qiyijun@haust.edu.cn

P-Reviewer: Chen X, United States;
Kashyap MK, India

Received: January 14, 2022
Peer-review started: January 14,
2022

First decision: April 12, 2022
Revised: April 26, 2022
Accepted: July 6, 2022
Article in press: July 6, 2022
Published online: August 7, 2022

Abstract
BACKGROUND
Mass spectrometry-based proteomics and glycomics reveal post-translational
modifications providing significant biological insights beyond the scope of
genomic sequencing.
AIM
To characterize the N-linked glycoproteomic profile in esophageal squamous cell
carcinoma (ESCC) via two complementary approaches.
METHODS
Using tandem multilectin affinity chromatography for enrichment of N-linked
glycoproteins, we performed N-linked glycoproteomic profiling in ESCC tissues
by two-dimensional gel electrophoresis (2-DE)-based and isobaric tags for relative
and absolute quantification (iTRAQ) labeling-based mass spectrometry quantitation in parallel, followed by validation of candidate glycoprotein biomarkers
by Western blot.
RESULTS
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2-DE-based and iTRAQ labeling-based quantitation identified 24 and 402 differentially expressed
N-linked glycoproteins, respectively, with 15 in common, demonstrating the outperformance of
iTRAQ labeling-based quantitation over 2-DE and complementarity of these two approaches.
Proteomaps showed the distinct compositions of functional categories between proteins and
glycoproteins with differential expression associated with ESCC. Western blot analysis validated
the up-regulation of total procathepsin D and high-mannose procathepsin D, and the downregulation of total haptoglobin, high-mannose clusterin, and GlcNAc/sialic acid-containing
fraction of 14-3-3ζ in ESCC tissues. The serum levels of glycosylated fractions of clusterin, prolinearginine-rich end leucine-rich repeat protein, and haptoglobin in patients with ESCC were
remarkably higher than those in healthy controls.
CONCLUSION
Our study provides insights into the aberrant N-linked glycoproteome associated with ESCC,
which will be a valuable resource for future investigations.
Key Words: Esophageal squamous cell carcinoma; N-linked glycoprotein; Post-translational modification;
Lectin; Cathepsin D; Haptoglobin; 14-3-3ζ
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: The N-linked glycoproteome was comprehensively profiled by two-dimensional gel electrophoresis-based and isobaric tags for relative and absolute quantification (iTRAQ) labeling-based mass
spectrometry quantitation in parallel after N-linked glycoprotein enrichment by a tandem of multilectin
affinity chromatography. The iTRAQ labeling-based quantitative proteomic profiling outperformed
protein spot intensity quantification used by two-dimensional gel electrophoresis. A total of 411 N-linked
glycoproteins were identified, including 128 up-regulated and 283 down-regulated glycoproteins with
differential expression, which provide the scientific community with a dataset of glycoproteins associated
with esophageal squamous cell carcinoma for in-depth investigation.

Citation: Liu QW, Ruan HJ, Chao WX, Li MX, Jiao YL, Ward DG, Gao SG, Qi YJ. N-linked glycoproteomic
profiling in esophageal squamous cell carcinoma. World J Gastroenterol 2022; 28(29): 3869-3885
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3869.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3869

INTRODUCTION
Esophageal cancer is a severe global health issue with 572000 new cases and 509000 deaths in 2018, half
of which occur in China[1]. The two most common histological subtypes of esophageal cancer are
esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma, with ESCC being the
predominant histological subtype both in China and worldwide[2,3]. The long-term outcome of ESCC is
correlated with clinical stage at diagnosis with the best outcome in the early stages[4-6]. Unfortunately,
the current endoscopic screening for ESCC suffers from low patient compliance and high cost despite
the fact that an early detection rate of 70% was achieved in a high-risk region in northern central China
[7]. Furthermore, serum biomarkers for ESCC, including squamous cell carcinoma antigen, carcinoembryonic antigen, CYFRA21-1, and carbohydrate antigen 19-9, lack sufficient sensitivity and specificity
for early detection[8-11]. The overall 5-year survival rate ranges from 15% to 25% because most cases of
ESCC present at an advanced stage[6,12]. It is well accepted that novel biomarkers would hold great
promise to improve the clinical outcome of ESCC.
Recent large-scale “omics” studies in ESCC have identified a myriad of aberrations at the levels of
genome, epigenome, transcriptome, proteome, etc., revealing the high molecular heterogeneity of ESCC
[13-17]. Beyond the scope of other techniques, mass spectrometry (MS)-based proteomics has the ability
to measure post-translational modifications that provide additional significant biological insights, for
example, therapeutically targetable signaling proteins and pathways[18,19]. To date, comprehensive
glycoproteomic studies of ESCC are lacking. Glycosylation is present on more than 50% of human
proteins and aberrant glycosylation has been implicated in the development and progression of various
cancers[20-24]. The sugar chains of glycoproteins are involved in numerous physiological and
pathological functions including cell growth, adhesion, differentiation, migration, signal regulation,
immune responses, and tumor invasion[20,25,26]. Notably, the clinical prognosis of cancer has been
correlated with certain structures of glycans attached to proteins[27,28]. The bisecting GlcNAc structure
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catalyzed by N-acetylglucosaminyltransferase Ⅲ plays crucial roles in suppression of cancer metastasis,
which contrasts with the tumor-promoting role of β1, 6-branched N-glycan catalyzed by N-acetylglucosaminyltransferase Ⅴ[29]. It has been reported that E-cadherin modified by complex N-glycans exhibits
weakened adherens junctions, whereas high mannose or less N-glycans attached to E-cadherin
produces stable adherens junctions[30]. Furthermore, N-acetylglucosaminyltransferase Ⅲ modified α3β1
integrin suppresses cell spreading and migration and focal adhesion kinase activity[31]. The fraction of
ConA-binding procathepsin D in the serum of hepatocellular carcinoma patients is significantly
increased and shows a sensitivity of 85% and specificity of 80% for hepatocellular carcinoma diagnosis
[24]. Not surprisingly, over 50% of current cancer biomarkers are glycoproteins, such as AFP, AFP-L3,
CA19-9, CA125, and CEA[32-35].
In this study, we used MS-based proteomic analysis to identify N-linked glycoproteins associated
with ESCC after isolation of N-linked glycoproteins using tandem multilectin affinity chromatography.
Our study unraveled a comprehensive landscape of N-linked glycosylation dysregulation associated
with ESCC and bioinformatics analysis provided insights into the functional significance of such
aberrant glycosylation. The glycosylated fractions of procathepsin D, clusterin, 14-3-3ζ, proline-argininerich end leucine-rich repeat protein (PRELP), and haptoglobin may play important roles in malignant
progression of ESCC and are potential diagnostic biomarkers for ESCC, suggesting that N-linked
glycosylation aberrations may promote the malignant progression of ESCC.

MATERIALS AND METHODS
Clinical samples
All patients provided written informed consent, and the study was approved by the Ethics Committee
of the Medical School, Henan University, China (ethics ref: 108) and conducted in accordance with the
ethical guidelines of the 1975 Declaration of Helsinki. Forty-seven pairs of resected ESCC and adjacent
normal esophageal mucosa tissue samples, and ten pre-operative serum samples were collected at
Linzhou Cancer Hospital, Henan, China between 2010 and 2011 and stored in liquid nitrogen or at
-70 ℃ prior to protein extraction. Among the tissue samples, 15 pairs served as a discovery set and the
other 32 pairs as a validation set. All tissues were histopathologically confirmed as normal esophageal
mucosa or ESCC. The adjacent non-cancerous samples were at least 3 cm distant from the edge of
neoplastic mass. No patient in this study had received preoperative radiotherapy or chemotherapy.

Isolation of N-linked glycoproteins by lectin affinity chromatography
Extraction of total tissue proteins and N-linked glycoproteins was performed as previously reported
with modifications[24]. Briefly, the esophageal tissue was homogenized in lysis buffer (50 mmol/L Tris,
150 mmol/L NaCl, 1% NP-40, pH 7.2) supplemented with complete proteinase inhibitor cocktail (Roche
Diagnostics GmbH, Mannheim, Germany) followed by centrifugation and supernatant collection.
Enrichment of N-linked glycoproteins for three pairs of pooled protein samples from 15 ESCC and
adjacent non-tumor tissues (five samples for each pair) was performed by tandem lectin affinity
chromatography. The multilectin affinity chromatography used a combination of three agarose-bound
lectins, Con A (Vector Laboratories, AL-1003), lentil lectin (LCH, Vector Laboratories, AL-1043), and
snowdrop lectin (GNA, Vector Laboratories, AL-1243), and a combination of wheat germ agglutitin
lectin (WGA, Vector Laboratories, AL-1023) and elderberry lectin (SNA, Vector Laboratories, AL-1303)
for the first and second affinity chromatography, respectively. Sixty milligrams of pooled proteins were
diluted with binding buffer (30 mmol/L Bis-Tris, 150 mmol/L NaCl, 1 mmol/L CaCl2, 1 mmol/L
MnCl2, pH 7.2) and incubated with the lectins in the first affinity chromatography columns at room
temperature for 2 h. After incubation, 200 mmol/L methyl-α-D-mannopyranoside was used for elution
of high-mannose N-linked glycoproteins. The flowthrough of the first three-lectin column was subjected
to the second chromatography for isolation of GlcNAc/sialic acid-containing N-linked glycoproteins
using 200 mmol/L N-Acetyl-D-glucosamine as elution buffer. The eluted samples were desalted and
concentrated by acetone precipitation.

Two-dimensional gel electrophoresis and image analysis
Two-dimensional gel electrophoresis (2-DE) was performed as previously reported[24,36]. Fifty
micrograms of glycoproteins were used for the first-dimension isoelectrofocusing electrophoresis using
IPG strips with a linear pH range of 3-10, followed by the second dimension separation using 15% SDSPAGE gels. Silver stained gels were scanned with an ImageScanner. Image analysis was carried out with
ImageMaster 2-D Elite software 4.01.

In-gel digestion and MS identification
The excised protein spots with differential expression were reduced with DTT, alkylated with
iodoacetamide, dried in a speedvac, and digested with trypsin (12.5 μg/mL in 50 mmol/L ammonium
bicarbonate). LC-MS/MS analysis of tryptic peptides was performed using a Maxis Impact Q-TOF mass
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spectrometer (BrukerDaltonics, Bremen, Germany). The MS/MS data were searched against the
SwissProt human sequence database using MASCOT via Proteinscape (BrukerDaltonics, Bremen,
Germany) and reverse database searching was used for estimating the false discovery rate. All proteins
were identified by ≥ 2 unique peptides.

Isobaric tags for relative and absolute quantification labeling and MS identification
Isobaric tags for relative and absolute quantification (iTRAQ) labeling of tryptic peptides was performed
according to the protocol provided by the supplier. The iTRAQ labeled peptides derived from pooled
protein samples of ten ESCC and adjacent non-tumor tissues as previously described in duplicate[37]
were separated into 16 fractions by mixed-mode anion exchange/reverse-phase chromatography. Each
fraction was dried, dissolved in 0.1% formic acid, and analyzed by LC-MS/MS using a Maxis Impact QTOF mass spectrometer (BrukerDaltonics, Bremen, Germany). Data were searched against the SwissProt
human sequence database using MASCOT and expression ratios calculated by WARP-LC via
Proteinscape (BrukerDaltonics, Bremen, Germany). The false discovery rate was estimated using a
reverse database search strategy. All proteins were identified by ≥ 2 unique peptides. The data have
been deposited at https://www.iprox.cn/ with Project ID IPX0004371000.

Functional enrichment analysis
Gene-set enrichment analyses of differentially expressed glycoproteins (DEGs) and previously
identified differentially expressed proteins (DEPs)[37] were performed using Enrichment Map, which
organizes the enriched gene-sets into a network with links representing the overlap of member genes
[38]. The gene-sets with a P value < 0.001 and false discovery rate < 5% were selected for display in the
enrichment map. To gain an insight into the functional makeup of DEGs and DEPs, Proteomap was
used to visualize the functional distribution of DEGs or DEPs in cellular processes, including genetic
information processing, metabolism, cellular processes, signaling, and others[39].

Western blot analysis
Total tissue proteins were extracted using radioimmunoprecipitation assay lysis buffer, and
glycoproteins were isolated by lectin affinity chromatography. Total proteins or glycoproteins were
separated by SDS-PAGE and then transferred to PVDF membranes. The blots were blocked in 5% nonfat milk, incubated with primary antibodies and then corresponding secondary antibodies, and
visualized using Supersignal West chemiluminescent substrate (Pierce Biotechnology, Rockford, IL,
United States). Semi-quantitation of the band intensity was performed using image analysis software
and corrected by reference to GAPDH. The antibodies used in this study were: Haptoglobin (1:2000,
16665-1-AP, Proteintech), cathepsin D (1:2500, ab75852, Abcam), clusterin (1:5000, 12289-1-AP,
Proteintech), SOD3 (1:1500, T1799, Epitomics), PRELP (1:2000, AP6665b, Abgent), and 14-3-3-ζ (1:2500,
ab85268, Abcam).

Statistical analysis
All statistical analyses were performed with SPSS 24.0 software (SPSS, Chicago, IL, United States).
Comparisons of quantitated protein band density between ESCC and adjacent non-cancerous tissues
were done by paired Student’s t-tests or Wilcoxon signed-rank sum tests. All statistical tests were twosided, and P < 0.05 was considered statistically significant.

RESULTS
N-linked glycoprotein profiling by two-dimensional gel electrophoresis
This study utilized two rounds of multilectin affinity chromatography to isolate N-linked glycoproteins.
The first multilectin affinity column comprised Con A, LCH, and GNA lectins to isolate high-mannose
N-linked glycoproteins, and the second affinity column included WGA and SNA lectins for
GlcNAc/sialic acid-containing glycoprotein enrichment. 2-DE was used to separate the isolated Nlinked glycoproteins. Figure 1A and B shows the representative 2-DE images of high-mannose
glycoproteins isolated from ESCC and non-cancerous tissues. An average of 742 ± 45 protein spots could
be detected on each 2-DE gel analyzed by Image Master 2-D Elite. A total of 35 differential protein spots
with ≥ 1.5 fold-changes in protein spot intensities (P < 0.05) were identified, including 20 up-regulated
and 15 down-regulated protein spots in ESCC compared with corresponding non-cancerous tissues,
respectively. For GlcNAc/sialic acid-containing glycoprotein profiling, the patterns of protein spots on
2-DE gels were markedly different compared with those of high-mannose glycoproteins (Figure 1C and
D). There were 23 protein spots with differential expression, including 5 up-regulated and 18 downregulated protein spots in ESCC compared to non-cancerous tissues.
These protein spots were identified by LC-MS/MS of the trypsin-digested spots excised from
preparative gels. The identities of proteins are shown in Tables 1 and 2, in which 22 proteins and 23
proteins were derived from the first and second lectin affinity chromatography, respectively. There

WJG

https://www.wjgnet.com

3872

August 7, 2022

Volume 28

Issue 29

Liu QW et al. N-linked glycoproteome in ESCC

Table 1 Summary of high-mannose N-linked glycoproteins in esophageal squamous cell carcinoma by 2-dimensional gel
electrophoresis
Spot
No.

Accession

Protein identity (Theoretical MW/pI)

Ratio

P
value

Unique
Peptides

N-glycosylation
sites

608

ENOA_HUMAN

Alpha-enolase (47.1/7.7)

2.2 (↑)

0.008

2050.2
(M:2050.2)

33

1 (102)

638

CATD_HUMAN

Cathepsin D (44.5/6.1)

2.6 (↑)

0.009

1351.8
(M:1351.8)

20

2 (134, 263)

645

G3P_HUMAN

Glyceraldehyde-3-phosphate dehydrogenase (36/9.3)

3.2 (↑)

0.009

319.9 (M:319.9)

4

0

646

G3P_HUMAN

Glyceraldehyde-3-phosphate dehydrogenase (36/9.3)

5.2 (↑)

0.002

611.5 (M:611.5)

10

0

648

G3P_HUMAN

Glyceraldehyde-3-phosphate dehydrogenase (36/9.3)

8.9 (↑)

0.009

730.1 (M:730.1)

14

0

660

CO1A2_HUMAN

Collagen alpha-2(I) chain (129.2/9.7)

1.7 (↑)

0.008

1207.8
(M:1207.8)

20

1 (207)

664

CATD_HUMAN

Cathepsin D (44.5/6.1)

12.5 (↑)

0.005

1337.1
(M:1337.1)

18

2 (134, 263)

668

ALDOA_HUMAN Fructose-bisphosphate aldolase A (39.4/9.2) 1.6 (↑)

0.004

182.0 (M:182.0)

4

0

692

HSPB1_HUMAN

Heat shock protein beta-1 (22.8/6)

1.6 (↑)

0.009

1015.9
(M:1015.9)

15

0

694

TPIS_HUMAN

Triosephosphate isomerase (26.7/6.5)

1.8 (↑)

0.004

1277.6
(M:1277.6)

19

1 (233)

724

FABP5_HUMAN

Fatty acid-binding protein, epidermal
(15.2/7.5)

2 (↑)

0.002

818.4 (M:818.4)

14

0

731

HPT_HUMAN

Haptoglobin (45.2/6.1)

2.1 (↑)

0.006

418.7 (M:418.7)

11

2 (207, 241)

734

HSPB1_HUMAN

Heat shock protein beta-1 (22.8/6)

1.5 (↑)

0.009

464.0 (M:464.0)

7

0

737

APOA1_HUMAN

Apolipoprotein A-I (30.8/5.5)

1.6 (↑)

0.002

200.4 (M:200.4)

4

0

738

COF1_HUMAN

Cofilin-1 (18.5/9.1)

1.5 (↑)

0.009

381.8 (M:381.8)

7

0

739

HBB_HUMAN

Hemoglobin subunit beta (16/6.9)

2.7 (↑)

0.008

720.5 (M:720.5)

10

0

753

CATD_HUMAN

Cathepsin D (44.5/6.1)

4.6 (↑)

0.009

702.0 (M:702.0)

13

2 (134, 263)

755

HBA_HUMAN

Hemoglobin subunit alpha (15.2/9.4)

3.9 (↑)

0.005

377.6 (M:377.6)

7

0

756

FIBB_HUMAN

Fibrinogen beta chain (55.9/9.3)

1.8 (↑)

0.009

3911.9
(M:3911.9)

55

0

791

FIBG_HUMAN

Fibrinogen gamma chain precursor
(51.5/5.3)

1.5 (↑)

0.009

1356.7
(M:1356.7)

26

1 (78)

676

FIBB_HUMAN

Fibrinogen beta chain (55.9/9.3)

4.5 (↓)

0.006

1071.8
(M:1071.8)

18

0

678

CO3_HUMAN

Complement C3 (187/6)

6.2 (↓)

0.009

383.9 (M:383.9)

12

2 (85, 939)

688

HEMO_HUMAN

Hemopexin (51.6/6.6)

5.3 (↓)

0.002

698.2 (M:698.2)

13

2 (64, 240)

744

A1AT_HUMAN

Alpha-1-antitrypsin (46.7/5.3)

12.7 (↓)

0.009

784.8 (M:784.8)

14

3 (70, 107, 271)

748

HPT_HUMAN

Haptoglobin (45.2/6.1)

7.5 (↓)

0.008

1067.0
(M:1067.0)

19

2 (207, 241)

750

FIBB_HUMAN

Fibrinogen beta chain (55.9/9.3)

4.9 (↓)

0.009

3276.7
(M:3276.7)

48

0

772

A1AT_HUMAN

Alpha-1-antitrypsin (46.7/5.3)

1.8 (↓)

0.005

678.2 (M:678.2)

12

3 (70, 107, 271)

779

CLUS_HUMAN

Clusterin (52.5/5.9)

2.9 (↓)

0.009

619.3 (M:619.3)

10

3 (86, 103, 291)

801

FIBB_HUMAN

Fibrinogen beta chain (55.9/9.3)

2.1 (↓)

0.009

714.1 (M:714.1)

13

0

864

SODE_HUMAN

Extracellular superoxide dismutase [Cu-Zn] 6.4 (↓)
(25.8/6.2)

0.004

798.6 (M:798.6)

12

1 (107)

902

APOA1_HUMAN

Apolipoprotein A-I (30.8/5.5)

0.002

1206.2

24

0
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(M:1206.2)
932

TRFE_HUMAN

Serotransferrin precursor (77/7)

3.8 (↓)

0.004

187.0 (M:187.0)

4

1 (630)

936

HPTR_HUMAN

Haptoglobin-related protein (39/6.7)

1.5 (↓)

0.002

226.4 (M:226.4)

4

1 (149)

1000

A1AT_HUMAN

Alpha-1-antitrypsin (46.7/5.3)

15.2 (↓)

0.006

1091.2
(M:1091.2)

20

3 (70, 107, 271)

1001

HPT_HUMAN

Haptoglobin (45.2/6.1)

9.8 (↓)

0.009

1054.6
(M:1054.6)

18

2 (207, 241)

Table 2 Summary of sialic N-linked glycoproteins identified in esophageal squamous cell carcinoma by 2-dimensional gel
electrophoresis
Spot
No.

Accession

Protein identity (Theoretical MW/pI)

Ratio

P
value

Unique
Peptides

N-glycosylation
sites

3569

ENOA_HUMAN

Alpha-enolase (47.1/7.7)

2 (↑)

0.002

802.0
(M:802.0)

18

2 (17, 102)

3570

IGKC_HUMAN

Ig kappa chain C region (11.6/5.5)

2.4 (↑)

0.006

54.4 (M:54.4)

2

0

3612

TRFE_HUMAN

Serotransferrin (77/7)

1.5 (↑)

0.004

927.5
(M:927.5)

25

1 (630)

3687

KV305_HUMAN

Ig kappa chain V-III region WOL
(11.7/9.5)

1.7 (↑)

0.009

125.4
(M:125.4)

2

0

3720

A1AT_HUMAN

Alpha-1-antitrypsin (46.7/5.3)

1.9 (↑)

0.002

49.3 (M:49.3)

2

3 (70, 107, 271)

4746

FIBB_HUMAN

Fibrinogen beta chain (55.9/9.3)

2.8 (↓)

0.004

817.3
(M:817.3)

17

0

4784

ACTB_HUMAN

Actin, cytoplasmic 1 (41.7/5.2)

3.4 (↓)

0.002

43.6 (M:43.6)

2

1 (12)

4948

HBB_HUMAN

Hemoglobin subunit beta (16/6.9)

1.8 (↓)

0.006

129.3
(M:129.3)

4

0

4967

ACTA_HUMAN

Actin, aortic smooth muscle (42/5.1)

1.7 (↓)

0.009

402.1
(M:402.1)

9

1 (14)

4985

FHR2_HUMAN

Complement factor H-related protein 2
(30.6/6)

2 (↓)

0.002

271.1
(M:271.1)

5

0

4998

1433Z_HUMAN

14-3-3 protein zeta/delta (27.7/4.6)

6.6 (↓)

0.009

62.1 (M:62.1)

2

2 (173, 224)

5010

FIBA_HUMAN

Fibrinogen alpha chain (94.9/5.6)

2.1 (↓)

0.002

83.3 (M:83.3)

3

3 (288, 419, 831)

5019

ACTH_HUMAN

Actin, gamma-enteric smooth muscle
(41.8/5.2)

1.6 (↓)

0.009

92.7 (M:92.7)

3

1 (13)

5031

KV204_HUMAN

Ig kappa chain V-II region TEW (12.3/5.6)

1.5 (↓)

0.008

84.9 (M:84.9)

2

0

5057

CATB_HUMAN

Cathepsin B (37.8/5.9)

1.6 (↓)

0.009

84.8 (M:84.8)

2

2 (192, 289)

5069

FABP5_HUMAN

Fatty acid-binding protein, epidermal
(15.2/7.5)

1.5 (↓)

0.005

88.7 (M:88.7)

2

0

5076

CRYAB_HUMAN Alpha-crystallin B chain (20.1/6.9)

3.8 (↓)

0.009

240.1
(M:240.1)

6

0

5081

TAGL_HUMAN

Transgelin (22.6/9.4)

4.1 (↓)

0.009

134.7
(M:134.7)

3

0

5083

HSP71_HUMAN

Heat shock 70 kDa protein 1A/1B (70/5.4)

1.9 (↓)

0.004

105.8
(M:105.8)

3

1 (432)

5098

K1C17_HUMAN

Keratin, type I cytoskeletal 17 (48.1/4.8)

2.2 (↓)

0.002

198.2
(M:198.2)

5

0

5128

CYC_HUMAN

Cytochrome c (11.7/10.1)

2.6 (↓)

0.006

97.4 (M:97.4)

3

0

5164

S10A9_HUMAN

Protein S100-A9 (13.2/5.7)

1.7 (↓)

0.009

85.7 (M:85.7)

3

0

5173

S10A8_HUMAN

Protein S100-A8 (10.8/6.6)

1.5 (↓)

0.002

421.3
(M:421.3)

8

0
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Figure 1 Representative two-dimensional gel electrophoresis images of N-linked glycoproteins from esophageal squamous cell
carcinoma (ESCC) and adjacent non-cancerous tissues (N), in which the denoted numbers represent protein spots with differential
expression. A and B: Representative two-dimensional gel electrophoresis (2-DE) images of high-mannose glycoproteins from ESCC (A) and N (B); C and D:
Representative 2-DE images of GlcNAc/sialic acid-containing glycoproteins from ESCC (C) and N (D). ESCC: Esophageal squamous cell carcinoma; N: Noncancerous tissues.

were six proteins in common between these two isolated fractions. In agreement with our previous
reports[24,36], many gel spots were identified as the same protein, indicating the presence of different
proteoforms due to post-translational modifications. Using NetNGlyc (http://www.cbs.dtu.dk/
services/NetNGlyc) to predict the glycosylation sites on proteins, 72.7% (16/22) of high-mannose Nlinked glycoproteins and 56.5% (13/23) of GlcNAc/sialic acid-containing glycoproteins were found to
have potential glycosylation sites, indicating some non-specific binding to lectins by non-glycosylated
proteins.

N-linked glycoprotein profiling by iTRAQ labeling
To comprehensively characterize the N-linked glycoproteome in ESCC, we further performed iTRAQbased analysis of the N-linked glycoproteome in ESCC and non-cancerous tissues. One pair of protein
pools from ten ESCC and matched non-cancerous tissues, respectively, were subjected to tandem lectin
affinity chromatography enrichment, in-solution digestion with trypsin, iTRAQ labeling, and LCMS/MS identification in duplicate. In total, 1464 and 1298 proteins from the first affinity column were
identified in the two technical replicates (Figure 2A, Supplementary Tables 1 and 2). Using the cut-off
criteria of ≥ 2 unique peptides and a fold-change of 1.5, 189 and 138 proteins with differential expression
were identified from the first and second independent pools, respectively, with 65 proteins in common,
resulting in identification of 262 differentially expressed proteins in total from the high-mannose
binding lectin affinity chromatography, of which 203 (77.5%) have predicted N-linked glycosylation
sites (Figure 2B). For N-linked glycoproteins enriched by the downstream GlcNAc/sialic acid binding
lectin chromatography, two independent iTRAQ-labeled pools produced 1174 and 936 proteins
following isolation of high-mannose glycoproteins (Figure 2C, Supplementary Tables 3 and 4). There
were 237 of 1174 and 154 of 936 proteins with differential expression, respectively, with 74 proteins in
common (Figure 2D). A total of 317 unique proteins, of which 246 (77.6%) were predicted to be N-linked
glycoproteins, were identified from the GlcNAc/sialic acid binding lectin chromatography enrichment.
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Figure 2 N-linked glycoprotein profiling by isobaric tags for relative and absolute quantification labeling and liquid chromatography
electrospray ionisation tandem mass spectrometry/mass spectrometry identification. A: Waterfall plot shows the differentially expressed highmannose glycoproteins; B: Venn diagram depicts the unique and overlapped high-mannose glycoproteins identified from two independent replicates; C: Waterfall plot
shows the differentially expressed GlcNAc/sialic acid-containing glycoproteins; D: Venn diagram depicts the unique and overlapped GlcNAc/sialic acid-containing
glycoproteins identified from two independent replicates. iTRAQ: Isobaric tags for relative and absolute quantification.

There were 58 overlapping glycoproteins found between 262 high-mannose glycoproteins and 317
GlcNAc/sialic acid-containing glycoproteins.

Comparison of two-dimensional gel electrophoresis-based and iTRAQ labeling-based profiling
In this study, two protocols for identifying N-linked glycoproteins based on different quantitative
methods yielded quite different results. There were only 11 high-mannose glycoproteins and 4
GlcNAc/sialic acid-containing glycoproteins in common between 2-DE-based and iTRAQ-based
glycoproteomic profiling. Our results demonstrate that iTRAQ-based quantitative proteomic profiling
outperformed protein spot intensity quantification by 2-DE. There were, however, common
glycoproteins found by both approaches. Therefore, the combination of these four fractions produced
411 unique N-linked glycoproteins. These findings indicate that a combination of these two complementary protocols could generate a more comprehensive landscape of N-linked glycoproteome
implicated in ESCC because iTRAQ-based and 2-DE-based methods were able to isolate unique
glycoproteins, thus providing a good representation of the N-linked glycoproteome.

Functional analysis of differentially expressed glycoproteins
To explore the biological function of the 411 DEGs associated with ESCC, KEGG pathway enrichment
analysis was initially performed using Enrichment Map. Figure 3A-C shows the 64 enriched pathways,
which include complement and coagulation cascades, focal adhesion, ECM-receptor interaction, cellular
interactions, immune response and infection, metabolism of fructose and mannose, glycolysis and
gluconeogenesis, splicesome, and PI3K-Akt and HIF-1 signaling pathways. In addition, proteomaps
were constructed to visualize the composition of these DEGs in the five functional categories, which
comprise genetic information processing, environmental information processing, cellular processes,
metabolism, and organismal systems. Figure 4A-C shows that the genetic information processing
accounts for the largest component of the DEGs, with protein processing, translation, and transcription
being the biggest contributors to this functional category. In the category of signaling events, both the
up-regulated and down-regulated DEGs were involved in PI3K-Akt, MAPK, Ras, Rap1, and HIF-1
signaling pathways (Figure 4A and B). The layouts of cellular process between up-regulated and downregulated DEGs were different, with common components of exosome, lysosome, phagosome,
cytoskeleton, and cell cycle, whereas the down-regulated DEGs are implicated in focal adhesion, tight
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Figure 3 Functional analyses of proteins and glycoproteins with differential expression using enrichment map. A-C: Kyoto encyclopedia of
genes and genomes (KEGG) pathway enrichment analysis using enrichment map shows the significantly enriched biological pathways of up-regulated differentially
expressed glycoproteins (DEGs), down-regulated DEGs, and total DEGs, respectively; D-F: KEGG pathway enrichment analysis using enrichment map shows the
significantly enriched biological pathways of up-regulated DEPs, down-regulated DEPs, and total DEPs, respectively. KEGG: Kyoto encyclopedia of genes and
genomes; DEGs: Differentially expressed glycoproteins; DEPs: Differentially expressed proteins.
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Figure 4 Functional analyses of proteins and glycoproteins with differential expression using Proteomap. A-C: Kyoto encyclopedia of genes
and genomes (KEGG) pathway enrichment analysis using Proteomap shows the significantly enriched biological pathways of up-regulated differentially expressed
glycoproteins (DEGs), down-regulated DEGs, and total DEGs, respectively; D-F: KEGG pathway enrichment analysis using Proteomap shows the significantly
enriched biological pathways of up-regulated DEPs, down-regulated DEPs, and total DEPs, respectively. KEGG: Kyoto encyclopedia of genes and genomes; DEGs:
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Differentially expressed glycoproteins; DEPs: Differentially expressed proteins.

junction, endocytosis, and p53 signaling pathway (Figure 4A and B). In glycolysis, there were more upregulated than down-regulated DEGs. Notably, the complement and coagulation cascades in the
immune system include exclusively down-regulated DEGs (Figure 4A and B).

Functional comparison between glycoproteins and proteins with differential expression
Because there were only 82 overlapping proteins between DEGs and DEPs, the distinct subproteomes in
each functional category may affect the structure of proteomaps. As shown in Figure 4, the compositions
of proteomaps differ. In the category of genetic information processing, the chaperones, spliceosome,
and peptidases are the predominant components in DEGs whereas the spliceosome, proteasome, and
ribosome are the main contributors in DEPs. Although there are some signaling pathways (PI3K/Akt,
MAPK, HIF1, Ras, and Rap1) in common in DEGs and DEPs, distinct components (neuroactive ligandreceptor interaction, calcium signaling pathway, GPT-binding signaling proteins, steroid hormone
biosynthesis, and cytokines in DEPs vs NF kappa B pathway, FoxO pathway, ECM-receptor interaction,
CD molecules, lectins, and enzyme-linked receptors in DEGs) are present in environment interaction
(Figure 4C and F). Along with these differences, distinct compositions of the other three categories were
found as well, in agreement with uniquely characterized proteomes. Likewise, Enrichment Map analysis
showed that marked differences were found between DEGs and DEPs (Figure 3C and F). In the same
line, there were remarkable distinctions between DEGs and DEPs identified using iTRAQ-based
quantitation of Indian ESCC samples (data not shown)[40].

Validation of potential glycoprotein biomarkers
Western blot analysis was performed to validate the differential expression of potential glycoprotein
biomarkers for ESCC, including haptoglobin, cathepsin D, clusterin, superoxide dismutase 3 (SOD3),
PRELP, and 14-3-3ζ. Consistent with the corresponding protein spots of 748 and 1001 on 2-DE images,
haptoglobin expression in ESCC was significantly down-regulated in tumor compared with adjacent
non-cancerous tissues (Figure 5A). In contrast, the expression of procathepsin D instead of mature
cathepsin D was remarkably enhanced in ESCC compared with the corresponding non-cancerous
tissues (Figure 5B). There were no significant differences in the expression levels of the other four
selected proteins (Supplementary Figure 1). These data suggest that the differential expression of
glycoproteins identified in this study could be caused by up-regulation of protein expression, or upregulation of N-linked glycosylation due to aberrant expression or activities of certain glycosyltransfereases.
To assess the contribution of high-mannose or GlcNAc/sialic acid components attached to the
selected glycoproteins, enrichment of corresponding glycoproteins via glycan chain binding to specific
lectins was performed followed by Western blot detection. Consistent with the up-regulation of
procathepsin D protein, the high-mannose subtype of procathepsin D was pronouncedly increased in
ESCC as well (Figure 5C). In contrast to the expression pattern of total clusterin protein, the highmannose fraction of clusterin was markedly down-regulated in ESCC as compared with non-cancerous
tissues (Figure 5C). However, the glycosylated fractions of SOD3, PRELP, and haptoglobin did not show
significant differences between ESCC and non-cancerous tissues after enrichment of high-mannose
glycan structure of glycoproteins using lectin affinity chromatography. In agreement with the
quantitative result of glycosylated 14-3-3ζ, the GlcNAc/sialic acid-containing fraction of 14-3-3ζ was
strongly reduced in ESCC (Figure 5C).

Serum levels of potential glycoprotein biomarkers
As isolation of N-linked glycoproteins from serum reduces the high-complexity of the serum proteome,
we characterized the serum levels of potential glycoprotein biomarkers in patients with ESCC. As
expected, the total protein levels of the six selected proteins were not significantly different in the serum
of ESCC patients and healthy controls (Supplementary Figure 2). In contrast, the serum levels of
glycosylated forms of clusterin, PRELP, and haptoglobin in ESCC patients were much higher than those
of healthy controls (Figure 5D).

DISCUSSION
Aberrant glycosylation of proteins, which is not correlated with mRNA levels, has been linked to a
variety of cancers and reflects disease status and progression[20,41-44]. MS-based proteomics and
glycomics hold considerable potential to identify novel glycosylation-based biomarkers. To the best of
our knowledge, this study is the first to use tandem lectin affinity chromatography to enrich N-linked
glycoproteins, followed by 2-DE-based and iTRAQ labeling-based proteomic quantitative profiling, and
protein identification by MS. In total, 411 differentially expressed N-linked glycoproteins were
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Figure 5 Western blot validations of potential glycoprotein biomarkers. A and B: Representative Western blot results show haptoglobin (HP) (A) and
procathepsin D (pCD) (B) with differential expression between esophageal squamous cell carcinoma (ESCC/T) and adjacent non-cancerous tissues (N); C:
Representative Western blot results show the N-linked glycosylated fraction of HP, pCD, clusterin, superoxide dismutase 3 (SOD3), proline-arginine-rich end leucinerich repeat protein (PRELP), and 14-3-3ζ in ESCC/T and N enriched by corresponding lectins; D: Representative Western blot results show the N-linked glycosylated
fractions of clusterin, PRELP, and HP in serum of patients with ESCC/T and healthy controls. The results are representative of three independent experiments.
ESCC/T: Esophageal squamous cell carcinoma; HP: Haptoglobin; pCD: Procathepsin D; SOD3: Superoxide dismutase 3; PRELP: Proline-arginine-rich end leucinerich repeat protein.

identified, including 128 up-regulated and 283 down-regulated DEGs. These DEGs provide the scientific
community a dataset of glycoproteins associated with ESCC for in-depth investigation.
Depending on the linkage of carbohydrate to the protein backbone, glycoproteins fall into two main
types, N-glycosylated and O-glycosylated, in which glycans are covalently attached to the amide
nitrogen of asparagine residues and to the hydroxyl group of serine or threonine residues, respectively
[45]. Lectins are defined as proteins that bind to the particular oligosaccharide epitope structures
attached to proteins or lipids via selective affinities[46]. Due to these natural features, lectins are
frequently used to isolate glycoproteins from a variety of origins, in particular from blood, to reduce
sample complexity and to enrich low-abundance proteins. Using three lectins in parallel, i.e., ConA,
WGA, and Jacalin, a total of 423 proteins were fractionated from membrane proteins, among which 202
(71%) have predicted N-linked glycosylation sites[47]. As expected, there were unique and shared
proteins enriched by these three lectins. To comprehensively isolate N-linked glycoproteins involved in
ESCC, five lectins allocated to two sequential affinity chromatographies were used in this study to
increase the coverage of captured N-linked glycoproteins. In addition, two complementary methods for
quantitative profiling of enriched glycoproteins were used. In total, 262 and 317 nonredundant DEPs
were identified by iTRAQ labeling-based profiling from the first and second lectin affinity chromatography, respectively. 2-DE-based MS/MS profiling led to fewer DEPs being identified compared with
the iTRAQ labeling-based approach. Under a high stringency of selection criteria (foldchange ≥ 1.5,
unique peptides ≥ 2), 519 proteins were identified in total, of which 402 (77.5%) carry predicted N-linked
glycosylation sites. Identification of a large number of proteins without predicated glycosylation sites
indicates the existence of non-specific binding to certain lectins needing further in-depth study to
elucidate.
Functional analysis based on KEGG pathway annotations by Proteomap revealed that there were
striking differences in the compositions of DEGs distributed in five functional entities. In line with
previous findings, the DEGs in genetic information processing account for the largest fraction of Nlinked glycoproteome, supporting the survival and rapid growth of cancer cells[39]. In further support
of this, a number of signaling pathways, including PI3K-Akt, MAPK, Rap1, and HIF-1 pathways, which
play important roles in oncogenesis and progression, were significantly enriched. In metabolism,
glycolysis was significantly enriched in DEGs identified in this study. The increased rate of glucose
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metabolism and aerobic glycolysis, also known as the Warburg effect, are recognized hallmarks of
cancer[48]. In agreement with this, HIF signaling proteins were over-represented in ESCC and may
contribute to increased glycolysis. Besides energy generation, aerobic glycolysis enhances rapid growth
and unlimited proliferation of cancer cells through providing precursors for certain biosynthetic
processes as well as alteration of the tumor microenvironment[49]. Moreover, extracellular lactate has
inhibitory effects on human cytotoxic T lymphocytes[50,51]. Furthermore, metabolic phenotype of
cancer stem cell seems distinct from bulk cancer cells and is characterized by glycolysis and/or XoPhos
[49]. The increased expression of fructose-bisphosphate aldolase A, triosephosphate isomerase, alphaenolase, all-trans-retinol dehydrogenase [NAD(+)] ADH1B, and glyceraldehyde-3-phosphate dehydrogenase in ESCC may contribute to the progression of ESCC via increased glycolysis and could serve as
therapeutic targets for the management of ESCC. All together, these distinct functional categories and
related effector molecules may represent potential therapeutic targets in ESCC.
Cathepsin D, a lysosomal protease, is expressed in nearly all cells and tissues of mammals. However,
pro-cathepsin D but not mature cathepsin D is reportedly associated with the development and
progression of a variety of cancers[52]. In line with up-regulation of ConA-binding cathepsin D and
procathepsin D, glycosylated procathepsin D was increased in ESCC as well, suggesting it as a potential
biomarker for ESCC. In addition, we also demonstrated that both total haptoglobin and N-linked
haptoglobin in serum were differentially expressed in ESCC, as seen in other malignancies[41,53,54].
Although there were no alterations in the levels of total protein expression, the high-mannose clusterin
and sialic acid glycoforms of 14-3-3ζ were down-regulated in ESCC but need further study to characterize their glycan moieties. After probing the serum levels of these candidate biomarkers, we provide
several potential biomarkers for ESCC diagnosis. Additionally, our findings reveal that differential
protein expression is a confounding factor for identification of aberrant glycosylation.
The current study has several limitations. First, the main limitation is that sample pooling used in this
study may cause a loss of inter-individual information. However, this is partly compensated by the
validation of candidate biomarkers using individual tissue samples. Second, affinity chromatography
comprising multiple lectins for glycoprotein isolation yielded different subglycoproteomes. Further
studies should characterize the composition and structure of glycans associated with proteins.
Nevertheless, our study represents, to our knowledge, the first study to characterize the glycoproteome
associated with ESCC, and thus provides the scientific community a resource of glycoproteins for indepth investigation.

CONCLUSION
In conclusion, this study catalogued a total of 411 N-linked glycoproteins implicated in ESCC after
glycoprotein enrichment using two stage multilectin affinity chromatography and MS/MS identification. Proteomap analysis revealed the distribution of differential glycoproteins in five functional
categories. A preliminary validation demonstrated the differential expression of glycoprotein biomarker
candidates, including total procathepsin D and haptoglobin in ESCC, high-mannose fractions of
procathepsin D, clusterin and sialiated 14-3-3ζ in ESCC, and glycosylated fractions of clusterin, PRELP,
and haptoglobin in serum. Consequently, this study yielded a comprehensive landscape of N-linked
glycoproteome associated with ESCC for further characterization.

ARTICLE HIGHLIGHTS
Research background
Recent large-scale “omics” studies in esophageal squamous cell carcinoma (ESCC) have identified a
myriad of aberrations at the levels of genome, epigenome, transcriptome, proteome, etc., revealing the
high molecular heterogeneity of ESCC. However, protein post-translational modifications, such as
glycosylation and phosphorylation, which provide additional significant biological insights, are
missing.

Research motivation
The sugar chains of glycoproteins are involved in numerous physiological and pathological conditions.
More than 50% of current cancer biomarkers are glycoproteins.

Research objectives
To identify N-linked glycoproteins associated with ESCC after isolation of N-linked glycoproteins using
tandem multilectin affinity chromatography.
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Research methods
N-linked glycoproteins were isolated from ESCC and adjacent non-tumor tissue samples using
multilectin affinity chromatography. Two-dimensional gel electrophoresis (2-DE)-based and isobaric
tags for relative and absolute quantification (iTRAQ) labeling-based mass spectrometry quantitation
were performed in parallel to profile the N-linked glycoproteome in ESCC, followed by validation of
candidate glycoprotein biomarkers using Western blot.

Research results
A total of 411 differentially expressed N-linked glycoproteins (DEGs) with potential glycosylation sites
on proteins were identified by 2-DE-based and iTRAQ labeling-based quantitation, demonstrating the
outperformance of iTRAQ labeling-based quantitation over 2-DE. These DEGs exhibited distinctive
compositions in functional categories from differentially expressed proteins in ESCC. Western blot
analysis validated the up-regulation of total procathepsin D and high-mannose procathepsin D, and the
down-regulation of total haptoglobin, high-mannose clusterin, and GlcNAc/sialic acid-containing
fraction of 14-3-3ζ in ESCC tissues. The serum levels of glycosylated fractions of clusterin, prolinearginine-rich end leucine-rich repeat protein, and haptoglobin in patients with ESCC were remarkably
higher than those in healthy controls.

Research conclusions
This study identified the aberrant N-linked glycoproteome associated with ESCC, which will be a
valuable resource for future investigations.

Research perspectives
In-depth characterization of the composition and structure of glycans associated with proteins can shed
more lights on biological insights and clinical relevance of the identified DEGs in ESCC.
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Abstract
BACKGROUND
The high prevalence and persistence of Helicobacter pylori (H. pylori) infection, as
well as the diversity of pathologies related to it, suggest that the virulence factors
used by this microorganism are varied. Moreover, as its proteome contains 340
hypothetical proteins, it is important to investigate them to completely
understand the mechanisms of its virulence and survival. We have previously
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reported that the hypothetical protein HP0953 is overexpressed during the first hours of adhesion
to inert surfaces, under stress conditions, suggesting its role in the environmental survival of this
bacterium and perhaps as a virulence factor.
AIM
To investigate the expression and localization of HP0953 during adhesion to an inert surface and
against gastric (AGS) cells.
METHODS
Expression analysis was performed for HP0953 during H. pylori adhesion. HP0953 expression at 0,
3, 12, 24, and 48 h was evaluated and compared using the Kruskal-Wallis equality-of-populations
rank test. Recombinant protein was produced and used to obtain polyclonal antibodies for
immunolocalization. Immunogold technique was performed on bacterial sections during
adherence to inert surfaces and AGS cells, which was analyzed by transmission electron
microscopy. HP0953 protein sequence was analyzed to predict the presence of a signal peptide and
transmembrane helices, both provided by the ExPASy platform, and using the GLYCOPP platform
for glycosylation sites. Different programs, via, I-TASSER, RaptorX, and HHalign-Kbest, were used
to perform three-dimensional modeling.
RESULTS
HP0953 exhibited its maximum expression at 12 h of infection in gastric epithelium cells.
Immunogold technique revealed HP0953 localization in the cytoplasm and accumulation in some
peripheral areas of the bacterial body, with greater expression when it is close to AGS cells.
Bioinformatics analysis revealed the presence of a signal peptide that interacts with the
transmembrane region and then allows the release of the protein to the external environment. The
programs also showed a similarity with the Tip-alpha protein of H. pylori. Tip-alpha is an exotoxin
that penetrates cells and induces tumor necrosis factor alpha production, and HP0953 could have a
similar function as posttranslational modification sites were found; modifications in turn require
enzymes located in eukaryotic cells. Thus, to be functional, HP0953 may necessarily need to be
translocated inside the cell where it can trigger different mechanisms producing cellular damage.
CONCLUSION
The location of HP0953 around infected cells, the probable posttranslational modifications, and its
similarity to an exotoxin suggest that this protein is a virulence factor.
Key Words: Hypothetical protein HP0953; Adherence; Helicobacter pylori; Glycocalyx; Virulence factor;
Persistence
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: The high prevalence and persistence of Helicobacter pylori infection and the diverse pathologies
associated with it suggest that the virulence factors of this microorganism are varied. Moreover, its
proteome contains 340 hypothetical proteins, so it is crucial to investigate them to elucidate the
mechanisms of its virulence and survival. We studied the hypothetical protein HP0953, its location around
infected cells, and the probable posttranslational modifications. Its similarity to an exotoxin suggests that
HP0953 is a virulence factor.
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INTRODUCTION
The estimated prevalence of Helicobacter pylori (H. pylori) infection is 70% in developing countries and
30%-40% in the United States and other industrialized countries[1]. However, not all people infected
with this bacterium have symptoms. H. pylori has been associated with gastroduodenal diseases and it is
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considered the major risk factor for the development of gastric cancer[2]. H. pylori colonizes the gastric
mucosa, adhering to the mucous epithelial cells and to the mucous layer that covers the gastric
epithelium. Adherence to gastric cells is the first step in establishing an infection and for successful
colonization, the bacterium releases various effector proteins/toxins[3-5].
Upon colonization, the pathogenic mechanism of H. pylori is mediated by virulence factors such as
flagella and the ability to form a biofilm (both in vitro and in vivo)[6]. Biofilm formation enhances the
ability of microorganisms to survive in a hostile environment, which would cause and exacerbate
infections, rather than extend them, resulting in chronicity[7]. The glycocalyx participates in adhesion to
inert surfaces, allowing biofilm formation but also participates in cell attachment; the major components
of the glycocalyx are glycans and may contain digestive proteins or secreted virulence factors[8,9]. H.
pylori secretes various virulence factors, including urease, cag pathogenicity island proteins,
hemagglutinin, Lewis antigens (Lex and Ley), BabA CagA, and VacA[10-12]. All these virulence factors
have been extensively investigated elsewhere.
Furthermore, H. pylori contains hypothetical proteins, some of which are secreted particularly in the
context of interactions with the host. The bacterium uses a set of secreted and translocated proteins to
adapt itself to the mucosal environment[13]. H. pylori possesses a relatively small genome of < 1.6 Mb
[14,15] compared with other gram-negative prokaryotes, such as Escherichia coli, whose genome is > 4.5
Mb[16]. Despite its small size, an ineligible fraction of H. pylori proteins, possibly 30%-40%, are
annotated as “hypothetical proteins”. Using bioinformatics tools, Naqvi et al[17] and Zanotti and
Cendron[18] respectively analyzed 340 hypothetical proteins of H. pylori 26695. The function of some of
these proteins can be hypothesized based on a weak homology with proteins of other bacteria, whereas
most proteins do not exhibit similarities with others, and their function cannot be predicted[17,18].
HP0953 is a hypothetical and uncharacterized protein of H. pylori secretome; it lacks conserved
domains but, interestingly, is present in all H. pylori strains whose genomes have been sequenced, as
well as in H. acinonychis that colonizes the gastric mucosa of large felines. The closely related H. hepaticus
and Campylobacter jejuni lack HP0953 homologs, suggesting that HP0953 is unique to the gastric Helicobacter species[11]. Moreover, we previously observed that this protein is overexpressed during adhesion
to inert surfaces under stress conditions. Most of the possible effects of secreted proteins on the host
have yet to be discovered. In addition, secreted factors represent eligible proteins for identifying
promising targets for the development of new antimicrobial drugs[17,18].
In recent years, there has been an increasing importance on H. pylori; on the one hand when it is
present, it is associated with gastric disease, and on the other hand, it is associated with gastroduodenal
reflux, food allergy, and asthma when it is absent[19]. This dual role in the human microbiota
emphasizes the need for further characterization of the hypothetical proteins already described. In this
study, the location of the protein is determined for the first time, inside and outside the bacterium, and
we predict some biochemical characteristics, through in silico analysis that contribute toward
understanding the importance of this hypothetical protein to the microorganism in the establishment of
infection, its role in such infection, or colonization of the host.

MATERIALS AND METHODS
In silico analysis of HP0953 protein
We obtained the amino acid sequence of HP0953 (accession number NP_207745) from the National
Center for Biotechnology Information database[20]. Then, we used the Pfam database to analyze the
HP0953 sequence and search for conserved domains or homologous regions present in other proteins
[21].

Signal peptide prediction
The amino acid sequence of HP0953 was analyzed using the SignalP-4.1 tool provided by the ExPASy
platform to predict the presence of a signal peptide[22].

Prediction of transmembrane helices and glycosylation sites
The amino acid sequence previously obtained was analyzed to predict transmembrane helices using the
TM pred tool provided by the ExPASy platform[23,24]. The glycosylation sites were investigated using
the GLYCOPP platform[25].

Three-dimensional modeling of HP0953 protein
To explore the remote homologs that could be used as a template for modeling, we used the HHpred
tool that uses the HMM comparison[26]. Different programs such as I-TASSER[27], RaptorX[28], and
HHalign-Kbest[29] were used to perform three-dimensional (3D) modeling.

Strain, cell culture, and extraction of genomic DNA from H. pylori
H. pylori strain 26695 was cultured on Casman agar (Dibico; Mexico) supplemented with 5% sheep
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erythrocytes and incubated in an atmosphere of 50 mL/L CO2 and 37 °C for 48 h. The culture was
harvested for infected human against gastric (AGS) cell-line assay and genomic DNA extraction.
Genomic DNA extraction was performed according to the protocol established for the Wizard kit
(Promega; United States) by its manufacturer.

Amplification and purification of HP0953
HP0953 was amplified by polymerase chain reaction (PCR) using H. pylori genomic DNA as the
template. To amplify the complete gene, 50 μL of reaction mixture was prepared as follows: 1.25 U
polymerase GoTaq®, 0.2 mmol/L dATP, 0.2 mmol/L dGTP, 0.2 mmol/L dCTP, 0.2 mmol/L dTTP, 1.5
mmol/L MgCl2 (Promega), HP0953F oligonucleotide (25 pmol) (5’-GGGGGATCCATGGTTTTAATCGCTCTTTTAGGGGTG-3’), HP0953R oligonucleotide (25 pmol) (5’-GGGGTCGACCCTTAACGCACAAACGCTACC-3’), and H. pylori 26695 DNA (250 ng). For amplification of the gene
without the signal peptide, the same PCR was performed substituting the oligonucleotide HP0953F by
HP095WSPF (5’-GGGGGATCCGTCTCTGATTTAAAGGGCATG-3’). The amplification cycle consisted
of 94 °C for 1 min, followed by 30 cycles at 94 °C for 30 s, 68.4 °C for 30 s, 72 °C for 1 min, and a final
step at 72 °C for 7 min. Both PCR products (555 and 474 bp) were purified using the protocol established
by Promega for using the Wizard® SV gel and the PCR Clean-Up System (Promega).

Cloning of the complete and without-signal peptide hp0953
Complete HP0953 and its version without the signal peptide were inserted into the vector pJET1.2
(Thermo Scientific; Lithuania) according to the manufacturer’s instructions to obtain the recombinant
pJET-HP0953 and pJET-HP0953WSP plasmids, respectively. Chemically competent DH5α cells of
Escherichia coli (E. coli) were transformed with each plasmid by thermal shock[30,31]. The recombinant
colonies were selected in LB agar (Sigma-Aldrich; MO) containing 100 μg/mL ampicillin. The plasmids
were extracted using the illustraTM plasmidPrep Mini Spin Kit (GE Healthcare; United Kingdom).
The pJET-HP0953 and pJET-HP0953WSP plasmids were digested with the fast restriction enzymes
BamHI and Sal I according to the manufacturer’s instructions (Thermo Scientific) to free both versions of
HP0953. Restriction products were purified using the protocol established by Promega for the Wizard®
SV gel and the PCR Clean-Up System. DNA fragments were ligated into the expression vectors
pET28a(+) (Novagen, United States) for the complete HP0953 and pGEX-6p-2 (GE Healthcare) for the
version without the signal peptide. The vectors were digested with the same enzymes and treated with
alkaline phosphatase (Thermo Scientific). The Rapid DNA Ligation Kit (Thermo Scientific) was used to
obtain the recombinant pET-HP0953 and pGEX-HP0953WSP plasmids. Chemically competent DH5α
cells of E. coli were transformed with each plasmid by thermal shock. The recombinant colonies were
selected in LB agar containing 50 μg/mL kanamycin for pET-HP0953 or 100 μg/mL ampicillin for
pGEX-HP0953WSP. The plasmids were extracted using the illustraTM plasmidPrep Mini Spin Kit (GE
Healthcare) and analyzed by PCR. DNA inserts in the recombinant plasmids were characterized by
sequencing; for this purpose, PCRs were performed as described earlier using the following primers:
T7F (5’-TAATACGACTCACTATAGGG-3’) and T7R (5’-GCTAGTTATTGCTCAGCG-3’) for pETHP0953 and HP095WSPF (5’-GGGGGATCCGTCTCTGATTTAAAGGGCATG-3’) and HP0953R (5’GGGGTCGACCCTTAACGCACAAACGCTACC-3’) for pGEX-HP0953WSP. The annealing temperature
was 68.4 °C for pET-HP0953 and 60 °C for pGEX-HP0953WSP. The PCR products were purified as
described earlier and sequenced by Synthesis and Sequencing Unit, Institute of Biotechnology,
Universidad Nacional Autónoma de México. Chemically competent BL21 pLysS cells of E. coli were
transformed with each recombinant plasmid and the empty plasmids by thermal shock[31]. The
recombinant colonies were selected in LB agar containing the corresponding antibiotic.

Expression and purification of HP0953 protein
The HP0953 protein was expressed according to the manufacturer’s instructions for pET28a(+) and
pGEX-6p-2 vectors using 1 mmol/L IPTG (Sigma-Aldrich) and incubating the E. coli pET28a(+)/pETHP0953-transformed cells for 16 h at 30 °C to obtain the recombinant protein His-HP0953 and the E. coli
pGEX-6p-2/pGEX-HP0953WSP-transformed cells for 3 h at 37 °C to obtain the recombinant protein
GST-HP0953WSP. The inclusion bodies were extracted as described in the inclusion body preparation
method without solubilizing the inclusion bodies in a denaturing agent[32]. The cell pellet was
resuspended in 1 mL of 4 × sample buffer. Aliquots were collected throughout the process and analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot assays.
The inclusion bodies were electrophoresed on SDS-PAGE, and the recombinant protein band was
purified by electroelution. The glutathione-S-transferase (GST)-HP0953WSP recombinant protein was
used to produce polyclonal antibodies, as described later, and the His-HP0953 protein was used to
purify antibodies.

Production of polyclonal anti-GST-HP0953WSP
Anti-GST-HP0953WSP antibodies were obtained by immunization of a New Zealand rabbit (2 mo age)
according to the Howard and Bethell method[33] (approved by the Bioethics Committee of the Hospital
Infantil de México Federico Gómez).
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Purification of polyclonal anti-HP0953
Purification of polyclonal antibody was performed by immunoadsorption. The His-HP0953 protein was
subjected to SDS-PAGE on preparative gels. The bands were transferred onto a polyvinylidene fluoride
(PVDF) membrane (Millipore; United States), which was blocked with 0.5% bovine serum albumin
(BSA) and washed with phosphate buffer solution (PBS)-Tween. Serum was diluted 1:100 in PBS-Tween,
incubated with the membrane for 2 h under stirring at room temperature, and washed with PBS-Tween;
then, the membrane was incubated with 0.02 M glycine-HCl (pH 2.2) for 10 min at room temperature.
Finally, 1 M Tris base (pH 9.1) was added. The antibody was recovered and stored at -20 °C.
Nonpurified antisera and purified antibodies were tested against a total extract of H. pylori, and the two
purified recombinant proteins were evaluated by western blotting using the same PVDF membrane,
which was stripped between each test[34].

Construction of plasmid pBlue-5CM3 for site-directed mutagenesis of the HP0953 gene in H. pylori
The chloramphenicol resistance gene was obtained from the pLysS plasmid of the E. coli BL21 (DE3)
pLysS strain by PCR, for which 50 μL of reaction mix was prepared, consisting of 1 × HF Fusion buffer
(Thermo Scientific); 0.2 mmol/L each of dATP, dGTP, dCTP, and dTTP (Promega); 6 pmol each of
primer CMF (5’-GGG AGATCTTTACGCCCCGCCCTG-3’) and CMR (5’-GGGCATATGATGGAGAAAAAAATCACTGG-3’); plasmid pLysS (250 ng); and Phusion DNA Polymerase (1 U) (Thermo
Scientific). The CMF and CMR primers contain restriction sites for BglII and NdeI, respectively. The
amplification program consisted of initial denaturation at 98 °C for 30 s; 35 cycles of denaturation at 98
°C for 10 s, primer annealing at 65 °C for 30 s, and extension at 72 °C for 1 min; and a final extension at
72 °C for 7 min.
The 5’ and 3’ fragments of the HP0953 gene were obtained from the plasmid pJET-HP0953,
constructed above by PCR. To amplify the 5’ fragment, 50 μL of the reaction mixture was prepared,
consisting of GoTaq DNA polymerase (Promega) (1.25 U); 0.2 mmol/L each of dATP, dGTP, dCTP, and
dTTP; 1.5 mmol/L MgCl2 (Promega); primer HP0953F (25 pmol) (5’-GGGGGATCCATGGTTTTAATCGCTCTTTTAGGGGTG-3’); primer HP0953R (5’-GGGAGATCTCATGGAATTGCTCCATGAAGCG-3’); and plasmid DNA from pJET-HP0953 (250 ng). The amplification program consisted of
initial denaturation at 94 °C for 1 min; 35 cycles of denaturation at 94 °C for 30 s, primer annealing at
68.4 °C for 30 s, and extension at 72 °C for 30 s; and a final extension at 72 °C for 7 min. To amplify the 3’
fragment, PCR was performed under the same conditions but using the primers HP0953F (5’GGGCATATGAGTCCGAGCAGACGACTACG-3’) and HP0953R (5’-GGGGTCGACCTACCTTAACGCACAAACGCTACC-3’). Amplicons of 304 and 248 bp were obtained, respectively.
We subjected 5 μL of each amplification product to 1.5% agarose gel electrophoresis at 85 volts for 75
min. Then, we stained the gel with ethidium bromide (Sigma-Aldrich) and observed the bands under
ultraviolet light. Upon confirmation of the amplified product, the remainder was purified using a
Wizard SV Gel and PCR Clean-up System, as per the manufacturer’s protocol. Each fragment was
inserted into a pJET1.2 vector. The ligation reaction of each fragment in the pJET1.2 vector consisted of 1
× reaction buffer, 0.15 pmol purified PCR product (5’ fragment, 3’ fragment, or chloramphenicol
resistance gene; 0.15 pmol), pJET1.2/Blunt Cloning Vector (0.05 pmol), and T4 DNA ligase (5 U). The
reaction mixture was incubated at 22 °C for 20 min.
After ligation, we used heat shock treatment to transform 50 μL of competent E. coli DH5α cells with
each plasmid[31]. Then, they were centrifuged at 5000 × g for 1 min, the supernatant was decanted, and
the pellet was resuspended in the residual medium. Subsequently, the bacterial suspension was seeded
on LB agar plates containing ampicillin (100 μg/mL; Sigma-Aldrich) and incubated at 37 °C for 18-24 h
to select the recombinant clones. Following incubation, we selected five colonies from the plate and
resuspended them in 2 mL of LB broth (Sigma-Aldrich) containing ampicillin (100 μg/mL), and the
plasmid was extracted using the alkaline lysis method[35]. We quantified the plasmid DNA using an
Epoch microplate spectrophotometer (Biotek Instruments, Inc.; United States) and stored it at -20 °C.
We performed three PCR assays to verify the sequence of the cloned fragments. Each PCR reaction
was performed in a final volume of 20 μL, consisting of 1 × HF Fusion buffer (Thermo Scientific); 0.2
mmol/L each of dATP, dGTP, dCTP, and dTTP (Thermo Scientific); primer pJET1.2F (0.2 μM) (5’CGACTCACTATAGGGAGAGCGGC-3’) (Thermo Scientific); primer pJET1.2R (0.2 μM) (5’AAGAACATCGATTTTCCATGGCAG-3’) (Thermo Scientific); plasmid DNA (100 ng/μL) (pJET-CM,
pJET-5’ or pJET-3’); and Phusion DNA polymerase (Thermo Scientific) (0.4 U). The amplification
program consisted of initial denaturation at 98 °C for 30 s; 35 cycles of 98 °C for 10 s, 68 °C for 30 s, and
72 °C for 30 s; and a final extension at 72 °C for 7 min. The PCR products were sequenced by Macrogen
(Seoul, Korea).
The 5’ fragments, 3’ fragments, and the chloramphenicol resistance gene were obtained from the
plasmids previously constructed by enzymatic digestion. BamHI and BglII were used for the 5’
fragment, NdeI and SalI for the 3’ fragment, and BglII and NdeI for the chloramphenicol resistance gene,
according to the above-described digestion protocols. The fragments were inserted into the pBluescript
II KS+ vector (Agilent Technologies, Inc.; United States), which allows for the synthesis of ssDNA and
has an ampicillin resistance gene to facilitate selection following the above-described protocols.
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E. coli XL1-blue MRF’ cells were transformed with the constructed vector (pBlue-5CM3) using heat
shock treatment and selected following culture on LB agar plates (Sigma-Aldrich) with 100 μg/mL of
ampicillin[31]. The plasmid was extracted using alkaline lysis[35], and fragment insertion was verified
by automated sequencing. H. pylori was transformed with the plasmid using electroporation[36]. The
mutant H. pylori strain was cultured on Casman agar supplemented with 5% sheep erythrocytes and
incubated in an atmosphere of 50 mL/L CO2 at 37 °C for 48 h.

Identification of HP0953 in H. pylori
The purified antibody was used for identifying the protein HP0953 in H. pylori 26695 by western
blotting. A total extract obtained from H. pylori adhesion test (see below) was used, and soluble and
insoluble fractions were separated according to the inclusion body preparation method[32]. These
fractions were subjected to SDS-PAGE (50 mg of protein) and transferred onto a PVDF membrane,
where western blotting was performed using the purified antibody diluted 1:2 in PBS-Tween and
incubated overnight under stirring at 4 °C and the secondary antibody diluted 1:10000 [anti-rabbit
immunoglobulin G (IgG) horseradish peroxidase (HRP)-conjugated antibody] (Santa Cruz Biotechnology; United States)[34]. Washing was done with TBST (2 mmol/L Tris, 15 mmol/L NaCl, 0.1%
Tween 20, pH 7.6). Finally, the membrane was visualized using Immobilon Western Chemiluminescent
HRP substrate (Millipore).

Adhesion test of H. pylori
A suspension (6 × 108) of H. pylori 26695 culture in Brucella broth (Dibico) supplemented with 1% yeast
extract was prepared. Next, 50 mL of the suspension was placed in cell culture bottles and incubated at
37 °C in an atmosphere of 50 mL/L CO2 for 0, 1, 3, 12, and 24 h; these time points are the first hours of
biofilm formation where adherence occurs. After the incubation period, the supernatant was removed,
and the bottle walls were scraped to obtain adherent cells, which were resuspended in 1 mL of sterile 1
× PBS.

Thawing and seeding of AGS cells
First, 1 mL of AGS cell suspension was placed in a 15 mL conical tube. Subsequently, 2 mL of DMEMF12 (Gibco, Life Technologies; United States) medium was added for washing by centrifugation at 1500
rpm for 5 min. A second washing step was performed, and the cells were resuspended again in DMEMF12 medium. Next, 1 mL of the cell suspension was taken to seed into cell culture bottles. The bottles
were incubated in a CO2 chamber for 24 h at 37 °C.

AGS cell infection assay by H. pylori
The gene expression assay during biofilm formation was performed in duplicate in ten cell culture
bottles of 225 mL each. A suspension of H. pylori (strain 26695, previously cultured for 24 h in a plate
with Casman medium) was prepared in DMEM-F12 culture medium. The cells were washed by centrifugation at 3000 rpm for 15 min. After washing, the cell pellet was used to prepare a bacterial
suspension in 300 mL of DMEM-F12 culture medium inside a flask until the growth level reached
similar to that in tube number 2 on the McFarland scale. To each bottle, 30 mL of the bacterial
suspension similar to McFarland tube 2 suspension was added, and then 20 mL of DMEM-F12 medium
without the bacteria was added to complete 50 mL. One bottle was not infected with the bacterial strain
and was used as the control for the transmission electron microscopy (TEM) assay. The bottles were
incubated at 3, 12, 24, and 48 h post-infection. Time 0 was taken as the culture of the bacterial strain with
no contact with AGS cells for the expression assay. After each time point of incubation, the supernatant
was discarded, and 1 mL of sterile 1 × PBS was added for washing the cells. Subsequently, the wall of
the bottle was scraped with a gendarme to detach the cells and remove the adhered biofilm. Each
sample was processed for RNA extraction assay. An aliquot was taken for use in TEM, and the
remainder was centrifuged at 7000 rpm for 15 min. The test was conducted in triplicate.

Immunogold technique for TEM
First, 500 μL of the samples obtained from the adhesion test was centrifuged at 2500 rpm for 10 min and
fixed with 4% paraformaldehyde (MP Biomedicals; United States) in 1 × PBS (pH 7.4) for 1 h at 4 °C.
Then, three washes were performed with 1 × PBS (pH 7.4), and the sample was dehydrated by adding
50% ethanol (Merck; IRL) for 10 min, followed by two washes with 70% ethanol for 15 min at room
temperature. The inclusion was done using the LR-White method as described by Vázquez and
Echeverría[37], and ultrathin sections of 60-90 nm were obtained. The sections were placed on nickel
grids, blocked with 5% BSA for 20 min, and incubated with the purified polyclonal antibody overnight
at 4 °C. The sample was then washed with TBST and incubated with the secondary antibody (goat antirabbit IgG coupled to 10-nm colloidal gold particles, 1:5, Sigma-Aldrich) diluted in deionized water for 1
h at room temperature. The grids were rinsed with TBST. Finally, they were observed under a
transmission electron microscope (JEM 1010 JEOL Ltd. Japan) equipped with a TEM Imaging Systems
AMT (Woburn; United States).
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Table 1 Prediction of glycosylation sites
Position

Residue score

Prediction

Probable N-linked glycosylation sites
68

NNK

-0.20374993

Non-glycosylated

69

NKY

-0.11718906

Non-glycosylated

80

NAK

-0.46398761

Non-glycosylated

113

NIS

0.031759513

Potentially glycosylated

120

NYL

-0.12578944

Non-glycosylated

130

NTY

-0.42088241

Non-glycosylated

134

NLK

-0.028092183

Non-glycosylated

164

NLN

0.45527702

Potentially glycosylated

166

NDN

-0.14904342

Non-glycosylated

168

NEI

0.2906731

Potentially glycosylated

Probable O-linked glycosylation sites
15

S

0.3493683

Potentially glycosylated

16

S

-0.20711247

Non-glycosylated

18

S

-0.033164353

Non-glycosylated

20

S

-0.066886402

Non-glycosylated

23

S

0.33910492

Potentially glycosylated

33

S

-0.58418843

Non-glycosylated

40

S

-0.76207501

Non-glycosylated

43

S

0.16899016

Potentially glycosylated

78

T

-0.75721234

Non-glycosylated

84

S

-0.20144186

Non-glycosylated

107

S

-0.2527357

Non-glycosylated

There are three probable N-linked and six probable O-linked glycosylation sites.

Quantitative SYBR-Green real time-PCR analysis for hp0953 expression during H. pylori infection of
AGS cells
Expression analysis was performed by real time-PCR (RT-qPCR). The glutamate racemase (glmM) gene
was used as an internal control for the bacterial cell, and the β-globin gene was used as an internal
control for human AGS cells. HP0953 expression was evaluated at different time points (0, 3, 12, 24, and
48 h). Time 0 was taken as the culture of the bacterial strain with no contact with AGS cells.
Gene-specific primers were developed for HP0953 and glmM using the Primer3 software, v.0.4.0[38,
39]. The sequences of all the primers were as follows: HP0953 (5’-CATATGCCGAGCAGACGACTACG3’; 5’-GTCGACCTACCTTAACGCACAAACGCTACC-3’), glmM (5’-ACCGACGCTCTCACCCACTT-3’;
5’-AGCGCGAGCCACAACCCTTT-3’). Total RNA was isolated from the AGS cell cultures with and
without H. pylori at a multiplicity of infection of 1:100. RNA was extracted using TRIzol® Reagent
(Ambion RNA, Life Technologies; United States), followed by phenol:chloroform extraction. The quality
and amount of the resulting RNA were evaluated using a Nano-Drop spectrophotometer (The Epoch™
Multi-Volume Spectrophotometer System; United States) at 260 and 280 nm, respectively.
Reverse transcription reaction and SYBR-Green PCR were performed as described below. To initiate
the first-strand cDNA synthesis, 1 mg of total RNA was treated with 500 μL of DNAse I (10 U/mL;
Invitrogen; United States). Then, it was incubated for 30 min at 37 °C and 5 min at 75 °C with 4 μL of 5 ×
RT buffer, 2 μL of 25 mmol/L MgCl2, 2 μL of 10 mmol/L dNTP mix, 2 μL of 50 mmol/L random
hexamer primers, 1 μL of RNAse inhibitor (20 U/μL), and sufficient H2O for a final volume of 20 μL.
The mixture was then incubated for 10 min at 25 °C and 30 min at 48 °C with 2 μL of MultiScribe reverse
transcriptase (50 U/mL; Applied Biosystems; United States). The reaction was terminated by heating the
sample at 95 °C for 10 min. Aliquots of 200 ng of cDNA were used in the SYBR-Green PCR analysis
according to the manufacturer’s protocol. RT-PCR amplification was performed in triplicate under the
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following conditions: 2 min at 50 °C (for UNG activation) and 10 min at 95 °C (for polymerase
activation), followed by 40 cycles of denaturation and alignment/extension at 95 °C for 15 s and 60 °C
for 1 min, respectively, using the Stratagene Mx3005p qPCR System and MxPro-Mx3005p software
(Santa Clara; United States). Relative quantification of HP0953 RNA expression was performed using
the comparative CT method. The ΔCt (difference in CT values) between HP0953 and the glmM internal
control and the ΔΔCt were calculated to normalize the differences in cDNA concentrations for each
reaction. The RNA expression level was calculated using the equation 2-(ΔΔCt)[40]. The Kruskal-Wallis
equality-of-populations rank test was used to compare the expression of the gene at all study time
points. Differences were considered to be significant when the P value was < 0.05.

RESULTS
In silico analysis of HP0953 protein features
In silico analyses allow us to foresee probable protein maturation. The analysis conducted using the
SignalP 4.1 tool revealed that HP0953 protein loses a signal peptide after excision between amino acids
21 and 22 which could lead to extracellular release (Figure 1). This region is also believed to present a
transmembrane helix (Figure 2). The protein modifications provided us an insight into their probable
function. Tables 1 and 2 show the predicted modification sites for HP0953. There are three predicted Nlinked glycosylation sites in amino acid positions 113, 164, and 168 and six predicted O-linked
glycosylation sites in positions 15, 23, 43, 111, 115, and 183. Moreover, there are four predicted
myristoylation sites in positions 12-17, 29-34, 73-78, and 182-187 and one predicted prenylation site in
the position 185-188.
To predict the structural model, we used different programs such as I-TASSER, RaptorX, and
HHalign-Kbest, the latter being the one that generated a better quality model (Figures 3 and 4). The
HHpred program disclosed a similarity with the Tip-alpha protein of H. pylori; thus, it was used as a
template for modeling. Additionally, no conserved domains were found or matches with other proteins.

Site-directed mutagenesis of HP0953 gene
Plasmid pBlue-5CM3 was constructed for HP0953 site-directed mutagenesis (Supplementary Figure 1).
Sequencing the Dhp0953::Cm Blue-5CM3 construction multiple cloning site corresponded to inserted
HP0953 and Cm cassette. However, we were unable to propagate the H. pylori-transformed strain.

HP0953 is detected in the insoluble fraction of H. pylori protein extract
For H. pylori HP0953 protein identification, insoluble and soluble fractions were obtained and resolved
by SDS-PAGE assay. HP0953 protein was not detected in the soluble fraction, and its total concentration
was very low in the insoluble fraction (data not shown). Interestingly, HP0953 was expressed
constitutively at all the tested time points (Figure 5).

HP0953 is located in the cytoplasm and the peripheral zone of H. pylori
Protein location is indicative of its function. HP0953 was identified in the insoluble fraction of H. pylori
lysates, which probably implies that the function of HP0953 is elicited in the vicinity of the outer
membrane. To examine this hypothesis, we performed the immunogold technique on bacterial sections
that were analyzed by TEM. The micrographs showed that HP0953 protein is located in the cytoplasm
and accumulated in some peripheral areas of the bacterial body (Figure 6A), as well as in bacteriabacteria contact areas (Figures 6B, 6C and 6D). Furthermore, there was a large accumulation of the
protein in the bacterial debris (Figure 6E). Interestingly, the presence of this protein was also observed
in the area of the glycocalyx that covers H. pylori (Figure 7), and accumulated where said coating
spreads, producing a type of net, perhaps indicating the formation of a biofilm. Interestingly, a large
amount of HP0953 protein was secreted during the infection of gastric cells because it was found in the
H. pylori-AGS cell contact area (Figure 8).

Higher expression of HP0953 is required in the early stages of H. pylori-AGS cell interaction
RT-qPCR was performed to elucidate the behavior of HP0953 during the contact of H. pylori with AGS
cells. Figure 9 shows a comparison of the expression ratios of the treated and untreated cultures. HP0953
expression was observed at all the tested time points; however, higher expression values were observed
after 12 h of infection. glmM was the prokaryotic constitutive gene that was used as an internal control
(Figure 9).

DISCUSSION
The high prevalence of H. pylori infection and its significant persistence in the gastrointestinal tract in
the population with limited economic resources, as well as the diversity of related pathologies, the
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Table 2 Prediction of posttranslational modification sites
Position

Residue

Prediction

PS00008 MYRISTYL N-myristoylation site
12-17

GVfsSV

N-myristoylation site

29-34

GilvSD

N-myristoylation site

73-78

GIeqAT

N-myristoylation site

182-187

GSvcAL

N-myristoylation site

PS00005 PKC_PHOSPHO_SITE Protein Kinase C phosphorylation site
20-22

SaK

MOD_RES 20 phosphoserine [condition: S]

PS00001 ASN_GLYCOSYLATION N-glycosylation site
113-116

NISY

CARBOHYD 113 N-linked (GlcNAc) asparagine [condition: N]

PS00294 PRENYLATION Prenyl group binding site (CAAX box)
185-188

CALr

Prenyl group binding site (CAAX box)

There are four predicted myristoylation sites, one predicted protein kinase C phosphorylation site, one predicted glycosylation site, and one predicted
prenylation site.

Figure 1 Prediction of a signal peptide for HP0953 protein. The green line that represents the S-score indicates a high probability that the first 20 amino
acids conform a signal peptide that can be removed by a cut between amino acids 20 and 21, as marked by the tallest red line indicating the C-score.

environment, and the genetics of the host, suggest that the pathogenicity mechanisms used by this
microorganism are numerous. The different bacterial strains express variations in their virulence factors,
including those associated with the colonization process (e.g., urease, flagella, a chemotaxis system, and
adhesins), immune response evaders (e.g., lipopolysaccharide and flagella; CagA and the type IV
secretion system, VacA; gamma-glutamyl transpeptidase, and catalase superoxide dismutase), and
disease inducers (e.g., VacA, BabA, IceA, HtrA, CagA, and the type IV secretion system, DupA, and
OipA)[41]. Furthermore, the H. pylori proteome consists of 340 proteins that are described as
hypothetical, implying that their structure or function is unknown, thus indicating that some proteins
may be related to pathogenicity mechanisms or are important to adapt to the surrounding environment.
The HP0953 protein exhibited its maximum expression at the first 12 h of infection in a culture of gastric
epithelium cells; this finding along with its location near the infected cells and the predicted prenylation
and myristoylation sites suggest that it is an important protein during the bacterium’s colonization
phase of the gastric epithelium.
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Figure 2 Prediction of transmembrane helices. Values > 0 indicate the probable presence of transmembrane helices, as observed in the region constituted
by the first 25 amino acids. The HP0953 protein could be anchored to the membrane to be subsequently secreted.

Figure 3 Three-dimensional models of proteins. A: Tip-alpha protein from Helicobacter pylori (H. pylori); B: HP0953 protein from H. pylori. Tip-alpha
acquires a dimer arrangement that could also be present in the HP0953 protein due to its structural similarity in the position of the alpha helices and beta sheets.

Although various studies, such as those conducted by Naqvi et al[17] in 2016 and Park et al[42] in
2012, have performed in silico analyses to determine the probable structures and functions of the
hypothetical proteins of H. pylori, none of them evaluated the probable function of HP0953[17,42].
Furthermore, the bioinformatics analysis performed in this study highlighted the presence of a signal
peptide that may anchor at the transmembrane region and then allow the release of the protein to the
external environment after its excision. The analyses also revealed some probable glycosylation sites,
which suggests that HP0953 is a protein from the glycocalyx. The glycocalyx is defined as any
glycoprotein-associated polysaccharide that contains bacterial surface structures and is distant from the
outer membrane or cell wall surface[43]. Bacterial glycocalyx generally has protection functions that
allow bacterial survival and persistence in the natural environment and cell attachment[44].
Different modification patterns are found within the HP0953 sequence, such as the myristoylation
pattern. This modification is essential for the removal of membrane proteins[45]; the existence of these
putative sites provides an idea about its pathogenicity. Importantly, these bacteria lack the enzyme Nmyristoyl transferase (NMT) required for producing this modification; hence, the proteins that are
myristoylated are processed by the NMT of their eukaryotic hosts[46]. NMT is a suitable therapeutic
target in opportunistic infections in humans; in fact, it has been associated with carcinogenesis, in
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Figure 4 Evaluation of the modeling quality of HP0953. The QMEAN for this protein was 0.498, which indicates that the obtained model is acceptable.
PDB: Protein Data Bank; SSE: Secondary Structure Element; ACC: Solvent Accessibility.

Figure 5 Location of the hypothetical protein HP0953 in the insoluble fraction of Helicobacter pylori 26695. A: Sulfate-polyacrylamide gel
electrophoresis 16% gel stained with Coomassie blue; B: Western blot with an arrow showing the band corresponding to the expected molecular weight. Lanes: (1)
Molecular weight marker and (2-5) insoluble fractions of Helicobacter pylori 26695 from samples collected at 0, 1, 3, and 24 h of incubation during biofilm formation.
The arrow indicates the presence of the native HP0953 protein. H. pylori: Helicobacter pylori.

particular colon cancer[47]. Myristoylation has been suggested to occur as part of the secretory
machinery[48,49]. Hypothetical patterns of prenylation were also detected, which is a class of
modification involving the addition of isoprenoids or geranylgeranyl, and it is involved in membrane
interactions due to the hydrophobicity of these lipids[50]. This modification is often a step to target the
affected proteins to specific membranes[51]. As this modification was predicted in HP0953 by the
ProtComB tool, it could be relevant for its function.
Extracellular proteins can play a vital role in bacterial pathogenesis[11], which correlates with our
findings of the similarity between the HP0953 protein and the Tip-alpha protein, which is described as
the only virulence factor secreted by all H. pylori strains[52]. Moreover, its overexpression has been
related to the development of gastric cancer. Tip-alpha is an exotoxin that penetrates cells and induces
the production of tumor necrosis factor alpha[53]. HP053 protein could have a similar function because
probable posttranslational modification sites related to bacterial pathogenesis were also found. It has
been reported that some bacteria secrete effectors through the type III or type IV secretion systems,
mimicking the functions of eukaryotic proteins to evade the defense systems. Subsequently, they
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Figure 6 Immunolocation of HP0953 protein in Helicobacter pylori bacterial transmission electron microscopy sections. A and B: 100000 ×;
C: 75000 ×; D: 150000 ×; E: 60000 ×. The black arrows show the location of HP0953 protein. Immunogold technique, primary antibody (polyclonal rabbit antiHP0953), secondary antibody (goat anti-rabbit immunoglobulin G coupled to 10-nm colloidal gold particles). (JEM 1010 JEOL Ltd. Tokyo, Japan) microscope
equipped with a TEM Imaging Systems AMT (Woburn, MA, United States).

Figure 7 Immunolocation of HP0953 protein in whole bacteria. A: Helicobacter pylori (H. pylori) incubated with the secondary antibody alone, 20000 ×; BD: Complete immunogold technique for H. pylori; B: 100000 ×; C: 30000 ×; D: 100000 ×. Black arrows indicate the location of HP0953 protein. Immunogold
technique, primary antibody (polyclonal rabbit anti-HP0953), secondary antibody (goat anti-rabbit immunoglobulin G coupled to 10-nm colloidal gold particles).

undergo a posttranslational modification mediated by the same host enzymes to become biologically
active[54], stimulating or inhibiting the immune response, interfering signaling pathways, affecting Tcell activation, or whatever their function may be[55]. Among these posttranslational modifications are
myristoylation and prenylation[56,57], which were also detected in the in silico analysis conducted in
this study. These modifications added lipid residues that allow the protein to anchor to the cell
membrane to exert some unknown function.
HP0953 lacks homologous proteins outside H. pylori, and this absence limits comparisons and the
elucidation of its potential role. X-ray crystallography analysis can be performed to determine its 3D
structure, which could then be used in comparisons with other proteins in the database. However, it
was observed that HP0953 is an insoluble protein, which makes it difficult to purify in its native form.
The persistence of H. pylori in an environment where there are peristaltic movements and cell
shedding is mediated by a variety of adhesins present on the bacterial surface[10,58], and the adhesion
of H. pylori can be achieved by a connection of the plasma membrane through filamentous materials.
However, it is known that glycocalyx preferentially adheres to the surfaces of biomaterials and
compromised tissues, forming biofilms[55]. Research on biofilm composition has shown that a
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Figure 8 Location of HP0953 protein during against gastric cell infection by Helicobacter pylori. A: Against gastric (AGS) cell at 3 h of infection by
Helicobacter pylori (H. pylori), incubated with the secondary antibody alone, 40000 ×; B: Complete immunogold technique for AGS cells at 3 h of infection by H. pylori,
40000 ×; C: Complete immunogold technique for AGS cells at 3 h of infection by H. pylori, 50000 ×; D: Complete immunogold technique for AGS cells at 12 h of
infection by H. pylori, 40000 ×. White arrows indicate the location of HP0953 protein.

Figure 9 Expression of HP0953 increases significantly after 12 h of infection of against gastric cells. The Kruskal-Wallis equality-of-populations
rank test was used to compare the expression of the gene at all study time points. P = 0.0006.

pericellular matrix, also known as the glycocalyx, develops to preserve and concentrate the lytic
enzymes secreted by bacteria, which, in turn, increases their metabolic efficiency[8]. This suggests that
the hypothetical protein HP0953 could be involved in lytic processes by being present in the glycocalyx
and concentrated in the bacterial debris; however, functionality studies are still required to elucidate the
role of this protein in the persistence of H. pylori in the human stomach. Smith et al[11] suggested that
this protein could be involved in the survival of the bacterium in the gastric environment based on their
finding that it is also present in H. acinonychis, which colonizes the gastric mucosa of felines.
Nevertheless, other closely related ε-proteobacteria, such as H. hepaticus and C. jejuni, lack sequences
that are homologous to HP0953, thus suggesting that this protein is unique to the gastric Helicobacter
species[11], suggesting an important role of HP0953 in H. pylori gastric pathogenesis.
In our previous study, we observed the overexpression of HP0953 protein during the first hours of
adherence to inert surfaces and AGS cells[59], suggesting its involvement in the survival of H. pylori in
the environment or in its pathogenic mechanisms. In the present study, we found that initial levels of
HP0953 expression become diminished, perhaps as a result of the adaptation of H. pylori to its
environment. The levels of HP0953 rise after 3 h, indicating that this protein is required for the
interaction of H. pylori with AGS cells, and the maximum level of HP0953 expression occurred 12 h after
the infection of AGS cells. Genetic regulation in pathogens allows for fluctuation in the expression of
constitutive genes following initial contact with the target cells[60,61]. The immunogold assay
demonstrated that HP0953 protein was located in the cytoplasm, accumulated in some peripheral areas
of the bacterial body, and exhibited a greater expression when it is close to AGS cells. These data
suggest that HP0953 protein is synthesized in the cytoplasm and subsequently exported to the outer
membrane, where it is involved in adhesion functions as its agglomeration was detected at the binding
sites between the bacterium and in the space between the bacterium and gastric cells. Similarly, the
immunogold assay of HP0953 protein in the whole bacterium revealed that the protein was primarily
located in the bacterial coat or glycocalyx, which is consistent with the finding reported by Smith et al
[11], who investigated the proteins secreted by H. pylori and found that HP0953 protein was a

WJG

https://www.wjgnet.com

3898

August 7, 2022

Volume 28

Issue 29

Arteaga-Resendiz NK et al. Hypothetical protein HP0953

component of this set of proteins.
Furthermore, we altered HP0953 to obtain a mutant strain. Unfortunately, we were unable to
propagate the resultant HP0953 mutant clone, but we are continuing with our efforts to modify the
methodology to obtain a mutant strain that can be successfully propagated. Further studies are
necessary to determine the structure and function of hypothetical proteins of H. pylori, such as HP0953,
which may be associated with the disease pathology.

CONCLUSION
HP0953 protein exhibited its maximum expression during the first 12 h of infection in a culture of
gastric epithelium cells. This finding indicated its location surrounding the infected cells, and the
predicted presence of prenylation and myristoylation sites suggests that HP0953 is a relevant protein
during the bacterium’s colonization phase of the gastric epithelium. HP0953 was also found to be
strikingly similar to an exotoxin, possibly associating it with the development of gastric cancer.

ARTICLE HIGHLIGHTS
Research background
Helicobacter pylori (H. pylori) is a bacterium of clinical relevance. Approximately 50% of the worldwide
human population is colonized by this bacterium, where up to 3% can develop gastric cancer. Several
environmental conditions such as the genetic predisposition of the host, and bacterial virulence factors
are directly associated.

Research motivation
H. pylori is a bacterium associated with gastric diseases. This microorganism owns more than 200
hypothetical proteins with functions yet unknown. Some of them could be related to the disease or
adaptation to gastric microenvironment. However, in a short-term future, they can be considered as
therapeutic targets.

Research objectives
The objective was to characterize the hypothetical protein HP0953, such as structure, location, and
expression, to determine if it is a virulence factor employed by H. pylori during infection of against
gastric (AGS) cells.

Research methods
Several bioinformatic platforms (SignalP, Expasy, GLYCOPP, I-Tasser) were employed to predict some
features of the hypothetical protein HP0953, such as peptide-signaling, three-dimensional structure, and
possible post-translational modifications. HP0953 was located during H. pylori infection to AGS cells by
transmission electron microscopy, employing a specific antibody for said protein and immunogold
technique. The expression of HP0953 during the infection of AGS cell cultures by the bacterium was
evaluated by real-time polymerase chain reaction.

Research results
The hypothetical protein HP0953 was observed in the cytoplasm and embedded in the glycocalyx
secreted by the bacterium, as well as in the space between the bacterium and the AGS cell. The overexpression of the protein was observed at 12 h of infection. HP0953 was predicted to possess a signal
peptide, which can interact with transmembranal regions for its secretion. Additionally, the HP0953
protein acts as like an exotoxin, which can then undergo post-translational modifications, which might
then require the eukaryotic cell to be carried out.

Research conclusions
The hypothetical protein HP0953 is a protein located in the periphery of infected cells. It is overexpressed during infection. The in silico analysis revealed prenylation and myristoylation sites. These
findings suggest that the protein has a relevant function during the colonization or infection of H. pylori
into gastric epithelium.

Research perspectives
Propagate a H. pylori modified strain, which lacks the HP0953 protein. The study will define its
functions and establish a new precedent for the study of the pathogenesis of the disease, and its
relevance in the adaptation process in the gastric microenvironment.
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Abstract
BACKGROUND
Chronic abdominal pain is the most common cause for gastroenterology consultation and is frequently associated with functional gastrointestinal disorders
including irritable bowel syndrome and inflammatory bowel disease. These
disorders present similar brain/gut/microbiota trialogue alterations, associated
with abnormal intestinal permeability, intestinal dysbiosis and colonic hypersensitivity (CHS). Intestinal dysbiosis can alter colon homeostasis leading to abnormal
activation of the innate immunity that promotes CHS, perhaps involving the tolllike receptors (TLRs), which play a central role in innate immunity.
AIM
To understand the mechanisms between early life event paradigm on intestinal
permeability, fecal microbiota composition and CHS development in mice with
TLRs expression in colonocytes.
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METHODS
Maternal separation model (NMS) CHS model, which mimics deleterious events in childhood that
can induce a wide range of chronic disorders during adulthood were used. Colonic sensitivity of
NMS mice was evaluated by colorectal distension (CRD) coupled with intracolonic pressure
variation (IPV) measurement. Fecal microbiota composition was analyzed by 16S rRNA sequencing from weaning to CRD periods. TLR mRNA expression was evaluated in colonocytes.
Additionally, the effect of acute intrarectal instillation of the TLR5 agonist flagellin (FliC) on CHS
in adult naive wildtype mice was analyzed.
RESULTS
Around 50% of NMS mice exhibited increased intestinal permeability and CHS associated with
intestinal dysbiosis, characterized by a significant decrease of species richness, an alteration of the
core fecal microbiota and a specific increased relative abundance of flagellated bacteria. Only TLR5
mRNA expression was increased in colonocytes of NMS mice with CHS. Acute intrarectal
instillation of FliC induced transient increase of IPV, reflecting transient CHS appearance.
CONCLUSION
Altogether, these data suggest a pathophysiological continuum between intestinal dysbiosis and
CHS, with a role for TLR5.
Key Words: Chronic abdominal pain; Colonic hypersensitivity; Toll-like receptors; Intestinal microbiota;
Early life events
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Neonatal maternal separation (NMS) model mimic deleterious events in childhood, which can
induce a wide range of chronic disorders during adulthood. Herein, around 50% of NMS mice exhibited
increased intestinal permeability and colonic hypersensitivity (CHS) associated with intestinal dysbiosis.
Only toll-like receptor 5 (TLR5) mRNA expression was increased in colonocytes of NMS mice with CHS
and acute intrarectal instillation of flagellin transiently increased intracolonic pressure variations,
reflecting transient CHS appearance. Together, those findings suggest a pathophysiological continuum
between intestinal permeability, intestinal dysbiosis and CHS, with a previously undescribed role for
TLR5 in CHS.

Citation: Mallaret G, Lashermes A, Meleine M, Boudieu L, Barbier J, Aissouni Y, Gelot A, Chassaing B, Gewirtz
AT, Ardid D, Carvalho FA. Involvement of toll-like receptor 5 in mouse model of colonic hypersensitivity induced
by neonatal maternal separation. World J Gastroenterol 2022; 28(29): 3903-3916
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3903.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3903

INTRODUCTION
Irritable bowel syndrome (IBS) is one of the major chronic gastrointestinal disorders, strongly related to
stress. It is characterized by abdominal pain, changes in bowel habits and increased intestinal
permeability without macroscopic organic alterations. Such changes has been hypothesized to trigger
impairment of life’s quality and the development of comorbidities such as anxiety and depression[1]. A
worldwide prevalence of 3%-5% has been reported and today, efficient pharmacological treatments are
limited to relieve symptoms[2]. Colonic hypersensitivity (CHS), frequently associated with abdominal
pain, has been described as the main cause of medical consultation in IBS patients with a prevalence
ranging from 33% to 90%[3]. This symptom is defined by an altered sensation in response to colorectal
stimuli and is clinically revealed by enhanced perception of mechanical triggers applied to the bowel.
The common hypothesis is that CHS may result from colonic homeostasis changes and/or alterations of
the brain-gut connection. In fact, the brain-gut axis has been shown to be impacted by inflammation and
immunological factors, psychological factors, dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis, abnormal activation of the vagus nerve and the enteric nervous system and intestinal
dysbiosis[4].
Qualitative and/or quantitative alterations of the intestinal microbiota has been characterized in most
of the functional gastrointestinal disorders including IBS[5]. Despite the numerous studies carried out,
data on specific bacterial groups altered in IBS patients are still inconclusive. However, Enterobacteriaceae
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family, Lactobacillaceae family, and Bacteroides genus seem to be increased in patients with IBS compared
with controls, whereas uncultured Clostridiales I, Faecalibacterium and Bifidobacterium genus were
decreased in IBS patients[6]. Furthermore, it has been described that some IBS patients with chronic
abdominal pain present specific intestinal microbiota dysbiosis, allowing considerations of the gut
microbiota as a potential therapeutic target[7].
In healthy conditions, the interaction between gut microbiota and pattern recognition receptors
(PRRs), especially local toll-like receptors (TLRs), allow maintenance of intestinal barrier in a
homeostatic state. Indeed, TLRs, mostly present on the membrane of immune and epithelial cells,
identify pathogen-associated molecular patterns (PAMPs) and induce intracellular signaling cascade
resulting in the production of cytokines and chemokines important for colonic homeostasis. The
mammalian TLRs family consists of 13 members (TLR1-10 in humans, TLR1-9 and TLR11-13 in mice)
and each TLR responds to distinct PAMPs leading to the activation of specific signaling pathway. For
example, TLR4 recognizes lipopolysaccharide (LPS) and TLR5, which is expressed in the basolateral
membrane of the intestinal epithelium, detects flagellin (FliC)[8]. In a dysbiotic state, alterations in the
signature of microbial molecules sensed by the host can lead to abnormal activation state of the immune
system and induce a low-grade intestinal inflammation[9].
The breakdown of the symbiotic relationship between TLRs and gut microbiota could contribute to
the development of various multifactorial intestinal diseases, such as IBS. Previous studies have
reported modifications of TLRs expression and activation in intestinal biopsies of IBS patients[10-15].
Furthermore, a preclinical study assessed the effect of neonatal maternal separation (NMS) in rats on
TLRs expression, showing an upregulation of TLRs in colonic mucosa[16]. In this context, because of
correlation between IBS and early life adverse events[17], this study investigated the impact of NMS
paradigm on intestinal permeability, fecal microbiota composition and CHS development in mice as
well as the association with TLRs expression.

MATERIALS AND METHODS
Animals
Seven-week-old wild type C57Bl/6J males and females mice were purchased from Janvier Laboratories
(Le Genest Saint Isle, France). They were mated to obtain male pups for the NMS protocol. After birth,
wild-type C57Bl/AJ pups were isolated from their mother from post-natal days P2 to P14, three hours
per day (from 9:00 a.m. to 12:00 p.m.). These mice were named NMS mice. Pups were then left with
their mothers up to weaning (P21) (Figure 1A). Control wild-type C57Bl/AJ pups were co-housed in the
animal facility and were called non-handled (NH) mice. In addition, ten-week-old wild type C57Bl/6J
males were purchased from Janvier Laboratories and used for FliC intrarectal instillation experiment.
Animals were given access to food and water ad libitum and housed with a 12 h light-dark cycle. All
experiments were performed on twelve-week-old male mice and were performed according to the
ethical guidelines set out by the International Association for the Study of Pain (IASP), complied with
the European Union regulation and were approved by ethics committees: The local committees C2EA02 of Clermont-Ferrand (approvals CE110-12 and CE111-12).

Colorectal distension test
Colorectal distension test (CRD) was performed using the non-invasive manometric method described
[18]. A miniaturized pressure transducer catheter (Mikro-Tip SPR-254; Millar Instruments, Houston, TX,
United States) equipped with a custom-made balloon (length: 1.5 cm) prepared from a polyethylene
plastic bag which avoid any colonic compliance effect. On the day of the experiment, the mice were
accustomed to the holding device for 1 h before the CRD. Then, under mild anesthetic (2.5% isoflurane),
the balloon was inserted into the rectum such that the distal end of the balloon was 5 mm from the anal
margin. Subsequently, the animals were placed in the holding device and allowed to recover for 30 min
prior to CRD. The balloon was connected to an electronic barostat (Distender Series II, G&J Electronics,
Toronto, Canada) and a preamplifier (PCU-2000 Dual Channel Pressure Control Unit, Millar
Instruments, Houston, TX, United States) connected to the PowerLab interface (AD Instruments,
Dunedin, New Zealand). The barostat enabled the control of the balloon pressure. The distension
protocol consisted of a set of increasing distension pressures (20, 40, 60, 80 and 100 mmHg), each of
which was repeated twice, which was applied for 20 s with a 4 min inter-pressure interval. The signal
was acquired and analyzed using LabChart 7 software (ADInstruments, Dunedin, New Zealand). After
intracolonic pressure recording for each animals along the CRD protocols and signal treatment as
previously described[18], intracolonic pressure variation (IPV), reflecting the colonic sensitivity, was
calculated as previously described[19] for each distension pressure. Briefly, IPV was calculated by
subtracting the integral (area under the curve) of the treated signal corresponding to the 20 s preceding
the CRD from the integral (area under the curve) of the treated signal during the 20 s of CRD
stimulation. Therefore, two groups of NMS mice were defined: NMS non-sensitized (NMS NS) and
NMS sensitized (NMS S) mice. The NMS S animals are distinguished according to the area under the
curve (AUC) value in response to the distention pressures from 60 to 100 mmHg during CRD procedure
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Figure 1 Time course protocols used in this study. A: Time course protocol for neonatal maternal separation experiment; B: Time course protocol for
flagellin intrarectal instillation experiment. *Feces sample collection for Next Generation Sequencing; CRD: Colorectal distention test.

[20]. Briefly, if this value is higher than the average AUC of the NH control animals plus twice the SEM
value (AUCNMS S ≥ AUCNH + 2 × SEMNH), this mouse is considered as hypersensitive and are placed in the
NMS S group. Others are considered as NMS NS. For FliC intrarectal instillation experiment, the
distension protocol was the same before intrarectal instillation and, only a set of distension pressure 60,
80 and 100 mmHg was used 30 min, 60 min and 120 min after intrarectal instillation.

In vivo intestinal permeability
In vivo intestinal permeability was assessed using fluorescein dextran (FITC- dextran 3000-5000 Da, TdB
Consultancy AB, Uppsala, Sweden) as previously described[21]. Briefly, before CRD, NMS and NH
mice were orally gavaged with 0.6 g/g body weight of FITC-dextran and blood samples were obtained
from the retro-orbital venous plexus 3 h after this administration. Plasma FITC levels were determined
by fluorometry at 488 nm using a microplate reader (Tecan, Lyon, France).

Fecal pellets collection, DNA extraction and microbiota sequencing
Fecal pellets were collected from mice at week 3, 4 and 12 and stored at -80 °C prior to DNA extraction.
Bacterial DNA was extracted from fecal bacteria following the protocol of NucleoSpin® Soil kit
(Macherey-Nagel, Düren, Germany). DNA concentrations and purity were then assessed using Take3
micro-volume plate and Epoch Microplate Spectrophotometer (BioTek, Winooski, VT, United States).
The 16S rRNA gene V4 variable region polymerase chain reaction (PCR) primers 515/806 with barcode
on the forward primer were used in a 30 cycles PCR using the HotStarTaq Plus Master Mix Kit
(Qiagen®, Germantown, MD, United States). Next generation sequencing (NGS) was performed at
Molecular Research DNA (MR DNA - Shallowater, TX, United States) on a MiSeq following the
manufacturer’s guidelines. Sequences data analysis was performed using the quantitative insights into
microbial ecology pipeline (QIIME)[22]. The analysis was carried out on the core microbiota i.e. the
operational taxonomic units (OTUs) present in the fecal microbiota of 90% of the mice.

FliC intrarectal instillation
FliC from wildtype Salmonella enterica serovar typhimurium (SL3201, fljB−) was provided by Pr. A.
Gewirtz (Center for Inflammation, Georgia State University, Atlanta, GA, United States). Briefly, FliC
was purified through sequential cation- and anion-exchange chromatography and purity was verified as
described previously[8]. Intrarectal instillation was performed under mild anesthetic (2.5% isoflurane)
using orogastric feeding tube and inserted 2.5 cm up the colon (Figure 1B). At this point, 50 μL of FliC
diluted in PBS, corresponding to 5 µg was slowly administered over 30 s while pressure was applied to
the anal area to prevent leakage. Following the injection of the solution, the tube was slowly removed
and the rectal pressure was maintained for a further 30 s.

Colonocytes extraction
Following mice euthanasia, fragments of colon (3-4 cm) were flushed and opened longitudinally along
the mesentery and homogenized in cold PBS to remove feces. Then, these fragments were incubated
into HBSS containing EDTA solution (2 mmol/L) 30 min at 37 °C with strong agitation every 10 min.
After HBSS/EDTA incubation, colons were removed and samples were centrifuged at 2000 g for 10 min.
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Then, HBSS/EDTA was removed and colonocytes were deep-frozen in liquid nitrogen and stored at -80
°C for further analysis.

RNA extraction, reverse transcription and quantitative PCR
Total RNA from mice colonocytes was extracted using the RNeasy Plus Mini Kit (Qiagen®,
Germantown, MD, United States) according to the manufacturer's protocol. After RNA extraction,
reverse transcription was performed with the High Capacity cDNA RT Kit (Applied Biosystems, Foster
City, CA, United States) with 500 ng of RNA, followed by a qPCR using LightCycler FastStart DNA
Master SYBR Green Kit (Roche Applied Science, Penzberg, Germany). The primers used for TLRs
expression analysis are described in Table 1. All results were normalized to the HPRT gene. Samples
were tested in duplicate, and the average values were used for quantification by using 2-ΔΔCt method.

Fecal FliC and LPS load quantification
FliC and LPS were quantified using human embryonic kidney (HEK)-Blue-mTLR5 and HEK-BluemTLR4 cells, respectively (Invivogen, San Diego, California, United States). Fecal material was
resuspended in PBS to a final concentration of 100 mg/mL and homogenized for 10 s using a MiniBeadbeater-24 without the addition of beads to avoid bacteria disruption. The samples were then
centrifuged at 8000 g for 2 min and the resulting supernatant was serially diluted and applied to
mammalian cells. Purified Escherichia coli FliC and LPS (Sigma, St Louis, Missouri, United States) were
used for standard curve determination using HEK-Blue-mTLR5 and HEK-Blue-mTLR4 cells,
respectively. After 24 h of stimulation, cell culture supernatant was applied to QUANTI-Blue medium
(Invivogen, San Diego, California, United States) and alkaline phosphatase activity was measured at 620
nm after 30 min.

Statistical analysis
Statistical analyses were performed with Prism 7 software (GraphPad, La Jolla, CA, United States). The
Kolmogorov-Smirnov test has been used to check if data follow a normal distribution. One-way
ANOVA, Kruskal-Wallis test or two-way ANOVA (more than two groups) were used for intergroupcomparisons with Tukey’s, Dunn’s and Dunnett’s test for the post-hoc analysis. Correlation was
assessed using Pearson’s test. ANOSIM method followed by Monte-Carlo permutation test was
performed to assess the significativity of beta-diversity analysis of fecal microbiota using the QIIME. A
P value ≤ 0.05 was considered statistically significant.

RESULTS
NMS paradigm induces CHS and intestinal permeability increase in a subset of mice
In order to evaluate colonic sensitivity, a CRD test was performed on twelve-week-old NH or NMS mice
(Figure 1A). As previously described[23], among NMS mice only a subset developed CHS in
comparison to NH mice Therefore, two groups of NMS mice were defined: NMS NS and NMS S mice.
In fact, colorectal distension assessment revealed significant increase of IPV for the highest distension
pressures 60, 80 and 100 mmHg in the NMS S group in comparison to NMS NS and NH groups
(Figure 2A). Analysis of the areas under the curve (AUC) for each mouse confirmed this significant
difference between NH, NMS NS and NMS S groups (Figure 2B). Intestinal permeability assessment
revealed significant increase of FITC-Dextran plasma levels in the NMS S group compared to NH and
NMS NS groups (Figure 2C).

Fecal microbiota dysbiosis is associated with CHS in neonatal maternal separated mice
Illumina sequencing of the 16S rRNA gene was performed on fecal pellets DNA extracts from NH, NMS
NS and NMS S mice at W3, W4 and W12 (just before the CRD test) according to the time course protocol
for NMS experiment (Figure 1A). Alpha-diversity analysis (number of observed OTUs) of the core fecal
microbiota revealed no statistical difference between NH, NMS NS and NMS S animals at week 3,
before weaning (Figure 3A-left panel). However, a significant decrease of species richness appeared at
W4 in NMS S mice in comparison to NH or NMS NS animals and persisted at adulthood (W12, time
point of CRD test), even if NMS NS and NMS S mice were co-housed in the same cage during all the
experiment (Figure 3A-middle and right panels). In addition, a significant decrease of the observed
OTUs number was present in NMS NS at adulthood (W12) in comparison to NH mice. Principal
coordinates analysis based on unweighted UniFrac distances confirmed the alteration of the core fecal
microbiota. It enabled to significantly (ANOSIM method followed by the Monte-Carlo permutation test,
P < 0.05) identify the three animals’ groups from W3 to W12 (Figure 3B). The taxonomic analysis of the
fecal core microbiota composition in the NMS S group revealed in twelve weeks old mice a decreased
relative abundance of bacteria belonging to the phylum Bacteroidetes and an increase in Firmicutes in
comparison to the NMS NS group (Figure 3C). At lower taxonomic levels, NMS S mice were characterized by a decreased abundance of bacteria from the genera Allobaculum and Barnesiella compared to
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Table 1 Primers used for toll-like receptors expression analysis
Gene

5’-3’ Forward

5’-3’ Reverse

tlr2

ACCAAGATCCAGAAGAGCCA

CATCACCGGTCAGAAAACAA

tlr3

GCGTTGCGAAGTGAAGAACT

TTCAAGAGGAGGGCGAATAA

tlr4

TTCAGAACTTCAGTGGCTGG

TGTTAGTCCAGAGAAACTTCCTG

tlr5

GCAGGATCATGGCATGTCAAC

ATCTGGGTGAGGTTACAGCCT

tlr9

AACCGCCACTTCTATAACCAG

GTAAGACAGAGCAAGGCAGG

hprt

TTGCTGACCTGCTGGATTA

AGTTGAGAGATCATGTCCAC

Figure 2 Neonatal maternal separation induces colonic hypersensitivity and increases intestinal permeability in mice. A: Intracolonic
pressure variation (IPV) in response to colorectal distension in non-handled (NH), neonatal maternal separated non-sensitized (NMS NS) and neonatal maternal
separated sensitized (NMS S) mice; B: Area under the curve (AUC) of the IPV relative to colorectal distension for each NH, NMS NS and NMS S mouse; C: FITCdextran 4 kDa plasmatic concentrations, 3 h after oral gavage with 15 mg of FITC-dextran of NH, NMS NS and NMS S mice. Values are expressed as a percentage
of FITC-dextran per mL of plasma in comparison to the NH group mean. NH: n = 6; NMS NS: n = 6; NMS S: n = 8. aP < 0.05 and bP < 0.01 vs NH group; and dP <
0.05, eP < 0.01 and fP < 0.001 vs NMS NS group. For IPV to CRD test, dots represent means and error bars represent SEM. For AUC and FITC-dextran, each dot
represents one mouse and red lines represent means.

control NH mice, and a decreased abundance of bacteria from the genera Bacteroides compared to NMS
NS mice. The relative abundances of Lachnoclostridium, Clostridium and Lactobacillus were increased in
these NMS animals with CHS in comparison to NMS mice without CHS. Surprisingly, the relative
abundance of Lactobacillus was decreased in NMS NS animals compared to NH group (Figure 3D).

CHS induced by NMS exposure increased fecal level of FliC and is related to TLR5 overexpression in
colonocytes
To understand potential mechanisms between fecal microbiota dysbiosis and CHS induced by NMS,
quantification of two different PAMPs, FliC and LPS, was performed in feces from twelve-week-old
NH, NM NS and NMS S mice. Exposure to NMS paradigm increased significantly fecal level of FliC
(Figure 4A) rather than fecal LPS which is not significant better between different animal (Figure 4B).
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Figure 3 Neonatal maternal separation paradigm induces alterations of core fecal microbiota related to colonic hypersensitivity. A: Alphadiversity analysis of the core microbiota. Number of observed operational taxonomic units according to the number of sequences per samples of fecal samples from
non-handled (NH), neonatal maternal separated non-sensitized (NMS NS) and neonatal maternal separated sensitized (NMS S) at week 3 (W3), week 4 (W4) and
week 12 (W12); B: Beta-diversity analysis of the core microbiota. Principal coordinates analysis (PCoA) of unweighted UniFrac distances of NH, NMS NS and NMS S
mice at W3, W4 and W12; C and D: Mean relative abundances of bacterial phyla (C) and genera (D) significantly altered by the NMS paradigm between NH, NMS NS
and NMS S mice at W12. NH: n = 6; NMS NS: n = 6; NMS S: n = 8. aP < 0.05, bP < 0.01 and cP < 0.001 vs NH or dP < 0.05, eP < 0.01 and fP < 0.001 vs NMS NS
groups respectively. For alpha-diversity analysis, dots represent means and error bars represent SEM. For PCoA analysis each dot represents one mouse.

As TLRs are the main receptors of PAMPs, the TLRs mRNA expression in colonocytes from NH,
NMS NS and NMS S mice was quantified in adult (W12) mice. As previously described, three mouse
groups were defined, based on the CHS (Supplementary Figure 1A and B). In those mouse groups, the
TLR2, 3, 4 and 9 mRNA were not modified between NH, NMS NS and NMS S animals (Supplementary Figure 1C), whereas TLR5 mRNA expression is significantly increased only in NMS S subgroup
(NH: 0.836 ± 0.200, NMS NS: 0.662 ± 0.120, NMS S: 1.925 ± 0.363, P < 0.05 vs NMS NS) (Figure 4C). AUC
corresponding to the IPV for highest colorectal distension pressures (60, 80 and 100 mmHg) significantly
correlated with the mRNA expression level of TLR5 in colonocytes of NMS mice (P < 0.01) (Figure 4D).
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Figure 4 Neonatal maternal separation induced colonic hypersensitivity is associated with increased flagellin fecal content and
colonocytes toll-like receptor 5 expression. A: Levels of fecal flagellin (FliC) assayed with toll-like receptor 5 (TLR5) reporter cells; B: Levels of fecal
lipopolysaccharide assayed with TLR4 reporter cells; C: Colonocytes mRNA expression of TLR5 in non-handled (NH), neonatal maternal separated non-sensitized
(NMS NS) and neonatal maternal separated sensitized (NMS S) mice at week 12. Values are expressed as relative expression of TLR5 mRNA compared to HPRT
expression; D: Correlation between NMS colonocytes TLR5 expression and area under the curve (AUC) corresponding of the intracolonic pressure variation (IPV) for
highest colorectal distension pressures (60, 80 and 100 mmHg). A and B: NH: n = 6; NMS NS: n = 9; NMS S: n = 9. aP < 0.05 vs NH group; and dP < 0.05 vs NMS NS
group. C and D: NH: n = 5; NMS NS: n = 6; NMS S: n = 5. dP < 0.05 vs NMS NS. For FliC quantification TLR5 mRNA relative expression, each dot represents one
mouse and red lines represent means and for correlation between TLR5 expression and AUC of IPV, each dot represents one mouse and red line represents the
linear regression curve.

FliC intrarectal instillation is associated with a transient increase of colonic sensitivity
Intrarectal instillation of FliC, agonist of the receptor TLR5, significantly increased IPV at the 60, 80 and
100 mmHg distension pressure 30 min and 60 min post-instillation (Figure 5A). The increase in the
response to CRD test was transient and did not persist 120 min after FliC instillation. AUC confirmed
this significant increase of IPV 30 min after intrarectal instillation of FliC (Figure 5B).

DISCUSSION
Abdominal pain, frequently associated with CHS, has been shown to be a common feature of IBS
patients. It also strongly impacts on patient’s quality of life, leading to an important rate of consultation
in Gastroenterology[24]. According to clinical studies, 33% to 90% of IBS patients exhibit CHS[3,25]. IBS
presents a poorly first line treatment efficacy, especially regarding the treatment of abdominal pain[26].
Thus, in accordance with the aim of our study, a better characterization of mechanisms associated with
CHS is important for the establishment of new potential pharmacological targets.
The etiology of this condition, resulting in various symptoms, remains unclear even if biological,
psychological and social factors seem to be involved. Indeed, several studies reported an increased risk
of IBS associated with early adverse life events[17,27-29]. These events refer to traumatic experience
during childhood such as physical, sexual or emotional abuse as well as discordant relationship with
primary caretaker. Using NMS stress animal model[30], our study demonstrates the impact of early
adverse life events on colonic sensitivity of adult mice. Interestingly, only a subset of NMS mice
presented CHS, revealed by CRD test, compared to control non-handled mice. These results were
consistent with data obtained in previous studies carried out in both rats and mice[23,31,32].
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Figure 5 Evaluation of the impact of intrarectal instillation of flagellin on colonic sensitivity. A: Intracolonic pressure variation (IPV) in response to
colorectal distension in males mice before (Baseline) and after (30, 60 and 120 min) intrarectal instillation of flagellin (5 µg); B: Area under the curve (AUC) of the IPV
relative to highest colorectal distension pressures (60, 80 and 100 mmHg). For each mouse and each time point, n = 10. aP < 0.05, bP < 0.01 and cP < 0.001 respect
to Baseline. For IPV to colorectal distension test, dots represent means and error bars represent SEM. For AUC, each dot represents one mouse and red lines
represent means.

Many studies reported an association between activation of the HPA axis, the major neuroendocrine
system regulating various bodily processes in response to psychological or physical stressors, and
intestinal permeability increase[33,34]. Furthermore, alteration of the intestinal barrier is a key clinical
feature of IBS and it has been related to CHS[35]. In our study, assessment of intestinal permeability was
carried out by measurement of FITC-dextran plasma level. Only NMS animals with CHS exhibited high
plasmatic levels of FITC-dextran, suggesting that NMS paradigm induced CHS is associated with
altered intestinal barrier. This result is in accordance with previous reports showing increased intestinal
permeability following NMS paradigm or chronic stress exposure[34,36,37]. In addition, the link
between the weakness of the intestinal mucosa barrier and CHS has been demonstrated in a mouse
model of post-infectious IBS[20].
Consistent studies reported intestinal dysbiosis in IBS patients[6]. The main distinguishing feature of
IBS patients compared to heathy volunteers is on one hand the increased abundance of bacteria
belonging to the Firmicutes phylum and on the other hand, the decreases abundance of bacteria belongs
to the Bacteroidetes phylum. Implication of the intestinal microbiota in CHS and associated chronic
abdominal pain was also suggested[38]. In the present study, the characterization of the fecal microbiota
composition using high-throughput sequencing of the 16S rRNA revealed the presence of a dysbiotic
state making it possible to discriminate NH, NMS NS and NMS S mice. Indeed, the beta-diversity
analyses showed that the composition of the fecal microbiota is different between NMS and NH control
mice but also between NMS NS and NMS S mice while these animals came from the same litters and
were co-housed. Changes in intestinal microbiota composition associated with NMS and CHS appeared
very early, before weaning the animals (week 3) and persisted over time up to 12 wk. These alterations
in the fecal microbiota composition were also characterized by a decreased bacterial richness in NMS S
mice from week 4 to week 12. In general, this decrease was associated with a physiological disorder in
the host, which seemed to be in agreement with the results obtained in this model[39]. A reduction in
the bacterial diversity of the intestinal microbiota has notably been demonstrated in IBD and IBS
patients but also in stress animal models[40-44]. Clostridium and Lachnoclostridium, flagellated bacteria,
are among the genera whose abundance was increased in NMS S mice, at W12, the time of colonic
sensitivity assessment, compared to NMS mice without CHS. Studies carried out in animals subjected to
stress during the neonatal period have also shown an increase in the relative abundance of the
Clostridium genus[43,45,46]. Furthermore and interestingly, Luna et al[47] highlighted an increased
relative abundance of different species of Clostridium and Lachnoclostridium within the mucosaassociated microbiota in children with an autistic disorder associated with functional gastrointestinal
disorders and in particular abdominal pain. These findings suggest an implication of the intestinal
microbiota in the development of CHS in the NMS model.
In a dysbiotic state, particularly associated with an increase in intestinal permeability, alterations in
the signature of microbial molecules sensed by the host can lead to a different activation state of the
immune system[9]. Indeed, PAMPs, such as LPS or FliC, are sensed by PRRs including TLRs, which are
expressed on the host cell surface or in the cytosolic compartment of numerous cell types. In this
context, the aim of our study was to characterize the expression of different TLRs in colonocytes from
our different animal subgroups after NMS paradigm. It is important to note that NMS paradigm is not
associated with a modification of the intestinal inflammation status[23,36]. An increased TLR5
expression was observed only in animals presenting CHS after NMS paradigm, moreover, correlation
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between gene expression of TLR5 and AUC from 60 to 100 mmHg (corresponding to nociceptive
stimulation) in NMS mice. These findings are in line with some reports showing upregulation of TLRs
in IBS patient’s colonic biopsies[10-12,15]. An increased expression of some TLRs was also observed in
NMS model but without association with visceral pain[11]. Few publications have indicated TLRs
implication in animal pain model, especially inflammatory and neuropathic pain[48,49]. In visceral pain
context, Tramullas et al[50] in 2014 demonstrated involvement of TLR4 in visceral sensitivity in a chronic
stress model. Furthermore, Luczynski et al[51] demonstrated increased colonic sensitivity to colorectal
distention in germ free mice, associated with an increase of TLRs expression in spinal cord. Finally, in
2018, a study published by Zhou et al[52] established TLR4 implication in inflammatory visceral pain in
animals with high-fat diet. Following the demonstration of FliC increase in NMS S mice fecal content
and the upregulation of TLR5 expression in the NMS S mouse colonocytes, the effect of FliC was
assessed on visceral sensitivity in naïve animals. We highlighted a transient increase of colonic
sensitivity between 30 min and 60 min after FliC intra-rectal instillation. These results are the first to
demonstrate potential FliC and TLR5 involvement in CHS in a non-inflammatory IBS-like animal
model. Indeed, only Das et al[53] have shown that TLR5 signaling mediates hypersensitivity in a model
of allodynia and that sensitivity was reversed by blocking TLR5 with a specific antagonist. Moreover,
Dlugosz et al[54] has found a significantly higher serum level of antibodies to FliC patients with IBS.
Our data, associated with the results of previous studies suggest that TLR5, through its activation by
FliC, could play a key role in CHS induced by dysbiosis related to the NMS paradigm and more
generally, in the pathophysiology of IBS.

CONCLUSION
In conclusion, our results demonstrated the association of fecal dysbiosis, characterized especially by an
increased abundance of flagellated bacteria, with impaired intestinal permeability, increased TLR5
expression and induced CHS. Taken together, TLR5 signaling upon recognition of FliC is relevant in
visceral pain through both direct and indirect mechanisms, and application of TLR5-specific antagonists
could potentially reversed CHS in non-inflammatory visceral pain context[23,36].

ARTICLE HIGHLIGHTS
Research background
Chronic abdominal pain associated to irritable bowel syndrome (IBS) is strongly related to stress and is
the most common cause for gastroenterology consultation. Brain/gut/microbiota trialogue alterations
are suspected to be involved in colonic hypersensitivity (CHS), responsible for chronic abdominal pain.
It is also associated with abnormal intestinal permeability and intestinal dysbiosis, which can alter colon
homeostasis leading to abnormal activation of the innate immunity that promotes CHS, perhaps
involving the toll-like receptors (TLRs), which play a central role in innate immunity.

Research motivation
The breakdown of the relationship between TLRs and gut microbiota could contribute to the
development of IBS. Thus, because of correlation between IBS and early life adverse events, our study
investigated the impact of neonatal maternal separation (NMS) paradigm on intestinal homeostasis,
fecal microbiota composition and CHS development in mice as well as the association with TLRs
expression.

Research objectives
A better characterization of mechanisms associated with CHS is important for the establishment of new
potential pharmacological targets.

Research methods
In our study, we used a referenced CHS animal model, the NMS paradigm, which mimics deleterious
events in childhood that can induce a wide range of chronic disorders during adulthood. In addition,
we have evaluated colonic sensitivity of NMS mice by colorectal distension (CRD) coupled with
intracolonic pressure variation measurement. Fecal microbiota composition was analyzed by 16S rRNA
sequencing from weaning to CRD periods. TLR mRNA expression was evaluated in colonocytes.

Research results
This study, based on the preclinical mouse model of NMS, demonstrated that around 50% of NMS mice
exhibited increased intestinal permeability and CHS associated with intestinal dysbiosis. In particular, a
significant increased amount of flagellated bacteria was observed in the NMS mice with CHS. In
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association, only tlr5 mRNA expression was increased in colonocytes of NMS mice with CHS.

Research conclusions
Taken together, our results suggest a pathophysiological continuum between intestinal dysbiosis and
CHS, with a role for TLR5.

Research perspectives
TLR5 signaling upon recognition of flagellin is relevant in visceral pain through both direct and indirect
mechanisms, and application of TLR5-specific antagonists could potentially reversed CHS in noninflammatory visceral pain context.

ACKNOWLEDGEMENTS
The authors would like to acknowledge Abdelkrim Alloui (Animal facilities) for animal care.

FOOTNOTES
Author contributions: Mallaret G and Lashermes A contributed equally to this article; Study concept and design done
by Mallaret G, Lashermes A, Ardid D and Carvalho FA; Acquisition of data done by Mallaret G, Lashermes A,
Barbier J, Aissouni Y, Chassaing B; Analysis and interpretation of data done by Mallaret G, Lashermes A, Chassaing
B, Gewirtz AT, Ardid D and Carvalho FA; Drafting of the manuscript done by Mallaret G, Lashermes A Meleine M,
Boudieu L and Carvalho FA; Obtained funding done by Ardid D and Carvalho FA; Study supervision done by
Gewirtz AT, Ardid D and Carvalho FA.

Supported by the Region Auvergne-Rhône-Alpes and FEDER, No. Thématiques émergentes and Pack Ambition
Recherche; the French Government IDEX-ISITE Initiative, No. 16-IDEX-0001-CAP 20-25; the Ministère de la
Recherche et de la Technologie, INSERM and University of Clermont Auvergne, No. UMR1071.

Institutional animal care and use committee statement: All experiments were performed according to the ethical
guidelines set out by the International Association for the Study of Pain, complied with the European Union
regulation and were approved by ethics committees: the local committees C2EA-02 of Clermont-Ferrand (approvals
CE110-12 and CE111-12).

Conflict-of-interest statement: All authors have nothing to disclose.
Data sharing statement: All sequencing raw data have been deposited in European Nucleotide Archive (ENA) under
accession number PRJEB50651.

ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and
revised according to the ARRIVE guidelines.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BYNC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license
their derivative works on different terms, provided the original work is properly cited and the use is noncommercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: France
ORCID number: Geoffroy Mallaret 0000-0002-3658-3418; Amandine Lashermes 0000-0002-8241-464X; Mathieu Meleine
0000-0002-0925-087X; Ludivine Boudieu 0000-0002-4774-9313; Julie Barbier 0000-0001-7177-3236; Youssef Aissouni 00000002-9264-7690; Agathe Gelot 0000-0002-7884-6968; Benoit Chassaing 0000-0002-4285-769X; Andrew T Gewirtz 0000-00026338-7578; Denis Ardid 0000-0003-4320-7338; Frederic Antonio Carvalho 0000-0003-1592-2369.

S-Editor: Zhang H
L-Editor: A
P-Editor: Yu HG

REFERENCES
1

WJG

Kopczyńska M, Mokros Ł, Pietras T, Małecka-Panas E. Quality of life and depression in patients with irritable bowel
syndrome. Prz Gastroenterol 2018; 13: 102-108 [PMID: 30002768 DOI: 10.5114/pg.2018.75819]

https://www.wjgnet.com

3913

August 7, 2022

Volume 28

Issue 29

Mallaret G et al. TLR5 involvement in NMS-induced CHS
2

3

4
5
6

7

8

9
10
11

12

13

14
15

16

17

18

19

20

21

22

23

24

WJG

Sperber AD, Bangdiwala SI, Drossman DA, Ghoshal UC, Simren M, Tack J, Whitehead WE, Dumitrascu DL, Fang X,
Fukudo S, Kellow J, Okeke E, Quigley EMM, Schmulson M, Whorwell P, Archampong T, Adibi P, Andresen V, Benninga
MA, Bonaz B, Bor S, Fernandez LB, Choi SC, Corazziari ES, Francisconi C, Hani A, Lazebnik L, Lee YY, Mulak A,
Rahman MM, Santos J, Setshedi M, Syam AF, Vanner S, Wong RK, Lopez-Colombo A, Costa V, Dickman R, Kanazawa
M, Keshteli AH, Khatun R, Maleki I, Poitras P, Pratap N, Stefanyuk O, Thomson S, Zeevenhooven J, Palsson OS.
Worldwide Prevalence and Burden of Functional Gastrointestinal Disorders, Results of Rome Foundation Global Study.
Gastroenterology 2021; 160: 99-114.e3 [PMID: 32294476 DOI: 10.1053/j.gastro.2020.04.014]
Farzaei MH, Bahramsoltani R, Abdollahi M, Rahimi R. The Role of Visceral Hypersensitivity in Irritable Bowel
Syndrome: Pharmacological Targets and Novel Treatments. J Neurogastroenterol Motil 2016; 22: 558-574 [PMID:
27431236 DOI: 10.5056/jnm16001]
Watanabe S, Radman-Livaja M, Rando OJ, Peterson CL. A histone acetylation switch regulates H2A.Z deposition by the
SWR-C remodeling enzyme. Science 2013; 340: 195-199 [PMID: 23580526 DOI: 10.1126/science.1229758]
Enck P, Mazurak N. Dysbiosis in Functional Bowel Disorders. Ann Nutr Metab 2018; 72: 296-306 [PMID: 29694952
DOI: 10.1159/000488773]
Pittayanon R, Lau JT, Yuan Y, Leontiadis GI, Tse F, Surette M, Moayyedi P. Gut Microbiota in Patients With Irritable
Bowel Syndrome-A Systematic Review. Gastroenterology 2019; 157: 97-108 [PMID: 30940523 DOI:
10.1053/j.gastro.2019.03.049]
Jalanka-Tuovinen J, Salonen A, Nikkilä J, Immonen O, Kekkonen R, Lahti L, Palva A, de Vos WM. Intestinal microbiota
in healthy adults: temporal analysis reveals individual and common core and relation to intestinal symptoms. PLoS One
2011; 6: e23035 [PMID: 21829582 DOI: 10.1371/journal.pone.0023035]
Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL. Cutting edge: bacterial flagellin activates basolaterally
expressed TLR5 to induce epithelial proinflammatory gene expression. J Immunol 2001; 167: 1882-1885 [PMID:
11489966 DOI: 10.4049/jimmunol.167.4.1882]
Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune system. Nat Rev Immunol 2017; 17: 219-232
[PMID: 28260787 DOI: 10.1038/nri.2017.7]
Brint EK, MacSharry J, Fanning A, Shanahan F, Quigley EM. Differential expression of toll-like receptors in patients with
irritable bowel syndrome. Am J Gastroenterol 2011; 106: 329-336 [PMID: 21102570 DOI: 10.1038/ajg.2010.438]
McKernan DP, Gaszner G, Quigley EM, Cryan JF, Dinan TG. Altered peripheral toll-like receptor responses in the
irritable bowel syndrome. Aliment Pharmacol Ther 2011; 33: 1045-1052 [PMID: 21453321 DOI:
10.1111/j.1365-2036.2011.04624.x]
Belmonte L, Beutheu Youmba S, Bertiaux-Vandaële N, Antonietti M, Lecleire S, Zalar A, Gourcerol G, Leroi AM,
Déchelotte P, Coëffier M, Ducrotté P. Role of toll like receptors in irritable bowel syndrome: differential mucosal immune
activation according to the disease subtype. PLoS One 2012; 7: e42777 [PMID: 23028414 DOI:
10.1371/journal.pone.0042777]
Dlugosz A, Zakikhany K, Acevedo N, D'Amato M, Lindberg G. Increased Expression of Toll-Like Receptors 4, 5, and 9 in
Small Bowel Mucosa from Patients with Irritable Bowel Syndrome. Biomed Res Int 2017; 2017: 9624702 [PMID:
28246611 DOI: 10.1155/2017/9624702]
Koçak E, Akbal E, Köklü S, Ergül B, Can M. The Colonic Tissue Levels of TLR2, TLR4 and Nitric Oxide in Patients with
Irritable Bowel Syndrome. Intern Med 2016; 55: 1043-1048 [PMID: 27150852 DOI: 10.2169/internalmedicine.55.5716]
Shukla R, Ghoshal U, Ranjan P, Ghoshal UC. Expression of Toll-like Receptors, Pro-, and Anti-inflammatory Cytokines in
Relation to Gut Microbiota in Irritable Bowel Syndrome: The Evidence for Its Micro-organic Basis. J Neurogastroenterol
Motil 2018; 24: 628-642 [PMID: 30347939 DOI: 10.5056/jnm18130]
McKernan DP, Nolan A, Brint EK, O'Mahony SM, Hyland NP, Cryan JF, Dinan TG. Toll-like receptor mRNA expression
is selectively increased in the colonic mucosa of two animal models relevant to irritable bowel syndrome. PLoS One 2009;
4: e8226 [PMID: 20011045 DOI: 10.1371/journal.pone.0008226]
Bradford K, Shih W, Videlock EJ, Presson AP, Naliboff BD, Mayer EA, Chang L. Association between early adverse life
events and irritable bowel syndrome. Clin Gastroenterol Hepatol 2012; 10: 385-90.e1 [PMID: 22178460 DOI:
10.1016/j.cgh.2011.12.018]
Larauche M, Gourcerol G, Million M, Adelson DW, Taché Y. Repeated psychological stress-induced alterations of
visceral sensitivity and colonic motor functions in mice: influence of surgery and postoperative single housing on
visceromotor responses. Stress 2010; 13: 343-354 [PMID: 20536336 DOI: 10.3109/10253891003664166]
Picard E, Carvalho FA, Agosti F, Bourinet E, Ardid D, Eschalier A, Daulhac L, Mallet C. Inhibition of Cav 3.2 calcium
channels: A new target for colonic hypersensitivity associated with low-grade inflammation. Br J Pharmacol 2019; 176:
950-963 [PMID: 30714145 DOI: 10.1111/bph.14608]
Lashermes A, Boudieu L, Barbier J, Sion B, Gelot A, Barnich N, Ardid D, Carvalho FA. Adherent-Invasive E. coli
enhances colonic hypersensitivity and P2X receptors expression during post-infectious period. Gut Microbes 2018; 9: 2637 [PMID: 28806140 DOI: 10.1080/19490976.2017.1361091]
Tambuwala MM, Cummins EP, Lenihan CR, Kiss J, Stauch M, Scholz CC, Fraisl P, Lasitschka F, Mollenhauer M,
Saunders SP, Maxwell PH, Carmeliet P, Fallon PG, Schneider M, Taylor CT. Loss of prolyl hydroxylase-1 protects against
colitis through reduced epithelial cell apoptosis and increased barrier function. Gastroenterology 2010; 139: 2093-2101
[PMID: 20600011 DOI: 10.1053/j.gastro.2010.06.068]
Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R. PyNAST: a flexible tool for aligning
sequences to a template alignment. Bioinformatics 2010; 26: 266-267 [PMID: 19914921 DOI:
10.1093/bioinformatics/btp636]
Meleine M, Boudieu L, Gelot A, Muller E, Lashermes A, Matricon J, Silberberg C, Theodorou V, Eschalier A, Ardid D,
Carvalho FA. Comparative effects of α2δ-1 ligands in mouse models of colonic hypersensitivity. World J Gastroenterol
2016; 22: 7111-7123 [PMID: 27610021 DOI: 10.3748/wjg.v22.i31.7111]
Lovell RM, Ford AC. Effect of gender on prevalence of irritable bowel syndrome in the community: systematic review and
meta-analysis. Am J Gastroenterol 2012; 107: 991-1000 [PMID: 22613905 DOI: 10.1038/ajg.2012.131]

https://www.wjgnet.com

3914

August 7, 2022

Volume 28

Issue 29

Mallaret G et al. TLR5 involvement in NMS-induced CHS
25

26
27

28

29

30
31

32
33
34

35

36

37

38

39
40

41

42

43

44

45

46

47

48

WJG

Kanazawa M, Palsson OS, Thiwan SI, Turner MJ, van Tilburg MA, Gangarosa LM, Chitkara DK, Fukudo S, Drossman
DA, Whitehead WE. Contributions of pain sensitivity and colonic motility to IBS symptom severity and predominant bowel
habits. Am J Gastroenterol 2008; 103: 2550-2561 [PMID: 18684175 DOI: 10.1111/j.1572-0241.2008.02066.x]
Camilleri M, Boeckxstaens G. Dietary and pharmacological treatment of abdominal pain in IBS. Gut 2017; 66: 966-974
[PMID: 28232472 DOI: 10.1136/gutjnl-2016-313425]
Ju T, Naliboff BD, Shih W, Presson AP, Liu C, Gupta A, Mayer EA, Chang L. Risk and Protective Factors Related to
Early Adverse Life Events in Irritable Bowel Syndrome. J Clin Gastroenterol 2020; 54: 63-69 [PMID: 30575634 DOI:
10.1097/MCG.0000000000001153]
Park SH, Videlock EJ, Shih W, Presson AP, Mayer EA, Chang L. Adverse childhood experiences are associated with
irritable bowel syndrome and gastrointestinal symptom severity. Neurogastroenterol Motil 2016; 28: 1252-1260 [PMID:
27061107 DOI: 10.1111/nmo.12826]
Whitehead WE, Crowell MD, Robinson JC, Heller BR, Schuster MM. Effects of stressful life events on bowel symptoms:
subjects with irritable bowel syndrome compared with subjects without bowel dysfunction. Gut 1992; 33: 825-830 [PMID:
1624167 DOI: 10.1136/gut.33.6.825]
Moloney RD, O'Mahony SM, Dinan TG, Cryan JF. Stress-induced visceral pain: toward animal models of irritable-bowel
syndrome and associated comorbidities. Front Psychiatry 2015; 6: 15 [PMID: 25762939 DOI: 10.3389/fpsyt.2015.00015]
Botschuijver S, Welting O, Levin E, Maria-Ferreira D, Koch E, Montijn RC, Seppen J, Hakvoort TBM, Schuren FHJ, de
Jonge WJ, van den Wijngaard RM. Reversal of visceral hypersensitivity in rat by Menthacarin®, a proprietary combination
of essential oils from peppermint and caraway, coincides with mycobiome modulation. Neurogastroenterol Motil 2018; 30:
e13299 [PMID: 29383802 DOI: 10.1111/nmo.13299]
Yi L, Zhang H, Sun H, Zhou L, Chen Y, Xuan L, Jiang Y, Xu S. Maternal Separation Induced Visceral Hypersensitivity
from Childhood to Adulthood. J Neurogastroenterol Motil 2017; 23: 306-315 [PMID: 28238254 DOI: 10.5056/jnm16089]
de Punder K, Pruimboom L. Stress induces endotoxemia and low-grade inflammation by increasing barrier permeability.
Front Immunol 2015; 6: 223 [PMID: 26029209 DOI: 10.3389/fimmu.2015.00223]
Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP. Breaking down the barriers: the gut microbiome,
intestinal permeability and stress-related psychiatric disorders. Front Cell Neurosci 2015; 9: 392 [PMID: 26528128 DOI:
10.3389/fncel.2015.00392]
Camilleri M, Madsen K, Spiller R, Greenwood-Van Meerveld B, Verne GN. Intestinal barrier function in health and
gastrointestinal disease. Neurogastroenterol Motil 2012; 24: 503-512 [PMID: 22583600 DOI:
10.1111/j.1365-2982.2012.01921.x]
Miquel S, Martín R, Lashermes A, Gillet M, Meleine M, Gelot A, Eschalier A, Ardid D, Bermúdez-Humarán LG, Sokol H,
Thomas M, Theodorou V, Langella P, Carvalho FA. Anti-nociceptive effect of Faecalibacterium prausnitzii in noninflammatory IBS-like models. Sci Rep 2016; 6: 19399 [PMID: 26775847 DOI: 10.1038/srep19399]
Rincel M, Olier M, Minni A, Monchaux de Oliveira C, Matime Y, Gaultier E, Grit I, Helbling JC, Costa AM, Lépinay A,
Moisan MP, Layé S, Ferrier L, Parnet P, Theodorou V, Darnaudéry M. Pharmacological restoration of gut barrier function
in stressed neonates partially reverses long-term alterations associated with maternal separation. Psychopharmacology
(Berl) 2019; 236: 1583-1596 [PMID: 31147734 DOI: 10.1007/s00213-019-05252-w]
Moloney RD, Johnson AC, O'Mahony SM, Dinan TG, Greenwood-Van Meerveld B, Cryan JF. Stress and the MicrobiotaGut-Brain Axis in Visceral Pain: Relevance to Irritable Bowel Syndrome. CNS Neurosci Ther 2016; 22: 102-117 [PMID:
26662472 DOI: 10.1111/cns.12490]
Mosca A, Leclerc M, Hugot JP. Gut Microbiota Diversity and Human Diseases: Should We Reintroduce Key Predators in
Our Ecosystem? Front Microbiol 2016; 7: 455 [PMID: 27065999 DOI: 10.3389/fmicb.2016.00455]
Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic characterization of
microbial community imbalances in human inflammatory bowel diseases. Proc Natl Acad Sci U S A 2007; 104: 1378013785 [PMID: 17699621 DOI: 10.1073/pnas.0706625104]
Lepage P, Häsler R, Spehlmann ME, Rehman A, Zvirbliene A, Begun A, Ott S, Kupcinskas L, Doré J, Raedler A,
Schreiber S. Twin study indicates loss of interaction between microbiota and mucosa of patients with ulcerative colitis.
Gastroenterology 2011; 141: 227-236 [PMID: 21621540 DOI: 10.1053/j.gastro.2011.04.011]
Pozuelo M, Panda S, Santiago A, Mendez S, Accarino A, Santos J, Guarner F, Azpiroz F, Manichanh C. Reduction of
butyrate- and methane-producing microorganisms in patients with Irritable Bowel Syndrome. Sci Rep 2015; 5: 12693
[PMID: 26239401 DOI: 10.1038/srep12693]
Moussaoui N, Jacobs JP, Larauche M, Biraud M, Million M, Mayer E, Taché Y. Chronic Early-life Stress in Rat Pups
Alters Basal Corticosterone, Intestinal Permeability, and Fecal Microbiota at Weaning: Influence of Sex. J
Neurogastroenterol Motil 2017; 23: 135-143 [PMID: 27829577 DOI: 10.5056/jnm16105]
Tap J, Derrien M, Törnblom H, Brazeilles R, Cools-Portier S, Doré J, Störsrud S, Le Nevé B, Öhman L, Simrén M.
Identification of an Intestinal Microbiota Signature Associated With Severity of Irritable Bowel Syndrome.
Gastroenterology 2017; 152: 111-123.e8 [PMID: 27725146 DOI: 10.1053/j.gastro.2016.09.049]
Zhou XY, Li M, Li X, Long X, Zuo XL, Hou XH, Cong YZ, Li YQ. Visceral hypersensitive rats share common dysbiosis
features with irritable bowel syndrome patients. World J Gastroenterol 2016; 22: 5211-5227 [PMID: 27298564 DOI:
10.3748/wjg.v22.i22.5211]
Murakami T, Kamada K, Mizushima K, Higashimura Y, Katada K, Uchiyama K, Handa O, Takagi T, Naito Y, Itoh Y.
Changes in Intestinal Motility and Gut Microbiota Composition in a Rat Stress Model. Digestion 2017; 95: 55-60 [PMID:
28052282 DOI: 10.1159/000452364]
Luna RA, Oezguen N, Balderas M, Venkatachalam A, Runge JK, Versalovic J, Veenstra-VanderWeele J, Anderson GM,
Savidge T, Williams KC. Distinct Microbiome-Neuroimmune Signatures Correlate With Functional Abdominal Pain in
Children With Autism Spectrum Disorder. Cell Mol Gastroenterol Hepatol 2017; 3: 218-230 [PMID: 28275689 DOI:
10.1016/j.jcmgh.2016.11.008]
Lacagnina MJ, Watkins LR, Grace PM. Toll-like receptors and their role in persistent pain. Pharmacol Ther 2018; 184:
145-158 [PMID: 28987324 DOI: 10.1016/j.pharmthera.2017.10.006]

https://www.wjgnet.com

3915

August 7, 2022

Volume 28

Issue 29

Mallaret G et al. TLR5 involvement in NMS-induced CHS
49
50

51
52

53

54

WJG

Nicotra L, Loram LC, Watkins LR, Hutchinson MR. Toll-like receptors in chronic pain. Exp Neurol 2012; 234: 316-329
[PMID: 22001158 DOI: 10.1016/j.expneurol.2011.09.038]
Tramullas M, Finger BC, Moloney RD, Golubeva AV, Moloney G, Dinan TG, Cryan JF. Toll-like receptor 4 regulates
chronic stress-induced visceral pain in mice. Biol Psychiatry 2014; 76: 340-348 [PMID: 24331544 DOI:
10.1016/j.biopsych.2013.11.004]
Luczynski P, Tramullas M, Viola M, Shanahan F, Clarke G, O'Mahony S, Dinan TG, Cryan JF. Microbiota regulates
visceral pain in the mouse. Elife 2017; 6: e25887 [PMID: 28629511 DOI: 10.7554/eLife.25887]
Zhou SY, Gillilland M 3rd, Wu X, Leelasinjaroen P, Zhang G, Zhou H, Ye B, Lu Y, Owyang C. FODMAP diet modulates
visceral nociception by lipopolysaccharide-mediated intestinal inflammation and barrier dysfunction. J Clin Invest 2018;
128: 267-280 [PMID: 29202473 DOI: 10.1172/JCI92390]
Das N, Dewan V, Grace PM, Gunn RJ, Tamura R, Tzarum N, Watkins LR, Wilson IA, Yin H. HMGB1 Activates
Proinflammatory Signaling via TLR5 Leading to Allodynia. Cell Rep 2016; 17: 1128-1140 [PMID: 27760316 DOI:
10.1016/j.celrep.2016.09.076]
Dlugosz A, Nowak P, D'Amato M, Mohammadian Kermani G, Nyström J, Abdurahman S, Lindberg G. Increased serum
levels of lipopolysaccharide and antiflagellin antibodies in patients with diarrhea-predominant irritable bowel syndrome.
Neurogastroenterol Motil 2015; 27: 1747-1754 [PMID: 26387872 DOI: 10.1111/nmo.12670]

https://www.wjgnet.com

3916

August 7, 2022

Volume 28

Issue 29

WJ G

World Journal of
Gastroenterology

Submit a Manuscript: https://www.f6publishing.com

World J Gastroenterol 2022 August 7; 28(29): 3917-3933

DOI: 10.3748/wjg.v28.i29.3917

ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE
Case Control Study

Comprehensive evaluation of microRNA as a biomarker for the
diagnosis of hepatocellular carcinoma
Juliane Malik, Martin Klammer, Vinzent Rolny, Henry Lik-Yuen Chan, Teerha Piratvisuth, Tawesak
Tanwandee, Satawat Thongsawat, Wattana Sukeepaisarnjaroen, Juan Ignacio Esteban, Marta Bes, Bruno
Köhler, Magdalena Swiatek-de Lange

Specialty type: Oncology

Juliane Malik, Martin Klammer, Vinzent Rolny, Magdalena Swiatek-de Lange, Roche Diagnostics
GmbH, Penzberg 82377, Germany

Provenance and peer review:
Unsolicited article; Externally peer
reviewed.

Henry Lik-Yuen Chan, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong
999077, China

Peer-review model: Single blind

Teerha Piratvisuth, NKC Institute of Gastroenterology and Hepatology, Songklanagarind
Hospital, Hat Yai 90112, Thailand

Peer-review report’s scientific
quality classification
Grade A (Excellent): A
Grade B (Very good): 0
Grade C (Good): C
Grade D (Fair): 0
Grade E (Poor): 0

Tawesak Tanwandee, Division of Gastroenterology, Faculty of Medicine, Siriraj Hospital,
Mahidol University, Bangkok 10700, Thailand
Satawat Thongsawat, Department of Internal Medicine, Maharaj Nakorn Chiang Mai Hospital,
Chiang Mai University, Chiang Mai 50200, Thailand
Wattana Sukeepaisarnjaroen, Faculty of Medicine, Srinagarind Hospital, Khon Kaen University,
Khon Kaen 40000, Thailand

P-Reviewer: Elkady N, Egypt;
Sahin TT, Turkey

Juan Ignacio Esteban, Liver Unit, Vall d’Hebron University Hospital, Barcelona 08035, Spain

Received: January 28, 2022
Peer-review started: January 28,

Marta Bes, Transfusion Safety Laboratory, Banc de Sang i Teixits, Barcelona 08005, Spain

2022

First decision: April 10, 2022
Revised: May 20, 2022
Accepted: July 11, 2022
Article in press: July 11, 2022
Published online: August 7, 2022

Bruno Köhler, Department of Medical Oncology, National Center for Tumor Diseases,
University Hospital Heidelberg, Heidelberg 69120, Germany
Bruno Köhler, Liver Cancer Center Heidelberg, University Hospital Heidelberg, Heidelberg
69120, Germany
Corresponding author: Juliane Malik, PhD, Roche Diagnostics GmbH, Nonnenwald 2,
Penzberg 82377, Germany. juliane.malik@roche.com

Abstract
BACKGROUND
Hepatocellular carcinoma (HCC) is the most common type of primary liver
cancer. Current guidelines for HCC management recommend surveillance of
high-risk patients every 6 mo using ultrasonography. Serum biomarkers, like
alpha-fetoprotein (AFP), protein induced by vitamin K absence/antagonist-II
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(PIVKA-II) and lectin-reactive AFP, show suboptimal performance for detection of HCC, which is
crucial for successful resection or treatment. Thus, there is a significant need for new biomarkers to
aid early diagnosis of HCC. Studies have shown that the expression level of human microRNAs
(miRNAs), a small, non-coding RNA species released into the blood, can serve as an early marker
for various diseases, including HCC.
AIM
To evaluate the diagnostic role of miRNAs in HCC as single markers, signatures or in combination
with known protein biomarkers.
METHODS
Our prospective, multicenter, case-control study recruited 660 participants (354 controls with
chronic liver disease and 306 participants with HCC) and employed a strategy of initial screening
by two independent methods, real-time quantitative PCR (n = 60) and next-generation sequencing
(n = 100), to assess a large number of miRNAs. The results from the next-generation sequencing
and real-time quantitative PCR screening approaches were then combined to select 26 miRNAs
(including two putative novel miRNAs). Those miRNAs were analyzed for their diagnostic
potential as single markers or in combination with other miRNAs or established protein
biomarkers AFP and PIVKA-II via real-time quantitative PCR in training (n = 200) and validation
cohorts (n = 300).
RESULTS
We identified 26 miRNAs that differentiated chronic liver disease controls from (early) HCC via
two independent discovery approaches. Three miRNAs, miR-21-5p (miR-21), miR-320a and miR186-5p, were selected by both methods. In the training cohort, only miR-21, miR-320d and miR-423
could significantly distinguish (Q < 0.05) between the HCC and chronic liver disease control
groups. In the multivariate setting, miR-21 with PIVKA-II was selected as the best combination,
resulting in an area under the curve of 0.87 for diagnosis and area under the curve of 0.74 for early
diagnosis of HCC. In the validation cohort, only miR-21 and miR-423 could be confirmed as
potential HCC biomarkers. A combination of miRNAs did not perform better than any single
miRNA. Improvement of PIVKA-II performance through combination with miRNAs could not be
confirmed in the validation panel. Two putative miRs, put-miR-6 and put-miR-99, were tested in
the training and validation panels, but their expression could only be detected in very few samples
and at a low level (cycle threshold between 31.24 and 34.97).
CONCLUSION
miRNAs alone or as a signature in combination with protein biomarkers AFP and PIVKA-II do not
improve the diagnostic performance of the protein biomarkers.
Key Words: Carcinoma; Hepatocellular; MicroRNAs; Biomarkers; Alpha-fetoprotein; Protein induced by
vitamin K absence-II; Diagnosis
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and has a
high mortality rate, making early diagnosis essential for better treatment outcomes. Studies have shown
microRNAs to be early markers for HCC; we evaluated the potential diagnostic role of microRNAs alone
and in combination with known protein biomarkers (alpha-fetoprotein, protein induced by vitamin K
absence/antagonist-II) in samples from HCC-affected individuals and controls using real-time quantitative
PCR and next-generation sequencing. MiR-21 and miR-423 demonstrated significant differential
expression between the HCC and control groups. MicroRNAs alone or as a signature in combination with
protein biomarkers did not improve diagnostic performance of the protein biomarkers.
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INTRODUCTION
According to the World Health Organization report of cancer cases worldwide, hepatocellular
carcinoma (HCC) was the sixth most common cancer in terms of new cases and the fourth most
common cause of cancer-related deaths in 2018[1]. HCC accounts for 85%-90% of all primary liver
cancers[2], and in most cases develops in cirrhotic livers. Cirrhosis arises as a consequence of chronic
liver injury and inflammation caused by viral and non-viral factors. About 70% of all HCC cases are
caused by viral liver infections like hepatitis B virus (HBV) and hepatitis C virus (HCV)[3]. Approximately 80% of HCC cases occur in eastern Asia and sub-Saharan Africa, where the dominant risk factor
is chronic infection with HBV and exposure to aflatoxin B1. In contrast, the main risk factors for HCC
development in North America, Europe and Japan are infection with HCV or alcohol misuse, diabetes
and obesity[4]. The mortality rate of HCC is high, with 5-year overall survival rates of 19.5%[5].
Limited treatment options exist for patients with HCC when diagnosed at advanced stages, so early
detection is crucial to reduce mortality. If diagnosed early, treatment options such as resection, local
ablation and liver transplantation are available and increase the 5-year overall survival rate for very
early HCC [Barcelona-Clinic Liver Cancer (BCLC) stage 0] to 70%-90% and for early HCC (BCLC stage
A) to 50%-70%. Intermediate to end-stage HCCs are unresectable and have a median survival of 16 mo
for intermediate HCC (BCLC stage B), 6 mo for advanced HCC (BCLC stage C) and 3-4 mo for end-stage
HCC (BCLC stage D)[6].
HCC is often asymptomatic, making its early diagnosis challenging. Major international guidelines
recommend surveillance of high-risk patients [patients with severe chronic liver disease (CLD) such as
chronic HBV or HCV infections, alcohol abuse or non-alcoholic steatohepatitis, leading to cirrhosis of
the liver) at 6-mo intervals using abdominal ultrasound (US) with (The Asian Pacific Association for the
Study of the Liver, American Association for the Study of Liver Diseases) or without (European
Association for the Study of the Liver-European Organisation for Research and Treatment of Cancer)
measurement of alpha-fetoprotein (AFP) levels in serum[7-9]. Japanese guidelines on HCC management
propose the use of US and measurement of AFP, lectin-reactive AFP and protein induced by vitamin K
absence/antagonist-II (PIVKA-II; also known as des-gamma-carboxy prothrombin) for routine followup in patients at high risk for developing HCC[10]. Other recommended imaging methods are computed tomography (CT) and magnetic resonance imaging; however, these are very cost-intensive, not
easily accessible and have potential adverse effects like radiation exposure (CT)[6-8,11]. US use is also
not without problems, as its performance is operator-dependent[12] and is limited in the setting of nonalcoholic steatohepatitis[13]. Adjunctive use of AFP may improve HCC detection rates. Although it has
limited sensitivity for early-stage HCC, its addition to US improved sensitivity from 45% to 63% (P =
0.002)[11,14]. PIVKA-II is more sensitive but less specific than AFP for diagnosis of HCC in patients
affected by chronic HCV infection[15]. Thus, there is a great need for new, non-invasive diagnostic tools
to improve the detection of early HCC and eliminate operator-dependent variability.
MicroRNAs (miRNAs) are small (approximately 22 nucleotides), non-coding RNA molecules that
post-transcriptionally modify gene regulation by base-pairing to mRNA[16]. The target mRNA is then
either degraded (complementary or near-perfect complementary binding) or the translation is inhibited
(partial complementarity), thus inhibiting protein expression[17].
In the cancer research field, the role of miRNAs has been discussed extensively. In the context of
human cancers, miRNAs are associated with cell proliferation, genomic instability, tissue invasion,
metastasis, angiogenesis, evasion of apoptosis and immune response. They can also act as oncogenes or
tumor suppressor genes[18]. Clinical applications of miRNAs have been studied in various malignant
tumors, such as lung, breast and prostate cancers[19]. Primarily, miRNAs from serum and plasma are of
particular interest for diagnosis of cancer and the study of disease prognosis. The main advantage of
miRNA-based diagnosis is the high stability of these molecules in blood and other biological fluids that
can be easily sampled[20-22].
In HCC, the role of miRNAs for diagnosis and therapy has been exhaustively analyzed, although
with contradictory results[23]. The expression of several miRNAs in different HCC tumor tissue
samples was both elevated and decreased compared with a control group (non-tumorous tissue) in
different studies[24]. Additionally, numerous circulating miRNA candidates or signatures composed of
several miRNAs have been published as biomarker candidates for HCC (e.g., hsa-miR-206, hsa-miR-1413p and hsa-miR-433-3p)[25]. In some cases, both increases and decreases in the expression of the same
miRNA (e.g., hsa-miR-143, hsa-miR-155, hsa-miR-195) have been reported[26]. While previous studies
have given some indication that miRNAs may be useful biomarkers for HCC, no miRNA has been
found as a reliable biomarker in the diagnosis of early-stage HCC. To date, studied cohorts have been
small, or control cohorts contained only one group of patients with a disease having a high risk for HCC
[27], only healthy individuals[28] or did not include patients with early HCC[29]. A large cohort is
necessary to obtain statistically significant results[30], and an HCC biomarker should show high
sensitivity and specificity in patients at risk for HCC (including those with HBV, HCV and cirrhosis).
The aim of this study was to identify and clinically validate potential miRNAs for the early detection
of HCC in human plasma samples through a comprehensive, prospective, multicenter, case-control
study. To this end, a large cohort including 660 HCC (early and late stage) and CLD patients was
studied. The potential improvement of the diagnostic performance of already established protein
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biomarkers for HCC (AFP and PIVKA-II) in combination with miRNA biomarkers was also assessed.

MATERIALS AND METHODS
Patient sample collection
Between 2014 and 2016, EDTA-plasma samples from 354 CLD controls, including HBV and HCV with
and without cirrhosis, and 306 HCC (early and late stage) patients were provided by the following
institutions: Maharaj Nakorn Chiang Mai Hospital, Chiang Mai, Thailand; Siriraj Hospital, Bangkok,
Thailand; Songklanagarind Hospital, Hat Yai, Thailand; Srinagarind Hospital, Khon Kaen, Thailand;
Prince of Wales Hospital, Shatin, Hong Kong; NCT University Hospital Heidelberg, Heidelberg,
Germany; and Vall d’Hebron University Hospital, Barcelona, Spain. Full inclusion and exclusion criteria
have been previously described[31].
Written informed consent was obtained from all participants. The study was conducted in full
conformance with the principles of the Declaration of Helsinki and with approval of independent ethics
committees. Plasma samples were collected before treatment (surgery, percutaneous ethanol injection,
chemotherapy, radiotherapy) according to the appropriate standard operating procedures and stored at
-70 °C until analysis. Repeated freeze-thaw cycles were avoided. HCC diagnosis was verified using
imaging (ultrasonography, CT, magnetic resonance imaging) or biopsy, followed by histopathological
analysis.

Description and clinical data of patients
The demographic and clinical characteristics of the study participants are presented in Supplementary Table 1. All diagnosed HCC cases were classified according to BCLC guidelines upon sample
collection. Early-stage HCC was defined as BCLC 0 and A and late-stage HCC as BCLC B, C and D.
CLD controls were individuals with HBV or HCV with or without cirrhosis. Some patients had
additional underlying diseases, which were not considered when distributing them into the four
groups. All clinical data, including the patients’ diagnoses, were blinded to laboratory operators to
avoid measurement bias.

Study design
CLD and HCC patient samples were randomly distributed into four panels: a screening panel for realtime quantitative (RT-q) PCR (n = 60), a screening panel for next-generation sequencing (NGS) (n = 100),
a training panel (n = 200) and a validation panel (n = 300) (Supplementary Table 1). Comparisons were
made for: (1) All HCC (early + late stages) vs controls (HBV and HCV, with and without cirrhosis); (2)
Early HCC vs controls; and (3) Early HCC vs cirrhosis (Figure 1).

miRNA isolation
The following methods for miRNA isolation from plasma were validated: TaqMan miRNA ABC
Purification Kit, mirVana PARIS Kit (both LifeTechnologies, Carlsbad, CA, United States) and the
miRCURY RNA Isolation Kit-Biofluids (Exiqon, Vedbaek, Denmark). The best performance for the
isolation of small RNA was found using the last method; therefore, all isolation experiments were
performed using the miRCURY RNA Isolation Kit-Biofluids. The starting material was 250 µL of EDTAplasma per patient. Handling was according to the manufacturer’s protocol with the following
adaption: after adding the protein precipitation solution and subsequent centrifugation, only 200 μL of
supernatant was transferred into a new tube; the remaining volume was discarded. For quality control,
spike-ins UniSp2, UniSp4 and UniSp5 from the miRCURY Universal RT microRNA PCR, RNA Spike-in
kit (Exiqon) were added to all samples prior to isolation. Isolated small RNA (including miRNA) was
stored at -80 °C until analysis.

NGS
NGS of miRNAs from EDTA-plasma samples was performed by Exiqon. Briefly, RNA was isolated
following quality control by RT-qPCR. Next, the miRNA library was prepared, followed by quality
control via RT-qPCR and bioanalyzer. Finally, miRNAs were sequenced on a Nextseq500 (Illumina, San
Diego, CA, United States) with 10 million reads per sample and 50 nucleotide single-end read. The
annotation reference used was miRBase 20 (http://mirbase.org/). In the following data analyses, the
reads were mapped and classified based on their sequence as: (1) Known miRNA; (2) Predicted
(putative) miRNA; (3) Outmapped; (4) Unmapped; (5) Genome; and (6) Small RNA. In the NGS report
from Exiqon, putative miRNAs were described as miRNAs predicted from the sequences that do not
map to any organism found in miRBase or to other known RNA sequences. miRPara was used to
analyze the potential folding of these sequences[32]. These results were combined to identify putative
novel miRNAs. The differential expression analyses were done using the trimmed mean of M-value
normalization method in the EdgeR statistical software package.
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Figure 1 Overview of study design. HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; HCV: Hepatitis C virus; miRNA: Micro ribonucleic acid; NGS: Nextgeneration sequencing; RT-qPCR: Real-time quantitative PCR.

Putative miRNA primer design
For the evaluation of the putative miRNA (put-miRs), the following RT-qPCR primers were designed
using the Exiqon tool for primer design: put-miR-25, put-miR-46, put-miR-56, put-miR-66, put-miR-79,
put-miR-99, put-miR-83, put-miR-86, put-miR-91, put-miR-100, put-miR-118 and put-miR-128. Three
primer sets for each put-miR were tested in the three EDTA-plasma samples that had shown the highest
expression for the respective put-miR in NGS. The put-miRs that showed a cycle threshold (Ct) lower
than 35 were selected for clinical validation. The primer set with the lowest Ct of all three primer sets
was used for the following RT-qPCR analyses. Details on the put-miRs and their corresponding
chromosome location, chromosome strand, start and stop position, sequence and primer design-IDs
from Exiqon can be found in the Supplementary materials (Supplementary Table 2).

Reverse transcription and RT-qPCR
Reverse transcription and RT-qPCR were carried out using the Universal complementary DNA
synthesis kit II for reverse transcription and the ExiLENT SYBR Green master mix kit for RT-qPCR
(Exiqon) according to the manufacturer’s protocol. For quality control, spike-ins UniSp6 and cel-miR-393p from the miRCURY LNA Universal RT microRNA PCR, RNA Spike-in kit were added to all samples
prior to reverse transcription. RT-qPCR analysis was performed for: (1) Individual miRNA primer sets;
(2) Commercially available predefined ready-to-use panels: Human miRNome panel I and II, V4 which
included primers for 752 known miRNAs; and (3) Customized ready-to-use panels [all primer sets and
panels from miRCURY LNA Universal RT microRNA PCR Biofluids (Exiqon)]. RT-qPCR was
performed on a LightCycler® 480 (Roche Diagnostics International Ltd, Rotkreuz, Switzerland). The
following modifications to the manufacturer’s protocol were made: (1) In both customized and
predefined ready-to-use panels the amount of complementary DNA was doubled; and (2) After adding
the PCR mastermix-complementary DNA mix to each well and centrifuging the plate, the reagents in
the plate were mixed on a shaker for 20 s and then centrifuged again.

Normalization and miRNA expression
Pre-processing of RT-qPCR data from the ready-to-use and customized panels was done using GenEx
(MultiD Analyses AB, Gothenburg, Sweden) following the Exiqon Data Analysis Guide for the
miRCURY LNA Universal RT microRNA Ready-to-Use PCR panels, V3. All Ct values < 35 were
considered valid and included in further analyses. Normalization was done by applying the global
mean (Human miRNome panel I and II, V4) or by normalizing to the expression of reference genes
(customized panels). When conducting RT-qPCR analysis with only a small number of miRNAs, global
mean normalization was not applicable. Therefore, a normalization to endogenous control miRNAs that
show equal expression throughout all sample groups was necessary. Reference genes for normalization
of customized panels were selected with GenEx NormFinder software by comparing their standard
deviation (SD) and accumulated SD (accumulated SD =
calculated using a 2-ΔΔCt method.

. Relative miRNA expression was

Serum protein assays measurements
AFP and PIVKA-II were measured using microchip capillary electrophoresis and a liquid-phase binding
assay on the uTASWako i30 automated analyzer (Fujifilm Wako Pure Chemical Industries, Osaka,
Japan).
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Biostatistical analyses
The statistical methods and analyses of this study were performed and reviewed by biostatisticians Dr.
Martin Klammer and Vinzent Rolny of Roche Diagnostics GmbH.

Univariate analysis
For each miRNA, two-sample Wilcoxon rank-sum testing was performed, and the P value was reported.
Subsequently, the P values were corrected by means of Benjamini-Hochberg false discovery rate
correction to account for multiple hypothesis testing (referred to as ‘Q-values’ in the tables).
In the initial global discovery of differentially expressed miRNAs, the raw P values (without false
discovery rate correction) were used. Here, a higher false-positive rate was deliberately accepted for the
sake of minimizing the risk of missing a potential biomarker candidate (i.e., minimizing the falsenegative rate).

Multivariate analysis
To discover the optimal bivariate biomarker combination and reliably estimate its performance in future
samples, a two-tier cross-validation workflow employing logistic regression was established. In the first
(outer) tier with 200 Monte-Carlo cross-validation runs, the data set was randomly split into training
and test set (80% and 20%, respectively) in each run, while maintaining the ratio of cases and controls.
The optimal feature combination was then searched for in the second (inner) tier with five-fold crossvalidation, where the training data were again split into an inner training and an inner test set. All
possible two-marker combinations (exhaustive search) were then assessed by training a logistic
regression model on the inner training data containing only information of the respective two markers
(inner selected training data) and testing their performances by means of area under the curve (AUC) of
the receiver operating characteristics curve with the respective inner test set (inner selected test data).
The combination showing the best inner cross-validation results (i.e., maximum mean AUC across the
five cross-validation runs) was then selected and used to train a model in the outer tier. As with the
inner tier, logistic regression was used, and the performance of the test set (selected test data) for each of
the 200 Monte-Carlo cross-validation runs was then assessed; the mean AUC represented the estimated
overall performance.
Since the feature selection procedure was part of the outer cross-validation tier, it was possible that
different marker pairs were selected in the 200 Monte-Carlo cross-validation runs. However, it was
necessary to select the one pair that would be used to train a model to predict future samples. This was
achieved by subjecting the entire data set to the inner cross-validation tier (not only the training data, as
was done for the performance evaluation) and receiving the final biomarker pair, which was
subsequently used to train the final logistic regression model on the entire data set (Figure 2).
In the case of searching for a miRNA that best complements the protein marker (AFP or PIVKA-II),
the protein marker itself was fixed as first feature in the feature selection process, and the optimal
partner was determined as described above.

RESULTS
Analysis of differentially expressed miRNAs yielded 26 potential biomarker candidates
To find a suitable biomarker for the (early) diagnosis of HCC, a large number of miRNAs were
screened, using two independent methods: RT-qPCR (752 predefined miRNAs) and NGS (resulting in
244 miRNAs). We analyzed whether miRNAs were differentially expressed between a group with (early
stage) HCC and a control group with CLD (including patients with hepatitis B, hepatitis C and
cirrhosis). The miRNAs identified in the screening were then analyzed as potential biomarkers for
(early) diagnosis of HCC in an independent training panel using RT-qPCR and validated in an
independent panel.

Global miRNome analysis of miRNAs by NGS and human miRNA panels
Compared with RT-qPCR, NGS can identify all known and unknown miRNAs. First, miRNA was
isolated from the plasma of 60 patients from the CLD control group (HBV, HCV and cirrhosis; see
Supplementary Table 1) and 40 patients from the HCC groups (early and late stages), followed by a
quality control via RT-qPCR. Six control samples did not pass the quality control and were excluded
from NGS. Illumina Nextseq500 sequencing of the prepared library produced an average of 10.9 million
accepted reads per sample. After data analysis, two additional outlier control samples were identified
and excluded from further analysis. The miRNA expression was compared for the following groups: all
HCC vs CLD and early HCC vs CLD, for known and unknown miRNAs, respectively (Supplementary Table 3). The 13 miRNAs with the smallest P value, highest AUC and largest fold change
(approximately 1.2 or higher) were selected for validation via RT-qPCR (Table 1).
In the second discovery approach, RT-qPCR panels of preassigned assays for 752 known human
miRNAs were applied for the screening of miRNA expression. miRNAs were investigated in the
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Table 1 Overview of the 26 selected known and putative microRNA candidates from next-generation sequencing and real-time
quantitative PCR
Known miRNA

Fold change

AUC

P value (Wilcoxon)

Method

Comparison

hsa-miR-185-5p

2.01

0.77

0.000099c

NGS

All HCC vs CLD

hsa-miR-320a1

1.52

0.74

0.000335c

hsa-miR-423-5p

-1.22

0.69

0.004126b

hsa-miR-664a-5p

1.38

0.69

0.005695b

hsa-miR-203a

-2.73

0.67

0.01167a

hsa-miR-320d

2.56

0.66

0.017151a

hsa-miR-21-5p1

1.34

0.66

0.020486a

hsa-miR-28-5p

-1.65

0.80

0.0004c

hsa-miR-21-5p1

1.59

0.79

0.0006c

hsa-miR-103a-3p

-1.65

0.78

0.012a

hsa-miR-301a-3p

-1.50

0.78

0.013a

hsa-miR-30b-5p

-1.63

0.75

0.0033b

hsa-miR-495-3p

-1.50

0.73

0.0068b

hsa-miR-320a1

1.37

0.72

0.0093b

hsa-miR-30a-3p

-1.60

0.72

0.008145b

RT-qPCR

NGS

Early HCC vs CLD

a

hsa-miR-25-3p

1.75

0.71

0.01019

hsa-miR-7706

1.67

0.69

0.02002a

hsa-miR-186-5p1

1.68

0.68

0.02364a

hsa-miR-15b-5p

4.21

0.97

< 0.0001c

hsa-miR-339-3p

-2.73

0.87

0.0006c

hsa-miR-10b-5p

2.81

0.86

0.0007c

hsa-miR-151a-5p

-2.25

0.85

0.0011b

hsa-miR-652-3p

-2.22

0.85

0.001b

hsa-miR-32-5p

2.03

0.85

0.001b

hsa-miR-221-3p

-2.96

0.83

0.0021b

hsa-miR-486-5p

2.43

0.82

0.0034b

hsa-miR-186-5p1

1.46

0.75

0.0215a

Putative miRNA

Fold change

AUC

P value (Wilcoxon)

put-miR-6

3.63

0.68

0.001956

put-miR-99

1.83

0.6

0.188

b

RT-qPCR

Method

Comparison

NGS

All HCC vs CLD
Early HCC vs CLD

1

MicroRNAs detected in both next-generation sequencing and real-time quantitative PCR.
P < 0.05.
b
P < 0.01.
c
P < 0.001.
AUC: Area under the curve; CLD: Chronic liver disease; HCC: Hepatocellular carcinoma; miRNA: MicroRNA; NGS: Next-generation sequencing; RTqPCR: Real-time quantitative PCR; miR: MicroRNA; put-miR: Putative microRNA.
a

independent sample panel (n = 60, see Supplementary Table 1). After global mean normalization, the
miRNA expression was compared between the following groups: (1) All HCC vs CLD; and (2) Early
HCC vs CLD (Supplementary Table 4). The 16 miRNAs with the smallest P value, highest AUC and
largest fold change were selected for further analysis via RT-qPCR (Table 1). The AUCs and fold
changes for the comparison of early HCC vs CLD were generally higher than the AUCs and fold
changes when comparing all HCC vs CLD. Twenty-six miRNAs with the highest AUCs and fold
changes, resulting from both discovery methods, were selected for further evaluation. Three miRNAs,
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Figure 2 Overview of the two-tier cross-validation workflow employing logistic regression.

hsa-miR-320a (miR-320a), hsa-miR-421 (miR-421) and hsa-miR-21-5p (miR-21-5p), were identified by
both independent methods (Supplementary Table 3).

Selection of five endogenous control miRNAs for normalization
The 26 selected miRNAs were then analyzed by RT-qPCR in an independent sample panel. As the
number of examined miRNAs was very small, the normalization could not be based on the global mean
value, which was used for the screening. To select endogenous miRNAs that could be used for normalization, GenEx software (MultiD) was used. Five miRNAs with the lowest SD and SDacc, hsa-let-7i-5p,
hsa-miR-222-3p, hsa-miR-23a-3p, hsa-miR-30e-5p and hsa-miR-191-5p, were selected as endogenous
controls for normalization (Table 2).

Putative miRNA primer selection
During NGS, sequences that could be potential miRNAs based on their length and structure were
identified (= put-miR; Supplementary Table 2). Some showed different expression between the
all/early-stage HCC and CLD groups. The 15 potential miRNAs with the smallest P values, highest
AUCs and largest fold changes detected in the NGS were validated by RT-qPCR in an independent
sample panel. For all 15 put-miRs identified, the three plasma samples with the highest expression of
the respective put-miR in the NGS were selected, and RNA was isolated with the miRCURY isolation kit
and subject to RT-qPCR analysis. In the RT-qPCR, two put-miRs (put-miR-6 and put-miR-99) reached
Cts below the cut-off of 35, and their best primer pairs showed a mean Ct of 33.54 (put-miR-6) and 34.17
(put-miR-99). The remaining 13 put-miRs showed no expression. Put-miR-6 and put-miR-99 were
further analyzed in the training and validation cohorts (Table 1).

RT-qPCR analysis of training cohort: univariate analysis
The 26 (24 known and 2 putative) miRNAs showing the best diagnostic performance and expression
fold change in the NGS and RT-qPCR analysis (Table 1) were further validated by RT-qPCR in two
independent sample panels: training cohort (200 samples) and validation cohort (300 samples). From the
24 previously selected known miRNAs, only three candidates (miR-21-5p, miR-320a and miR-186-5p)
revealed themselves as potential biomarkers through both NGS and RT-qPCR analysis. miRNAs were
analyzed alone (univariate) and as a combination of several miRNAs (signature, multivariate). miRNAs
were also combined with known protein markers PIVKA-II and AFP (multivariate).
The training cohort consisted of the following plasma samples: HCC group (48 early stage and 52 late
stage) and control group (100 HCV and HBV patients with and without cirrhosis). When comparing all
HCC vs CLD controls in a univariate analysis, three miRNAs, namely miR-21-5p, hsa-miR-320d (miR320d) and hsa-miR-423-5p (miR-423), could significantly distinguish (Q < 0.05) between those two
groups (Table 3, Supplementary Figure 1).
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Table 2 Individual standard deviation and accumulated standard deviation for consecutive microRNA reference genes
miRNA

SD

SDacc

hsa-let-7i-5p

0.49

0.49

hsa-miR-222-3p

0.57

0.37

hsa-miR-23a-3p

0.63

0.33

hsa-miR-30e-5p

0.65

0.29

hsa-miR-191-5p

0.79

0.28

The lower the standard deviation/accumulated standard deviation, the more applicable microRNA/microRNA combination was as reference gene. These
miRNAs were used as endogenous controls for the normalization of real-time quantitative PCR data. SD: Standard deviation; SDacc: Accumulated standard
deviation; miRNA: MicroRNA; miR: MicroRNA.

For the comparison of early HCC vs CLD, none of the 26 miRNAs could significantly distinguish
between early HCC and the control group. After a refined analysis of the control groups, hsa-miR-6523p (miR-652) demonstrated itself to be a marker significantly distinguishing early HCC from the
cirrhosis group (mixed HBV and HCV) (Table 3, Supplementary Figure 1).

RT-qPCR analysis of training cohort: multivariate analysis and combination with protein biomarkers
A combination of several miRNAs did not perform better than the single miRNAs (data not shown).
MiRNA marker candidates from the univariate analysis of all HCC vs CLD were then combined with
the protein marker PIVKA-II, which is a widely used marker for HCC[33]. As a result, two-tier crossvalidation workflow (see Methods for details) was established, which employed logistic regression and
combined two features (PIVKA-II and one of the 26 miRNAs) repeatedly to investigate the potential
improvement of the diagnostic performance of PIVKA-II alone. The combined approach resulted in a
higher AUC and specificity at 90% sensitivity than PIVKA-II or miR-21-5p alone (Table 4,
Supplementary Figure 2A). miR-21-5p was selected as the best PIVKA-II partner in 86% of the crossvalidation runs (Table 5), and PIVKA-II + miR-21-5p was selected as the final biomarker pair.
In the next step, the specificity of the combined approach was tested for early HCC vs CLD. The three
best partners for PIVKA-II were miR-21-5p in 60%, miR-320d in 18% and miR-652 in 16% of the crossvalidation runs (Table 5, Supplementary Figure 2B), and PIVKA-II + miR-21-5p was selected as the final
biomarker pair.
For the differentiation between early HCC and cirrhotic control patients, the AUC and specificity at
90% sensitivity of the combination PIVKA-II with miRNAs was higher than for single markers (Table 4,
Supplementary Figure 2C). The two best miRNA partners for PIVKA-II were miR-652 in 64% and hsamiR-221 in 26% of the cross-validation runs (Table 5), and PIVKA-II + miR-652 was selected as the final
biomarker pair.
The multivariate analyses of the miRNA marker candidates combined with protein marker AFP did
not show any improvement in diagnostic performance (Supplementary Figure 3).

RT-qPCR analysis of validation cohort: univariate analysis
The validation cohort consisted of the following plasma samples: all HCC group (71 early stage and 79
late stage) and CLD control group [63 cirrhosis (HBV, HCV), 59 HBV and 28 HCV). When comparing all
HCC vs CLD, miR-21-5p and miR-423 were confirmed as possible biomarker candidates for the
diagnosis of HCC. The performance of miR-21-5p was slightly worse in the validation cohort compared
with the training cohort; miR-423 performance remained almost unchanged. The results from the
training cohort for miR-320d could not be confirmed (Table 6, Supplementary Figure 4).
For the comparison of early HCC vs CLD with cirrhosis, miR-652 could not be confirmed as a possible
biomarker, as seen in the training cohort (Table 6, Supplementary Figure 4).

RT-qPCR analysis of validation cohort: multivariate analysis and combination with protein
biomarkers
As no combination of miRNAs could be identified in the training analysis, only PIVKA-II + miRNA
combinations were validated here. However, the performance of PIVKA-II as a single marker could not
be improved through combination with miRNAs selected in the training cohort for all data sets
(Figure 3).

No confirmation of put-miRs as potential biomarkers for HCC
Put-miRs (put-miR-6 and put-miR-99) were tested in the training and validation panels. Put-miR-6
could only be detected in 2 samples, with a Ct of 31.24 in 1 of 200 samples in the training panel and a Ct
of 34.00 in 1 of 300 samples in the validation panel. Put-miR-99 Cts between 34.00 and 34.97 (mean value
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Table 3 Univariate analysis of real-time quantitative PCR results for comparison
miRNA

Wilcoxon Q-value

AUC

Specificity at 90% sensitivity

hsa-miR-21-5p

0.000003a

0.71

0.24

hsa-miR-320d

0.010872b

0.63

0.25

b

All HCC vs CLD

hsa-miR-423-5p

0.046214

0.61

0.26

hsa-miR-221-3p

0.099403

0.60

0.27

hsa-miR-320a

0.109399

0.60

0.28

hsa-miR-339-3p

0.154338

0.58

0.29

hsa-miR-301a-3p

0.160690

0.57

0.30

hsa-miR-652-3p

0.160690

0.56

0.31

hsa-miR-30b-5p

0.160690

0.56

0.32

hsa-miR-25-3p

0.186436

0.57

0.33

hsa-miR-21-5p

0.113812

0.64

0.20

hsa-miR-320d

0.302365

0.61

0.16

hsa-miR-652-3p

0.382238

0.60

0.23

hsa-miR-320a

0.432100

0.58

0.01

hsa-miR-423-5p

0.432100

0.56

0.06

hsa-miR-301a-3p

0.432100

0.57

0.09

hsa-miR-15b-5p

0.432100

0.57

0.07

hsa-miR-186-5p

0.432100

0.57

0.15

hsa-miR-221-3p

0.432100

0.56

0.24

hsa-miR-25-3p

0.432100

0.56

0.15

hsa-miR-652-3p

0.038792b

0.69

0.34

hsa-miR-221-3p

0.094025

0.66

0.29

hsa-miR-151a-5p

0.201979

0.63

0.15

hsa-miR-21-5p

0.201979

0.63

0.24

hsa-miR-15b-5p

0.217324

0.61

0.10

hsa-miR-25-3p

0.217324

0.61

0.15

hsa-miR-320a

0.306457

0.59

0.00

hsa-miR-423-5p

0.306457

0.59

0.07

hsa-miR-320d

0.306457

0.59

0.15

hsa-miR-28-5p

0.306457

0.59

0.20

Early HCC vs CLD

Early HCC vs cirrhosis

a

Q-value < 0.001.
Q-value < 0.05.
AUC: Area under the curve; CLD: Chronic liver disease; HCC: Hepatocellular carcinoma; miRNA: MicroRNA; miR: MicroRNA.
b

Ct = 34.41) could be detected in 3 of 200 samples in the training panel and Cts between 33.85 and 34.89
(mean Ct = 34.42) in 5 of 300 samples in the validation panel. All other samples showed no put-miR-6
and put-miR-99 expression, thus both put-miRs were excluded from further analysis.
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Table 4 Multivariate analysis of real-time quantitative PCR results for comparison
Marker

AUC

Specificity at 90% sensitivity

Comparison

PIVKA-II

0.83

34

All HCC vs CLD

PIVKA-II + miRNAs

0.87

48

PIVKA-II

0.70

15

PIVKA-II + miRNAs

0.74

29

PIVKA-II

0.64

12

PIVKA-II + miRNAs

0.71

42

Early HCC vs CLD

Early HCC vs cirrhosis

Area under the curve and specificity at 90% sensitivity for Protein induced by vitamin K absence/antagonist-II alone and in combination with the 26
selected miRNAs, resulting from the logistic regression model. AUC: Area under the curve; CLD: Chronic liver disease; HCC: Hepatocellular carcinoma;
miRNA: MicroRNA; PIVKA-II: Protein induced by vitamin K absence/antagonist-II.

Figure 3 Receiver operating characteristics curves and area under the curve for multivariate analysis of real-time quantitative PCR
results. A: Comparison of all hepatocellular carcinoma vs chronic liver disease; B: Early hepatocellular carcinoma vs chronic liver disease; C: Early hepatocellular
carcinoma vs cirrhosis. Analyses were for the validation cohort. Upper panel: Protein induced by vitamin K absence/antagonist-II alone; Lower panel: Protein induced
by vitamin K absence/antagonist-II in combination with the best miRNA (selected as final pair in the training analysis). AUC: Area under the curve; CI: Confidence
interval; CLD: Chronic liver disease; HCC: Hepatocellular carcinoma; miR: MicroRNA; PIVKA-II: Protein induced by vitamin K absence/antagonist-II.

DISCUSSION
HCC is a severe disease of the liver and one of the leading causes of cancer-related deaths worldwide
[5]. As with all other cancers, early detection is crucial for successful treatment. Recommended detection
methods include US, CT, magnetic resonance imaging and measurement of AFP and PIVKA-II.
However, these methods are either cost-intensive, operator-dependent or not suitable for the detection
of early HCC[6-8,11-13,15]. Previous publications show that single miRNAs, like miR-21, hsa-miR-26a
and hsa-miR-101[34,35], as well as miRNA signatures (e.g., hsa-miR-3677, miR-421, hsa-miR-326, hsamiR-424 and hsa-miR-511-2)[36,37] can improve detection of HCC. While these results are promising,
the studies were conducted in small cohorts and/or the control group included healthy individuals who
were not being screened regularly for HCC.
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Table 5 Fractions of characteristics (feature) selected during internal cross-validation for evaluating the two-marker combination
performance
Feature

Fraction selected in cross-validation

All HCC vs CLD
PIVKA-II

1.00

hsa-miR-21-5p

0.86

hsa-miR-320d

0.10

hsa-miR-339-3p

0.02

hsa-miR-320a

0.01

hsa-miR-423-5p

0.00

Early HCC vs CLD
PIVKA-II

1.00

hsa-miR-21-5p

0.60

hsa-miR-320d

0.18

hsa-miR-652-3p

0.16

hsa-miR-339-3p

0.02

hsa-miR-221-3p

0.01

hsa-miR-30b-5p

0.01

hsa-miR-10b-5p

0.00

hsa-miR-15b-5p

0.00

Early HCC vs cirrhosis
PIVKA-II

1.00

hsa-miR-652-3p

0.64

hsa-miR-221-3p

0.26

hsa-miR-21-5p

0.05

hsa-miR-423-5p

0.04

hsa-miR-320a

0.01

hsa-miR-339-3p

0.01

hsa-miR-320d

0.00

CLD: Chronic liver disease; HCC: Hepatocellular carcinoma; PIVKA-II: Protein induced by vitamin K absence/antagonist-II; miR: MicroRNA.

Therefore, we carried out a comprehensive, prospective, multicenter, case-control study including
patient samples with early-stage (n = 147) and late-stage HCC (n = 160), HBV (n = 136), HCV (n = 72)
and cirrhosis with HBV and HCV (n = 145). We analyzed plasma samples to evaluate the utility of
circulating miRNAs alone and in combination with two established protein markers, PIVKA-II and
AFP, as biomarkers for detection (including early detection) of HCC and performed multivariate
analysis on the included miRNAs. When compared with other studies of circulating miRNAs, our study
is unique for the following reasons. First, we screened a large number of plasma miRNAs via NGS and
RT-qPCR, which enabled us to identify potential diagnostic markers independently of the detection
method. Second, we included early-stage and late-stage HCC and for the control cohort included HBV
and HCV patients with and without cirrhosis to find a miRNA that can diagnose HCC at an early stage
and to validate a biomarker that would be applicable for most of the at-risk population. Third, we used
a large sample size of 660 samples with four different independent sample panels to increase statistical
power. Finally, we employed an empirically validated set of endogenous reference genes for the
normalization of our data.
To find reliable miRNA biomarkers for HCC that were unbiased with respect to the detection
method, we followed two different screening approaches (RT-qPCR and NGS) to assess a large number
of miRNAs isolated from patient plasma. For each method, we used a different set of plasma samples to
receive reproducible results by two independent techniques in a large set of samples. These factors
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Table 6 Univariate analysis of real-time quantitative PCR results for comparison
miRNA

Wilcoxon Q-value
a

AUC

Specificity at 90% sensitivity

Comparison
All HCC vs CLD

hsa-miR-21-5p

0.00025

0.65

0.17

hsa-miR-423-5p

0.037b

0.59

0.11

hsa-miR-320d

0.078

0.57

0.11

hsa-miR-652-3p

0.25

0.59

0.13

Early HCC vs cirrhosis

a

Q-value < 0.001.
Q-value < 0.05.
AUC: Area under the curve; CLD: Chronic liver disease; HCC: Hepatocellular carcinoma; miRNA: MicroRNA; miR: MicroRNA.
b

could explain why we obtained only three miRNAs (miR-21-5p, miR-320a and miR-421) that showed
high potential as diagnostic biomarkers for HCC in both screening approaches.
The 26 best miRNAs selected by both screening methods, including the three overlapping miRNAs,
were then analyzed in two different sample panels (training and validation) and combined with the
established protein markers PIVKA-II and AFP. In the training panel, miR-21-5p, miR-320d and miR-423
were the best single markers for distinguishing between the HCC and CLD groups. For the early
detection of HCC, our data showed that miR-21-5p has the potential to improve the diagnostic
performance of PIVKA-II. In the validation panel, the results from the training panel for the comparison
of HCC vs CLD for miR-21-5p (AUC = 0.65) and miR-423 (AUC = 0.59) could be confirmed. However,
the hypothesis of finding a miRNA signature specific for the detection of early HCC could not be
confirmed, and the combination of all 26 miRNAs and AFP did not reveal greater diagnostic potential
than AFP alone.
MiR-21-5p was one of the two miRNAs with significantly higher expression in the HCC group
compared with the CLD group in both the training and validation cohorts. Other publications have
shown similar results. Amr et al[38] demonstrated that the expression of serum miR-21 was increased in
HCC compared with chronic hepatitis, while Gedawya et al[39] revealed overexpression of plasma miR21 in an HCC group (P < 0.05) compared with both CLD and healthy subjects from a cohort in Egypt.
However, miR-21 was also reported as a circulating diagnostic biomarker for various other cancers[40]
such as breast cancer[41], glioma[42] and non-small cell lung cancer[43]. MiR-21 has been described as
an oncogene, targeting tumor suppressors like TP63, TP53, TGF-β and PTEN, leading to the inhibition of
apoptosis[44,45]. Furthermore, miR-21 contributes to the epithelial-to-mesenchymal transition in
cervical cancer by modulating the expression of the Rasa1 gene (RAS p21 protein activator 1). Therefore,
by indirectly influencing the activity of Ras, miR-21 contributes to the migration potential of these cells.
Another described oncogenic effect is that miR-21 modulates angiogenesis in prostate cancer cells[46].
Thus, the underlying biology of miR-21 supports its role in HCC development and its potential
diagnostic value in HCC as well as other cancers.
MiR-423 also showed differential expression when comparing HCC and CLD in both the training and
validation groups. Previously, it was revealed that the expression of miR-423 was significantly increased
in HCC tissues compared with adjacent normal tissues[47,48]. In serum samples from HCC patients,
miR-423 was also found to be significantly upregulated compared with a control group consisting of
patients with cirrhosis or chronic hepatitis[49]. In the training and validation panels (total of 500
independent samples), miR-423 levels were elevated in the HCC group. MiR-423 expression has also
been found to be upregulated in breast cancer tissue[50], human prostate cancer tissues and prostate
cancer PC3 cells[51] and plasma of patients with oral squamous cell carcinoma[52]. This indicates that
miR-423 is not limited to the detection of HCC and can also detect several other cancer types. It can act
as an oncogene by enhancing the proliferation and migration of gastric cancer cells in vitro and in vivo
when overexpressed[53]. Furthermore, when knocking down miR-423, proliferation of PC3 cells was
inhibited, and apoptosis was promoted[51]. In summary, although miR-21 and miR-423 are upregulated
in several diseases, their overexpression in a high-risk population could be indicative of early HCC
development.
Our results indicate that miR-320d and miR-652 might not be robust biomarkers to diagnose (early)
HCC as the results from the training cohort could not be validated. However, they seem to play a role in
the development of cancer in general, which requires further investigation.
The 15 putative miRNAs detected by NGS in the screening phase that were differentially expressed
between HCC and CLD could not be confirmed as potential biomarkers by RT-qPCR in the training and
validation panel. Nonetheless, they could be detected in a small number of samples by both NGS and
RT-qPCR. Though the putative miRNAs only showed a relatively low expression, they could be novel
miRNAs and should be considered in further investigations.
In the training panel, the combination of the HCC biomarker PIVKA-II with the 26 miRNAs selected
in the screening phase improved diagnostic capability, and AUC was increased compared with PIVKA-
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II alone. However, this could not be confirmed in the validation panel, which included more samples
than the training panel. The combination of AFP and miRNA also did not show any improvement in
AFP diagnostic capability in the training panel and was therefore not analyzed in the validation panel.
We observed that individual miRNAs identified the same set of patients as those identified by AFP, thus
the miRNAs did not add any significant value in this case. However, as the performance of PIVKA-II in
the same cohort was between 5% and 20% lower than the performance of AFP, the miRNAs therefore
had higher additive value when combined with PIVKA-II. Our results demonstrate that the protein
markers AFP and PIVKA-II are more robust biomarkers for HCC than miRNAs.

CONCLUSION
In conclusion, our study found that two miRNAs (miR-21-5p and miR-423) demonstrated significant
differential expression between the HCC group and CLD control group. However, the combination of
miRNAs with established protein biomarkers (AFP and PIVKA-II) did not improve diagnostic
performance of either protein. Further investigation of the molecular mechanisms by which miRNAs,
specifically miR-21-5p and miR-423, support HCC development may help in diagnosing and treating
this highly malignant tumor.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and a leading cause of
cancer-related mortality. Current guidelines recommend the surveillance of high-risk patients every 6
mo using ultrasonography, but early-stage HCC detection is limited.

Research motivation
Previous reports show that the expression level of human microRNAs (miRNAs) can serve as an early
marker for HCC, even outperforming established biomarkers like alpha-fetoprotein (AFP) and protein
induced by vitamin K absence/antagonist-II (PIVKA-II).

Research objectives
To evaluate the diagnostic role of miRNAs in HCC as single markers, signatures or in combination with
known protein biomarkers AFP and PIVKA-II in a prospective, multicenter, case-control study.

Research methods
We employed two independent methods, real-time quantitative PCR and next-generation sequencing,
to investigate miRNAs levels in the discovery cohort of 160 HCC and control patients. Selected miRNAs
were subsequently analyzed for their univariate and multivariate performance in independent training (
n = 200) and validation cohorts (n = 300).

Research results
Real-time quantitative PCR and next-generation sequencing identified 26 miRNAs differentiating
between HCC and chronic liver disease controls. Three miRNAs (miR-21, miR-320a and miR-186-5p)
were selected by both methods. In the training cohort, only miR-21, miR-320d and miR-423 could
significantly distinguish (Q < 0.05) between the HCC and control groups. In the multivariate setting,
miR-21 with PIVKA-II was selected as the best combination, resulting in an area under the curve of 0.87
for diagnosis and 0.74 for early diagnosis of HCC. miR-21 and miR-423 were confirmed as potential
HCC biomarkers in the validation cohort. A combination of miRNAs did not perform better than any
single miRNA. Improvement of AFP or PIVKA-II performance through combination with miRNAs was
not confirmed in the validation panel.

Research conclusions
Selected miRNA candidates in standalone or signature settings or in combination with biomarkers AFP
and PIVKA-II did not improve the diagnostic performance of the protein biomarkers in identification of
early-stage HCC.

Research perspectives
Diagnostic superiority of microRNAs for detection of early HCC could not be confirmed, which was
primarily due to the excellent and robust performance of the protein biomarkers AFP and PIVKA-II for
this intended use. Therefore, miRNAs still carry diagnostic potential for application in other oncological
diseases.
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Abstract
BACKGROUND
Biliary decompression is well known to greatly decrease the risks of mortality in
acute cholangitis (AC). Although early biliary drainage is recommended by the
treatment guidelines for AC, the best time for performing this procedure is yet to
be established. Furthermore, since the clinical outcomes of patients with severe
AC vary dramatically, screening for patients that could benefit the most from
early drainage would be more beneficial than the drainage performed based on
the severity grade criteria.
AIM
To investigate the optimal drainage timing for AC patients with each disease
severity grade and organ dysfunction.
METHODS
In this retrospective monocenter cohort analysis, we reviewed 1305 patients who
were diagnosed with AC according to the Tokyo guidelines 2018 at a Chinese
tertiary hospital between July 2016 and December 2020. Demographic characteristics including age and sex, clinical and laboratory characteristics, and imaging
findings of each patient were obtained from electronic medical records. We investigated the all-cause in-hospital mortality (IHM), hospital length of stay (LOS), and
hospitalization costs associated with the timing of biliary drainage according to
the severity grading and different dysfunctioning organs and predictors [age,
white blood cell (WBC) count, total bilirubin, albumin, lactate, malignant obstruction, and Charlton comorbidity index (CCI)].
RESULTS
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Biliary drainage within 24 or 48 h in Grade III AC patients could dramatically decrease IHM (3.9%
vs 9.0%, P = 0.041; 4% vs 9.9%, P = 0.018, respectively), while increasing LOS and hospitalization
costs. Multivariate logistic analysis revealed that neurological, respiratory, renal, and
cardiovascular dysfunctions, hypoalbuminemia, and malignant obstruction were significantly
associated with IHM (odds ratio = 5.32, 2.541, 6.356, 4.021, 5.655, and 7.522; P < 0.001, P = 0.016, P <
0.001, P = 0.012, P < 0.001, and P < 0.001; respectively). Biliary decompression performed within 12
h of admission significantly decreased the IHM in AC patients with neurological dysfunction (0%
vs 17.3%, P = 0.041) or with serum lactate > 2 mmol/L (0% vs 5.4%, P = 0.016). In the subgroup of
AC patients with renal dysfunction, abnormal WBC count, hyperbilirubinemia, or hypoalbuminemia, early drainage (< 24 h) reduced the IHM (3.6% vs 33.3%, P = 0.004; 1.9% vs 5.8%, P =
0.031; 1.7% vs 5.0%, P = 0.019; 0% vs 27%, P = 0.026; respectively). The IHM was lower in patients
with AC combined with hepatic dysfunction, malignant obstruction, or a CCI > 3 who had
undergone biliary drainage within 48 h (2.6% vs 20.5%, P = 0.016; 3.0% vs 13.5%, P = 0.006; 3.4% vs
9.6%, P = 0.021; respectively).
CONCLUSION
Biliary drainage within 12 h is beneficial for AC patients with neurological or cardiovascular
dysfunction, while complete biliary decompression within 24 h of admission is recommended for
treating patients with Grade III AC.
Key Words: Acute cholangitis; Endoscopic retrograde cholangiopancreatography; Mortality; Biliary
drainage; Organ dysfunction
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: This study aimed to investigate the optimal timing of drainage for patients with acute cholangitis
(AC) with each grade and organ dysfunction. We first attempted to study whether AC patients with
different organ dysfunction should undergo biliary drainage at distinct times. We believe that our study
makes a significant contribution to the literature because we found that patients with severe AC should
complete biliary decompression within 24 h of admission, while biliary drainage within 12 h was
beneficial for AC patients with neurological or cardiovascular dysfunction.

Citation: Lu ZQ, Zhang HY, Su CF, Xing YY, Wang GX, Li CS. Optimal timing of biliary drainage based on the
severity of acute cholangitis: A single-center retrospective cohort study. World J Gastroenterol 2022; 28(29):
3934-3945
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3934.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3934

INTRODUCTION
Acute cholangitis (AC) is a life-threatening condition that occurs in the presence of biliary obstruction.
Although growing evidence confirms that biliary decompression can dramatically decrease the
mortality rates associated with AC, the optimal time for biliary drainage remains controversial[1-3].
Most experts agree that the timeframe for biliary decompression is distinct for different severity grades
based on the Tokyo guidelines 2018/2013 (TG18/13), which recommend early biliary drainage for
Grade II AC and urgent biliary drainage for Grade III AC; however, the exact timeframe is unclear[4].
Moreover, the 2019 European Society of Gastrointestinal Endoscopy guidelines recommend biliary
drainage as soon as possible in patients with Grade III AC and within 12 h for patients with septic
shock, while within 48–72 h for patients with Grade II AC[2]. Meanwhile, the 2021 American Society of
Gastrointestinal Endoscopy (ASGE) guidelines suggest endoscopic retrograde cholangiopancreatography (ERCP) within 48 h in AC patients, regardless of severity[1]. Some studies have demonstrated a
“the earlier, the better” approach for the management of AC cases[5-8]. They deemed urgent biliary
decompression necessary in severe cases. However, other studies have shown that ERCP can be safely
delayed to allow for sufficient resuscitation[9-11]. In our clinical experience, the severity of Grade III AC
varies dramatically, and we have observed that the optimal timing of biliary decompression may vary
for different organ injuries.
So far, no relevant study has determined whether the clinical outcomes of Grade III AC patients vary
with different organ injuries and whether AC patients with different organ dysfunction should undergo
biliary drainage at distinct times. Consequently, this single-center retrospective study aimed to
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investigate the relationship between drainage timing and in-hospital mortality (IHM) in patients with
AC of different severities, and attempted to stratify patients with AC to identify the best decompression
time.

MATERIALS AND METHODS
Patients
Ethical compliance: This retrospective cohort study was conducted according to the tenets of the
Declaration of Helsinki, and approved by the Bioethics Committee of Beijing Friendship Hospital,
Capital Medical University (Certification No. 2020-P2-224-01). After the review conducted by the Ethics
Committee, the need for informed consent was waived.
Sample size: Based on the pre-experimental results, which revealed a 0.87% and 3% mortality rates for
patients who did and did not undergo biliary drainage, respectively, we calculated the sample size
using PASS 15.0 with Power = 0.8, Alpha = 0.05, and N1 = N2. The resultant sample size was 1306. On
this basis, we expanded the sample size by 15% to exclude the reduction caused by data deficiency or
diagnostic errors.
Enrollment: We searched the electronic medical record database of the Beijing Friendship Hospital for
all adult (> 18 years) non-pregnant patients visiting the Emergency Department (ED) between July 2016
and December 2020 who were discharged with a diagnosis of AC. A total of 1498 patients were included
in the study. All the medical records were reviewed and a diagnosis of AC was confirmed according to
the TG18 diagnostic criteria[12]. Besides pregnant women and patients aged < 18 years, we also
excluded patients transferred to other hospitals or outpatient departments for treatment and patients
whose medical data were incomplete or missing. Finally, 1305 patients were enrolled (Figure 1).

Data collection
Demographic data, including age and sex, were obtained for each patient. Clinical data, laboratory
characteristics, and imaging findings were obtained from the electronic medical records. Clinical data
included vital signs, fluid output, Glasgow coma score, the vasoactive drug dose, history of biliary
disease, Charlton comorbidity index (CCI), etiology of AC, registration time at the ED, time and type of
drainage, discharge time, complications of drainage, hospitalization cost, and IHM. Laboratory findings
included white blood cell (WBC) count, platelet count, total bilirubin, albumin, aspartate transaminase,
alanine transaminase, creatinine, amylase, prothrombin time-international normalized ratio, arterial
blood oxygen pressure, and lactate. Computed tomography, magnetic resonance cholangiopancreatography, or ERCP findings were reviewed to determine the etiology of cholangitis. The time interval for
biliary drainage was calculated as the difference between ED registration time and the time of ERCP or
percutaneous transhepatic biliary drainage (PTBD). We used the TG18 severity criteria for grading the
severity[12].

Definition and indications
Benign stenosis was defined as stenosis in the biliary ducts without radiological findings of metastasis
or malignant cells on histological examination. The indications of ERCP were AC combined with
persistent extrahepatic biliary obstruction, and cases of anatomical derangement, failed ERCP,
intrahepatic biliary obstruction underwent PTBD. The contraindications of ERCP included acute
coronary syndrome, acute heart failure (New York Heart Association class III-IV), acute stroke occurring
within 2 wk prior to enrollment, and acute pulmonary embolism complicated with the arterial PaO2 <60
mmHg, while the contraindications of PTBD were platelet count < 50000/mm3 or prothrombin activity <
60%. The adverse effects after drainage were based on the lexicon guidelines of the ASGE[13]. The
second treatment included a second ERCP and a second PTBD for stone removal or stent placement.
The need for a second therapeutic ERCP was assessed per the discretion of the experienced operators
who performed the intervention and based on 2018 ERCP Guidelines for China[14]. All of the
endoscopists had independently completed 300 ERCP interventions per year for 3 years.

Study outcomes
Our primary outcome was IHM, and the secondary outcomes were hospital length of stay (LOS) and
hospitalization costs. When analyzing the survivors’ LOS and entailed cost, we excluded patients who
died or were transferred to other hospitals. We investigated the primary and secondary outcomes
relevant to the timing of biliary drainage according to severity grading and some predictors based on
TG18 and other previous studies.

Statistical analysis
Continuous variables were reported as medians with interquartile ranges (IQR) for not normally
distributed; categorical variables were expressed as numbers and percentages. Comparisons between
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Figure 1 A flowchart of the study population.

groups for continuous variables were evaluated using the Kruskal–Wallis test and Mann–Whitney U
test, and for categorical variables, Fisher’s exact test was used. Univariate logistic regression analysis
and multivariate logistic regression with stepwise variable selection were used to analyze the
relationship between organ dysfunction or predictors and IHM. Odds ratios (ORs) and 95% confidence
intervals were calculated. Statistical significance was set at P < 0.05. Statistical analyses were conducted
using SPSS v22.

RESULTS
The characteristics of the study population are shown in Tables 1 and 2. This cohort included 1305
patients, the majority of whom were men (60%). The median age of the group was 74 years (IQR, 63-82
years), and patients with Grade I AC were significantly younger (P < 0.001). The CCI of individuals with
Grade III cholangitis was significantly higher than that of patients with Grade I or II cholangitis (P <
0.001). Choledocholithiasis (69.4%) was the most common cause of cholangitis, followed by malignant
obstruction (18.5%). Among patients with cholangitis caused by malignancy, the number of patients
with Grade II cholangitis was higher than that of patients with Grade I or III cholangitis. More patients
with Grade II AC underwent biliary decompression (P = 0.006), while the IHM and hospitalization costs
were significantly higher in the Grade III AC group than in the Grade I and II AC groups (IHM: P <
0.001, hospitalization costs: P < 0.001). Deaths tended to occur earlier in the disease course in patients
with Grade III AC (median time 6 d).
A total of 915 patients in this cohort (70.1%) underwent biliary decompression, most of whom
underwent endoscopic interventions (90.7%), while more patients underwent PTBD in the severe AC
groups (Grade II: 37 cases, Grade III: 35 cases vs Grade I: 13 cases, P = 0.001). One hundred and sixty
patients with Grade III were treated with antibiotics and fluid infusion only (disagreement about
procedures = 35 cases, including two of mortality; with contraindications = 24 cases, including five of
death; not tolerable conditions = 14 cases, including eight of death; obstruction spontaneous relief = 67
cases, including seven of mortality; not persistent biliary obstruction with high risk to stone removal by
ERCP = 15 cases without death; not persistent biliary obstruction with selective cholecystectomy = five
cases without death). The median drainage time was 24 h. Nearly half of the patients underwent biliary
drainage within 24 h (445/915, 48%), while 89 patients with Grade III underwent drainage within 12 h
(29%), which was significantly higher than that in Grades I and II (P = 0.04). Among the patients who
underwent biliary drainage, more patients in Grade III underwent biliary drainage outside regular
working hours (31.9%) and 478 patients (52.2%) required a second intervention for stone removal or
stent placement, which exhibited no relationship with severity (P = 0.688). Post-ERCP pancreatitis was
the major adverse event (8.2%), and the incidence of adverse events was not significantly different
among the three severity grades.
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Table 1 Characteristics data for all patients
Characteristics, n (%)

Total (n = 1305)

Grade I (n = 433)

Grade II (n = 405)

Grade III (n = 467)

P value

Age (yr)-median (IQR)

74 (63-82)

66 (59-72.5)

79 (69-84)

77 (66-83)

< 0.001

Male, n (%)

783 (60)

276 (63.7)

240 (59.3)

267 (57.2)

0.123

CCI- median (IQR)

2 (1-4)

2 (1-3)

2 (1-4)

3 (1-5)

< 0.001

Etiology, n (%)

< 0.001

Choledocholithiasis

906 (69.4)

315 (72.7)

252 (62.2)

339 (72.6)

Malignant obstruction

242 (18.5)

73 (16.9)

97 (24.0)

72 (15.4)

Benign stenosis

94 (7.2)

27 (6.2)

42 (10.4)

25 (5.4)

Others

63 (4.8)

18 (4.2)

14 (3.5)

31 (6.6)

Biliary drainage, n (%)

915 (70.1)

302 (69.7)

306 (75.6)

307 (65.7)

0.006

LOS (d)-median (IQR)

11 (8-14)

11 (8-14)

11 (7.5-14)

12 (7-15)

0.110

Hospitalization cost (CNY)-median
(IQR)

38784.37 (22744.3153278.63)

36536.36 (20851.3747274.77)

38308.33 (23452.1452847.29)

41832.19 (23355.9858145.52)

< 0.001

IHM, n (%)

41 (3.1)

1 (0.2)

7 (1.7)

33 (7.1)

< 0.001

Survival time of dead (d)-median
(IQR)

8 (3-23.5)

9

23 (13-46)

6 (3-17)

0.024

Neurological dysfunction

126

0

0

126

< 0.001

Respiratory dysfunction

227

0

0

227

< 0.001

Renal dysfunction

64

0

0

64

< 0.001

Cardiovascular dysfunction

39

0

0

39

< 0.001

Hematological dysfunction

149

0

0

149

< 0.001

Hepatic dysfunction

83

0

0

83

< 0.001

Temperature (℃)-median (IQR)

37.0 (36.6-38)

36.8 (36.6-37.8)

37 (36.6-38.25)

37.2 (36.6-38.3)

0.001

WBC (/mm3)-median (IQR)

10560 (7705-14305)

9120 (7160-11165)

12700 (8897-18441)

11140 (7870-15810)

< 0.001

T-Bil (mg/dL)-median (IQR)

99.81 (62.43-155.76)

69.28 (49.625-120.975)

121.74 (88.97-184.41)

1041.2 (67.74-156.31)

< 0.001

Albumin (g/L)-median (IQR)

35.4 (31.2-39.2)

37.5 (34.2-40.4)

34.9 (30.8-38.1)

33.6 (29.2-37.8)

< 0.001

Lactate (mmol/L)-median (IQR)

2.15 (1.6-3.4)

1.8 (1.4-2.7)

2.1 (1.5-2.8)

2.4 (1.7-4.1)

< 0.001

Organ dysfunction

Laboratory values

IQR: Interquartile range; CCI: Charlton Comorbidity Index; LOS: Length of stay; CNY: Chinese Yuan; IHM: In-hospital mortality; WBC: White blood cell
count; T-Bil: Total bilirubin.

The association of the IHM, LOS, and hospitalization costs with the timing of biliary drainage in each
severity grade has been presented in Table 3. Biliary drainage significantly decreased the IHM in all AC
patients (13/915 vs 28/390, P < 0.001). Among individuals with Grade III cholangitis, the IHM rate was
significantly decreased in patients who had biliary drainage within 24 h or 48 h (P = 0.041, P = 0.018),
while the LOS was significantly increased among those patients who underwent drainage within 12 h,
24 h, or 48 h (P < 0.001, P < 0.001, and P < 0.001, respectively). Hospitalization costs significantly
increased for all patients with biliary drainage, regardless of severity criteria. For patients with Grade I
AC, IHM was not affected by the timing of drainage and there was no relationship between LOS and the
timing of biliary drainage for the survivors, but LOS was significantly extended in all the patients who
underwent biliary drainage within 24 h or 48 h (P = 0.004, P = 0.002).
Univariate and multivariate analyses of predictors, including TG18 severity grading factors, lactate,
CCI, and etiology of malignant obstruction, are shown in Table 4. In the univariate analysis, organ
dysfunction, abnormal WBC count, hypoalbuminemia, CCI > 3, and etiology of malignancy were
significantly associated with IHM. In a multivariate analysis of organ dysfunction, only neurological,
respiratory, renal, and cardiovascular dysfunction, hypoalbuminemia, and malignant obstruction were
significantly positively associated with IHM (OR = 5.32, 2.541, 6.356, 4.021, 5.655, and 7.522; P < 0.001, P
= 0.016, P < 0.001, P = 0.012, P < 0.001, and P < 0.001, respectively).
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Table 2 Characteristics data for patients with drainage
Characteristics, n (%)

Total (n = 915)

Grade I (n = 302)

Grade II (n = 306)

Grade III (n = 307)

Drainage method, n (%)

P value
0.001

ERCP

830 (90.7)

289 (95.7)

269 (87.9)

272 (88.6)

PTBD

85 (9.3)

13 (4.3)

37 (12.1)

35 (11.4)

Timing of drainage (hours)- median (IQR), n (%)

24.0 (60.0)

26.4 (62.4)

26.4 (62.4)

21.6 (45.6)

Biliary drainage within, n (%)

0.001
0.001

12 h

212 (23.2)

54 (17.9)

69 (22.5)

89 (29.0)

12-24 h

233 (25.5)

74 (24.5)

70 (22.9)

89 (29.0)

24-48 h

172 (18.8)

71 (23.5)

54 (17.6)

47 (15.3)

> 48 h

298 (32.6)

103 (34.1)

113 (36.9)

82 (26.7)

Second intervention, n (%)

478 (52.2)

159 (52.6)

154 (50.3)

165 (53.7)

0.688

Drainage outside working hours, n (%)

207 (22.6)

49 (16.2)

60 (19.6)

98 (31.9)

< 0.001

Pancreatitis

75 (8.2)

23 (7.6)

23 (7.5)

29 (9.4)

0.643

Cholangitis

8 (0.9)

2 (0.7)

2 (0.7)

4 (1.3)

0.742

Perforation

7 (0.8)

1 (0.3)

2 (0.7)

0 (0)

0.440

Bile leak

4 (0.4)

2 (0.7)

1 (0.3)

1 (0.3)

0.701

Myocardial infarction

5 (0.5)

0 (0)

3 (1.0)

2 (0.7)

0.339

Adverse events, n (%)

IQR: Interquartile range; ERCP: Endoscopic retrograde cholangiopancreatography; PTBD: Percutaneous transhepatic biliary drainage.

From the data presented in Table 4, the association between IHM and the timing of biliary drainage
for each clinical predictor is reflected. Among patients with AC complicated with neurological
dysfunction or hyperlactatemia, the IHM rate was significantly decreased in individuals who
underwent biliary decompression within 12 h (P = 0.041, P = 0.016), while those patients complicated
with neurological dysfunction who had drainage within 24 h or 48 h could not improve prognosis
compared with those who underwent drainage after 24 or 48 h, as well as those who did not undergo
biliary drainage after admission (P = 0.175, P = 0.304). In patients with renal dysfunction, abnormal
WBC count, hyperbilirubinemia, hypoalbuminemia, or hyperlactatemia, who had biliary decompression
within 24 h or 48 h, there were significantly lower IHM rates than those of the remaining patients in
each subgroup. Among patients with AC complicated with hepatic dysfunction, higher CCI (> 3), or
malignancy, a lower IHM rate was significantly associated with early drainage (< 48 h) (P = 0.016, P =
0.006, P = 0.021).

DISCUSSION
In this retrospective monocenter cohort analysis including 1305 AC patients stratified according to TG18
severity criteria, early drainage (< 24 h) in Grade III AC patients had the greatest benefit, which could
significantly reduce the all-cause IHM. It is worth noting that, in this subgroup, patients complicated
with neurological dysfunction should be drained as early as possible (< 12 h). Moreover, early drainage
was also required for AC patients with lactate more than 2 mmol/L, abnormal WBC count, hyperbilirubinemia, or hypoalbuminemia. Although these patients may have no severe cholangitis, early drainage
could significantly reduce IHM and benefit the most. However, it should be noted that our results did
not prove that drainage reduced hospitalization costs compared to conservative treatment. Furthermore,
early drainage increased hospitalization costs and LOS.
AC is a clinically heterogeneous disease with recent mortality rates ranging from 2.7% to 10%, which
is considered as an improvement since these rates were as high as 50%-60% in severe cases[15,16].
Although it is well-accepted that biliary decompression can significantly decrease the mortality of AC, it
is highly debatable as to what the optimal strategy is for performing biliary drainage procedures.
Should drainage occur as early as possible or should the procedure be delayed until stabilization after
adequate resuscitation, especially for Grade III AC patients? Our study showed that biliary drainage
could significantly decrease the IHM of AC patients (1.4% vs 7.2%, P < 0.001), and AC patients of Grade
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Table 3 Association of the clinical outcomes in relation to the timing of biliary drainage and severity grading by Tokyo guidelines 2018
Severity
of AC

Characteristic-median
(IQR)

Drainage

Absence of
drainage

P
value

Drainage < 12
h

Drainage > 12 h P
Drainage < 24
or absence
value h

Drainage > 24 h P
Drainage < 48
or absence
value h

Drainage > 48 h P
or absence
value

Grade I

IHM

0/302

1/131

0.303

0/54

1/379

1.000

0/128

1/305

1.000

0/199

1/234

1.000

LOS (d)

11 (9-15)

7 (4-10)

< 0.001 11 (8-13.25)

10 (8-14)

0.778

11 (8-14)

10 (7-14)

0.004

11 (8-14)

10 (6-14)

0.002

Survivors’ LOS (d) (n = 387) 12 (9-15)

8 (5-11)

< 0.001 11 (8-13.25)

11 (8-14)

0.794

11 (9-14)

11 (8-14)

0.065

11 (9-14)

10 (8-14)

0.101

Hospitalization cost (CNY)

42845.67
(33734.1852209.23)

15763.10
(7737.3223680.31)

< 0.001 43328.59
(32863.6149384.19)

35317.71
(18848.5946850.08

0.001

44154.19
(35638.7652219.56)

31292.68
(16269.7544599.67)

<
0.001

42908.34
(33358.4450564.68)

25519.43
(12347.0642424.96)

<
0.001

Survivors’ hospitalization
cost (CNY) (n = 387)

42957.18
(33973.5852224.73)

16596.85
(9096.7324755.65

< 0.001 43462.72
(36174.0049384.19)

36604.86
(21962.9847554.27)

0.003

44443.3
(35988.0252237.14)

33492.6 (46019.1718880.26)

<
0.001

43264.07
(34606.5451093.62)

29762.32
(16376.7544463.21)

<
0.001

IHM

2/306

5/99

0.011

7/336

0.608

0/139

7/266

0.101

1/193

6/212

0.125

LOS (d)

11 (9-15)

7 (4-12)

< 0.001 11 (8-14)

11 (7-14)

0.684

11 (9-14)

10 (7-14)

0.122

11 (8-14)

10 (7-14.8)

0.190

Survivors’ LOS (d) (n = 349) 12 (9-15)

7.5 (4.75-11.25)

< 0.001 11.5 (9-14)

11 (8-14)

0.367

12 (10-14)

11 (7-14)

0.024

12 (9-14)

11 (7-14)

0.050

Hospitalization cost (CNY)

44033.13
(31071.0556134.72)

17626.20
(10037.6925587.43)

< 0.001 45832.44
(36061.5356949.37)

36132.93
(21795.8951453.62)

<
0.001

46789.09
(35989.5957723.15)

31505.72
(19948.3147463.61)

<
0.001

45489.74
(33858.9957600.43)

29275.30
(16928.4546255.47)

<
0.001

Survivors’ hospitalization
cost (CNY) (n = 349)

45004.20
(32631.0956660.62)

16342.15
(10300.6825017.80)

< 0.001 47938.00
(37937.2958046.02)

36629.15
(22828.9351509.37)

<
0.001

48254.61
(37937.2958929.51)

31589.96
(20386.8047062.76)

<
0.001

46564.37
(36191.0757998.63)

29338.38
(17687.0245685.12)

<
0.001

IHM

11/307

22/160

< 0.001 3/89

30/378

0.168

7/178

26/289

0.041

9/225

24/242

0.018

LOS (d)

13 (9-17)

8 (3-12)

< 0.001 13 (11-19)

11 (6-15)

<
0.001

13 (10-17)

10 (6-14)

<
0.001

13 (9-17)

9.5 (5-14)

<
0.001

Survivors’ LOS (d) (n = 351) 13 (11-18)

9.5 (7-13.25)

<0.001

12 (9-16)

0.001

13 (11-17.75)

12 (9-15)

<
0.001

13 (11-17.75)

11 (8-15)

<
0.001

Hospitalization cost

51583.64
(38985.4764886.01)

20183.58
(11317.3729525.99)

< 0.001 56599.94
(43260.7370300.00)

38527.58
(21034.7955279.53)

<
0.001

55121.49
(40428.2967707.01)

31832.99
(17933.8150037.89)

<
0.001

54295.52
(39252.5765638.57)

28165.23
(15708.2945478.26)

<
0.001

Survivors’ hospitalization
cost (CNY) (n = 351)

53507.33
(41027.9465312.29)

22909.77
(15594.9331845.39)

< 0.001 57976.4
(50131.4470333.71)

43241.54
(28347.5657860.29)

<
0.001

55873.84
(46654.4069946.73)

38973.06
(24292.4153090.85)

<
0.001

55782.38
(43994.2666493.67)

34748.29
(21379.3750147.24)

<
0.001

Grade II

Grade III

0/69

13 (12-19)

AC: Acute cholangitis; IQR: Interquartile range; IHM: In-hospital mortality; LOS: Length of stay; CNY: Chinese Yuan.
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Table 4 Univariate and multivariate analysis of predictors of mortality, and relationship of mortality with the timing of drainage for each predictor
Univariate analysis

Predictors (n = 1305)

Multivariate analysis

Mortality to the timing of drainage

OR (95%CI)

P value OR (95%CI)

P value < 12 h > 12 h or absence

P value < 24 h > 24 h or absence

P value < 48 h > 48 h or absence

P value

Neurological dysfunction

8.377 (4.384-16.007)

< 0.001

5.32 (2.373-11.931)

< 0.001

0/22

18/104

0.041

3/42

15/84

0.175

5/51

13/75

0.304

Respiratory dysfunction

2.886 (1.491-5.497)

0.003

2.541 (1.189-5.43)

0.016

1/44

14/183

0.314

4/91

11/136

0.414

6/117

9/110

0.428

Renal dysfunction

11.043 (5.402-22.573)

< 0.001

6.356 (2.623-15.397)

< 0.001

1/15

12/49

0.269

1/28

12/36

0.004

1/31

12/33

0.001

Cardiovascular dysfunction

11.569 (5.078-26.357)

< 0.001

4.021 (1.361-11.88)

0.012

0/7

9/32

0.169

2/16

7/23

0.262

2/18

7/21

0.139

Hematological dysfunction

2.611 (1.253-5.441)

0.02

N/A

2/37

8/104

1

3/61

7/88

0.527

3/74

7/75

0.327

Hepatic dysfunction

5.263 (2.484-11.152)

< 0.001

N/A

0/15

10/68

0.196

1/30

9/53

0.086

1/39

9/44

0.016

Age (≥ 75 yr)

1.432 (0.765-2.680)

0.261

N/A

2/88

21/531

0.759

4/196

19/423

0.172

7/267

16/352

0.284

0.390 (0.093-1.631)

0.197

N/A

0/43

2/106

1

1/75

1/74

1

1/85

1/64

1

WBC (> 12000/mm , < 4000/mm )

1.962 (1.043-3.688)

0.036

N/A

1/107

23/445

0.063

4/207

20/342

0.031

6/278

18/275

0.012

T-Bil (≥ 5 mg/dL)

1.711 (0.865-3.385)

0.123

N/A

3/143

26/626

0.333

5/292

24/477

0.019

8/407

21/362

0.007

Albumin (< STD*0.7)

10.715 (5.147-22.303)

< 0.001

5.655 (2.398-13.335)

0/8

12/51

0.188

0/15

12/44

0.026

1/24

11/35

0.018

Lactate (≥ 2 mmol/L)

1.450 (0.766-2.747)

0.254

N/A

0/105

16/298

0.016

2/186

14/217

0.008

4/227

12/176

0.018

Malignant obstruction

5.495 (2.924-10.325)

< 0.001

7.522 (3.504-16.149)

1/26

21/216

0.483

2/59

20/183

0.116

3/101

19/141

0.006

CCI (> 3)

4.080 (2.153-7.7340)

< 0.001

N/A

2/57

23/318

0.397

4/127

21/248

0.052

6/177

19/198

0.021

Temperature (≥ 39 ℃)
3

3

< 0.001

< 0.001

WBC: White blood cell count; T-Bil: Total bilirubin; STD: Lower limit of normal value; CCI: Charlton Comorbidity Index; OR: Odds ratio; CI: Confidence interval; N/A: Not applicable.

III underwent decompression within 24 h or 48 h had lower IHM (3.9% vs 9.0%, P = 0.041; 4% vs 9.9%, P
= 0.018). These findings are in line with the results of a large sample size retrospective study, which
showed that drainage within 48 h was associated with improved IHM (3.4% vs 10.2%, P = 0.019)[17],
although it did not discuss drainage within 24 h. Another retrospective study of 6063 patients with AC
conducted by Kiriyama et al[3] reported a distinct result: decompression within 24 h or 48 h improved
the 30-d mortality rate only among Grade II patients (drainage within 24 h vs. after 24 h or no drainage:
1.7% vs 3.4%, P < 0.05; drainage within 48 h vs after 48 h or no drainage: 2.0% vs 3.7%, P < 0.05), and the
drainage timing did not influence 30-d mortality in patients with Grade I and Grade III. This dissimilarity may be because we reviewed the all-cause IHM, while Kiriyama et al's study observed 30-d
cholangitis-caused mortality, and the mortality rate of Grade III AC patients was lower than that in our
study (5.1% vs 9.4%), especially for subgroups of delayed decompression in which more patients died
from malignancy[3]. In addition, as the number and grade of patients without drainage were not shown
in the results of Kiriyama et al[3], the proportion of patients without drainage in our study may be
different from the group studied by Kiriyama et al[3]. Since then, few researchers have tried to examine
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the possibility of improving the prognosis of Grade III AC patients by undergoing biliary drainage more
immediately[6,8]. Unfortunately, consistent with our results, there was no evidence that earlier
decompression (within 12 h) benefited these severe patients.
Another multicenter retrospective net cohort study reported a novel finding in which delayed biliary
decompression (> 12 h) was significantly associated with increased mortality in AC patients combined
with septic shock [OR 3.40 (1.12-10.31)][7]. These results suggest that it may be necessary to approach
each organ’s failure separately and that different types of organ dysfunction should be considered when
determining the optimal drainage timing. This was verified by our multivariable analysis which showed
that neurological, respiratory, renal, and cardiovascular dysfunction were significantly associated with
IHM (OR = 5.32, 2.541, 6.356, 4.021, respectively), whereas hepatic and hematological dysfunction did
not influence IHM. In addition to indicators affecting mortality recommended in TG18, we also
analyzed CCI, malignancy, and lactate levels, which were previously reported to have an impact on the
death rate[5,7,18]. Multivariate regression analysis showed that, in addition to organ dysfunction,
hypoproteinemia and malignant obstruction significantly increased IHM. These outcomes were similar
to those reported in a previous review[3].
In this study, we first attempted to stratify Grade III AC patients according to organ dysfunction to
identify patients whose prognosis could most likely be improved by earlier decompression. According
to our clinical experience, neurological dysfunction was the most severe complication and might affect
drainage operation; therefore, AC patients with altered mental status require immediate biliary
decompression. This was verified by our data that only undergoing drainage within 12 h could greatly
improve IHM in this subgroup of individuals (0% vs 17.3%, P = 0.041). For AC patients with renal
dysfunction, performing drainage within 24 h could decrease the IHM. As a result, the renal injury was
not only caused by infection but also induced by hypovolemia, which was provoked by fever, decreased
appetite, early initiation of antibiotics, and aggressive fluid resuscitation to improve renal flow were
more valuable for these patients. Unlike previous studies[7], we did not observe an association between
drainage and IHM in AC patients with cardiovascular dysfunction. This may be because only 39
patients were included in this subgroup. Drainage within 12 h significantly reduced mortality in AC
patients with increased lactate levels (≥ 2 mmol/L), suggesting that decompression within 12 h might be
beneficial for patients with cardiovascular dysfunction. Performing drainage within 48 h greatly
reduced mortality in AC patients with hepatic dysfunction, because the amelioration of biliary stasis
after drainage could directly rescue hepatic function and diminish inflammatory reaction, even if no
significant association between hepatic injury and IHM was observed.
The influence of abnormal WBC count and hyperbilirubinemia on outcomes in AC has been
previously described[9]. The underlying pathophysiologic mechanisms are known to result from sepsis;
therefore, abnormal WBC count and hyperbilirubinemia are linked with an increased likelihood of poor
prognosis. Hypoalbuminemia refers to malnutrition, which is linked to life-threatening infections and
poor outcomes. For individuals in these subgroups, undergoing drainage within 24 h indicated a lower
IHM.
Decompression within 12, 24, or 48 h in Grade III AC patients would extend the LOS, which was
contrary to the findings of Aboelsoud et al[19] who demonstrated that drainage within 24 h or 48 h
could decrease the LOS, compared with drainage after 24 h or 48 h (drainage within 24 h vs after 24 h:
mean 7.71 vs 13.57 d, P = 0.001; drainage within 48 h vs after 48 h: mean 8.61 vs 14.24 d, P = 0.002). This
was because their study only reviewed patients who underwent drainage, whereas our study included
both patients who underwent drainage and those who did not. In addition, most of the Grade II and
Grade III patients in this study received only endoscopic nasobliary drainage or endoscopic retrograde
biliary drainage treatment at the first ERCP intervention because of their serious condition, and 52.2% of
them received a second endoscopic intervention for biliary stone removal or stent placement when their
condition stabilized, thus increasing the LOS. Drainage within 12, 24, or 48 h was associated with
increased hospital costs despite the severity of AC since endoscopic operation itself was expensive, and
the delayed-drainage group contained non-drainage ones who spent little.

Limits of study
Our analysis had certain limitations. First, it was retrospective in design, and as such, was susceptible to
record bias and incomplete data. Second, because it is a single-center study, the study results only reflect
the clinical status of our center and cannot represent the situation of all hospitals. Third, due to the
limited sample size, especially the limited number of patients with cardiovascular dysfunction who
underwent drainage within 48 h, some results were not statistically significant. In addition, the time
from onset to initial treatment and the antibiotics and fluid resuscitation before admission to our
hospital were not evaluated, which may have an impact on the outcome. A prospective multicenter
study will be conducted to further explore a precise stratified model to guide drainage timing rather
than TG18.
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CONCLUSION
To our knowledge, this is the first study to stratify patients with Grade III AC according to different
organ dysfunctions and to recommend the optimal timing of biliary drainage accordingly. Biliary
decompression significantly decreases the all-cause IHM rates in AC, and early biliary drainage (< 24 h)
was shown to be beneficial for AC patients with Grade III severity. Severe cases with different organ
dysfunctions have distinct prognoses, and cases complicated with either neurological or cardiovascular
dysfunction should undergo drainage within 12 h of admission. For patients with mild or moderate
cholangitis, early drainage increases the probability of a second treatment and increases the patients'
injury, hospitalization cost, and LOS. A further multicenter prospective cohort study will be conducted
to verify the result and investigate whether the optimal timing of drainage based on different organ
dysfunctions can increase the 30-d mortality rates and decrease the readmission rate.

ARTICLE HIGHLIGHTS
Research background
Acute cholangitis (AC) is a life-threatening condition that occurs in the presence of biliary obstruction.
Biliary decompression is well known to greatly decrease the risks of mortality in AC. Although early
biliary drainage is recommended by the treatment guidelines for AC, the exact timeframe is yet to be
established.

Research motivation
We have observed that the clinical outcomes of severe AC patients vary dramatically. So, we first
attempted to study whether AC patients with different organ dysfunction should undergo biliary
drainage at distinct times and try to screen out patients that could benefit the most from earlier
drainage.

Research objectives
To investigate the optimal drainage timing for AC patients with each disease severity grade and organ
dysfunction.

Research methods
In this retrospective monocenter cohort analysis, we reviewed 1305 patients who were diagnosed with
AC according to the Tokyo guidelines 2018 at a Chinese tertiary hospital for four years. We investigated
the all-cause in-hospital mortality (IHM), hospital length of stay (LOS), and hospitalization costs
associated with the timing of biliary drainage according to the severity grading and different dysfunctioning organs and critical predictors [age, white blood cell (WBC) count, total bilirubin, albumin,
lactate, malignant obstruction, and Charlton comorbidity index (CCI)].

Research results
Biliary drainage within 24 h in Grade III AC patients had the greatest benefit, which could significantly
reduce the all-cause IHM, while increasing LOS and hospitalization costs. Multivariate logistic analysis
revealed that neurological, respiratory, renal, and cardiovascular dysfunctions, hypoalbuminemia, and
malignant obstruction were significantly associated with IHM. Furthermore, AC patients complicated
with neurological dysfunction or with serum lactate > 2 mmol/L should be drained as early as possible
(< 12 h) for it could significantly decrease the IHM. In the subgroup of AC patients with renal
dysfunction, abnormal WBC count, hyperbilirubinemia, or hypoalbuminemia, drainage within 24 h
reduced the IHM, while in the subgroup of AC patients with hepatic dysfunction, malignant
obstruction, or a CCI > 3, biliary drainage should be performed within 48 h.

Research conclusions
Biliary drainage within 12 h is beneficial for AC patients with neurological or cardiovascular
dysfunction, while complete biliary decompression within 24 h of admission is recommended for
treating patients with Grade III AC.

Research perspectives
A further multicenter prospective cohort study will be conducted to verify the result and investigate
whether the optimal timing of drainage based on different organ dysfunctions can increase the 30-d
mortality rates and decrease the readmission rate.
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Abstract
BACKGROUND
The incidence of hypertriglyceridemic acute pancreatitis (HTG-AP) has increased
yearly, but updated population-based estimates on the incidence of HTG-AP are
lacking. Reducing serum triglyceride (TG) levels quickly is crucial in the early
treatment of HTG-AP. Decreased serum TG levels are treated by non-invasive
methods, which include anti-lipidemic agents, heparin, low-molecular weight
heparin, and insulin, and invasive methods, such as blood purification including
hemoperfusion (HP), plasmapheresis, and continuous renal replacement therapy.
However, authoritative guidelines have not been established. Early selection of
appropriate treatment is important and beneficial in controlling the development
of HTG-AP.
AIM
To evaluate the effect between patients treated with intravenous insulin (INS) and
HP to guide clinical treatment.
METHODS
We retrospectively reviewed 371 patients with HTG-AP enrolled in the
Department of Fujian Provincial Hospital form April 2012 to March 2021. The
inpatient medical and radiologic records were reviewed to determine clinical
features, severity, complications, mortality, recurrence rate, and treatment.
Multivariate logistic regression analyses were used to analyze risk factors for
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severe HTG-AP. Propensity score matching was used to compare the clinical outcomes of INS and
HP.
RESULTS
A total of 371 patients met the HTG-AP criteria. The incidence of HTG-AP was increased by
approximately 2.6 times during the 10 years (8.4% in April 2012-March 2013 and 22.3% in April
2020-March 2021). The highest incidence rate of acute pancreatitis was observed for men in the age
group of 30-39 years. The amylase level was elevated in 80.1% of patients but was only three times
the normal value in 46.9% of patients. The frequency of severe acute pancreatitis (26.9%), organ
failure (31.5%), rate of recurrence (32.9%), and mortality (3.0%) of HTG-AP was high. Improved
Marshall score, modified computed tomography severity index score, baseline TG, baseline
amylase, C-reactive protein (CRP), albumin, aspartate aminotransferase, low-density lipoprotein
cholesterol, urea nitrogen, creatinine, calcium, hemoglobin, free triiodothyronine, admission to
intensive care unit, and mortality were significantly different between patients with different
grades of severity (P < 0.050). Multivariate logistic regression analysis confirmed that high CRP [P
= 0.005, odds ratio (OR) = 1.011, 95%CI: 1.003-1.019], low calcium (P = 0.003, OR = 0.016, 95%CI:
0.001-0.239), and low albumin (P = 0.023, OR = 0.821, 95%CI: 0.693-0.973) were risk factors of
severe HTG-AP. After propensity score matching adjusted by sex, age, severity of HTG-AP, and
baseline TG, the serum TG significantly decreased in patients treated with INS (P < 0.000) and HP (
P < 0.000) within 48 h. However, the clearance rate of TG (57.24 ± 33.70% vs 56.38 ± 33.61%, P =
0.927) and length of stay (13.04 ± 7.92 d vs 12.35 ± 6.40 d, P = 0.730) did not differ between the two
groups.
CONCLUSION
The incidence of HTG-AP exhibited a significant increase, remarkable severity, and recurrent
trend. Patients with mild and moderately severe acute pancreatitis can be treated effectively with
INS safely and effectively without HP.
Key Words: Hypertriglyceridemic acute pancreatitis; Triglyceride; Improved Marshall score; Severity of
acute pancreatitis; Intravenous insulin; Hemoperfusion
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: We assessed the clinical characteristics of hypertriglyceridemic acute pancreatitis, determined
factors related to grades of severity, and evaluated differences in clinical outcomes between patients
treated with intravenous insulin and hemoperfusion to guide clinical diagnosis and treatment.
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INTRODUCTION
Acute pancreatitis (AP) is an inflammatory condition of the pancreas that originates within the
pancreatic acinar cells and causes pancreatic necrosis, systemic inflammatory response syndrome, and
multiple organ failure[1], with a mortality rate for severe cases as high as 20%-25%[2]. The great
majority of AP is driven by gallstones (40%-70%) and alcohol (25%-35%)[3]. With the change of people’s
diet structure and lifestyle, the incidence and mortality of hypertriglyceridemic (HTG)-AP are
increasing year by year and has surpassed alcohol as the second leading cause of AP in China[4]. The
standardized incidence rate of HTG-AP increased from 0.7 to 1.7 per 100000 person-years from 2008 to
2019 in Denmark[5], and the incidence has increased by 2.4 times in 10 years. However, the increasing
number of HTG-AP incidence remains unclear in China.
The mechanism by which severe HTG precipitates to AP remains unknown. Studies have shown that
pancreatic lipase hydrolyses excess triglyceride (TG) with accumulation of free fatty acids, thereby
inducing the production of acinar cell and pancreatic capillary injury; chylomicrons lead to increased
blood viscosity and local tissue ischemia[6,7]. Therefore, early detection of serum TG and active
treatment measures to reduce serum TG are crucial for the prognosis of AP. Some scholars believe that
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rapid reduction of serum triglyceride levels within 48 h before the onset of HTG-AP is the key to
treatment[8]. Effective treatments of reducing serum TG levels include anti-lipidemic agents, insulin,
heparin, low-molecular weight heparin, and blood purification, such as hemoperfusion (HP),
plasmapheresis (PE), and continuous renal replacement therapy[6,9]; however, no HTG-AP treatment
guideline has been established. At present, selecting routine treatment or blood purification for patients
with HTG-AP after admission remains controversial.
In view of the increasing incidence of HTG-AP in recent years and its short and long-term harmful
effects on patients, families, and society, scholars have focused on preventing and effectively blocking
HTG-AP as well as on its diagnosis and treatment. However, the causes remain unknown[10-12]; the
low elevation of amylase (AMY) levels[13] and other characteristics[14] lead to the early misdiagnosis of
HTG-AP. In addition, HTG-AP is prone to young age of onset[10], many complications[15], higher
chance of systemic inflammatory response syndrome and cardiopulmonary and renal insufficiency[16],
severe tendency[17], and lack of unified clinical treatment standards, which bring some difficulties to
clinical treatment.
This study aims to improve the clinical diagnosis rate of HTG-AP by summarizing the clinical characteristics of HTG-AP and developing appropriate and cost-effective treatments for patients with HTGAP.

MATERIALS AND METHODS
Patients
From April 2012 to March 2021, AP was diagnosed in 2206 patients in the Fujian Provincial Hospital. A
total of 371 hospitalized patients who met the diagnostic criteria of HTG-AP were retrospectively
studied, and 219 patients met the inclusion and exclusion criteria that were used to explore risk factors
for severe HTG-AP. Fifty-two patients were included after propensity score matching (PSM) was
adjusted by sex, age, grades of severity, and baseline TG. Clinical outcomes were compared between the
52 patients treated with intravenous insulin (INS) and HP (Figure 1). The Ethics Committee of Fujian
Provincial Hospital approved the study (K2021-02-007).
The inclusion criteria were as follows: (1) Diagnosis of HTG-AP; (2) Admission within 72 h after
onset; (3) Age older than 18 years; (4) Assessment of the first episode (for patients with multiple
episodes of AP); and (5) Serum TG detected within 24 h after admission.
The exclusion criteria were as follows: (1) Did not undergo serum lipid detection within 48 h after
treatment upon hospitalization; (2) AP due to other etiologies (including gallstones, alcohol,
autoimmune, drug-induced, hypercalcemia, hyperparathyroidism, pancreatic tumor-related etiology of
AP); (3) Treatment in another hospital; and (4) Incomplete information.

Grouping methods
According to the grades of severity standard in the Revised Atlanta Classification, patients were
classified into the mild acute pancreatitis (MAP) group, moderately severe acute pancreatitis (MSAP)
group, and severe acute pancreatitis (SAP) groups.
Patients were divided into the INS group and HP group according to treatment method. All patients
were given basic support treatment including abrosia, gastrointestinal decompression, enema, fluid
resuscitation, water maintenance, electrolyte and acid-base balance, lactulose to improve intestinal
function, low molecular weight heparin, proton pump inhibitors for gastric acid secretion, and
somatostatin/octreotide inhibitor pancreatic secretion. The INS group was given INS. The HP group
was treated with HP. Blood access was established by puncture of the femoral vein or internal jugular
vein. HP was performed with a resin irrigator (HA330, Zhuhai Lizhu Group, Biological Material Co,
Ltd., China) for 2 h every 24 h with a blood flow of 150-250 mL/min. During the procedure, heparin was
used to flush the infusion tube. After the procedure, coagulation markers were monitored. For those
with prolonged coagulation times, 10-15 mg protamine was given to neutralize the effect of heparin. For
patients with bleeding tendency, low molecular weight heparin was chosen, or the dose of heparin was
appropriately reduced.

Definition
The diagnosis of AP was in accordance with the Revised Atlanta Definitions[18]. AP was diagnosed
when two of the following three characteristics were met: (1) Abdominal pain consistent with AP (acute
onset of a persistent, severe, epigastric pain often radiating to the back); (2) At least three times higher
levels of AMY and/or lipase above the upper limit of the normal value; and (3) Abdominal imaging
(including computed tomography, magnetic resonance imaging, or transabdominal ultrasonography)
consistent with changes in AP.
HTG-AP was considered in patients with AP when the level of serum TG was: (1) Over 1000 mg/dL;
and (2) Between 500 and 1000 mg/dL with lactescent serum at admission[19].
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Figure 1 Research sample screening and grouping process. HTG-AP: Hypertriglyceridemic acute pancreatitis; MAP: Mild acute pancreatitis; MSAP:
Moderately severe acute pancreatitis; SAP: Severe acute pancreatitis; TG: Triglyceride; INS: Insulin; HP: Hemoperfusion; AP: Acute pancreatitis.

The severity of AP was graded according to the Revised Atlanta Definitions[18]: MAP, MSAP, and
SAP. MAP was defined by the absence of organ failure and the absence of local or systemic complications. MSAP was defined by the presence of transient (< 48 h) organ failure or local or systemic
complications in the absence of persistent organ failure. SAP was defined by persistent (> 48 h) organ
failure.
Organ failure was determined according to the improved Marshall score standard in the Revised
Atlanta classification[18]. Three organ systems were assessed to define organ failure: respiratory,
cardiovascular, and renal. For respiratory (PaO2/FiO2), 301 mmHg ≤ PaO2/FiO2 ≤ 400 mmHg was
scored as 1 point, 201 mmHg ≤ PaO2/FiO2 ≤ 300 mmHg was scored as 2 points, 101 mmHg ≤ PaO2/FiO2
≤ 200 mmHg was scored as 3 points, and PaO2/FiO2 ≤ 101 mmHg was scored as 4 points. For renal
serum creatinine (SCR), 134 μmol/L ≤ SCR ≤ 169 μmol/L was scored as 1 point, 170 μmol/L ≤ SCR ≤
310 μmol/L was scored as 2 points, 311 μmol/L ≤ SCR ≤ 439 μmol/L was scored as 3 points, and SCR >
439 μmol/L was scored as 4 points. For cardiovascular systolic blood pressure (BP), BP < 90 mmHg and
fluid responsive was scored as 1 point, BP < 90 mmHg without fluid responsive was scored as 2 points,
BP < 90 mmHg and pH < 7.3 was scored as 3 points, and BP < 90 mmHg and pH < 7.2 was scored as 4
points. A score of 2 or more in any system defined the presence of organ failure.

Data collection
Data were obtained from the patients’ medical records and hospital electronic database records. Sex,
age, and comorbidities were collected. Clinical manifestations, improved Marshall score[18], modified
computed tomography severity index (MCTSI) score[20], organ failure[18], laboratory and imaging
data, treatments, intensive care unit admission, length of stay, and prognosis during hospitalization
were recorded. All laboratory data were measured within 24 h after admission. Baseline TG and serum
AMY were measured using the first tested values since onset. Serum lipids were reviewed within 48 h
after administering lipid-lowering treatment.

Statistical analysis
SPSS 25.0 (IBM Corp., Armonk, NY, United States) was used for data analysis, and GraphPad Prism7.0
was used for mapping. Measurement data in normal distribution were expressed as mean ± SD and
analyzed with Student’s t-test or analysis of variance. Otherwise, variables were described as medians
and interquartile ranges and analyzed by Mann-Whitney U test or Kruskal-Wallis test. Categorical
variables were presented as absolute numbers and proportions and tested by χ2 or Fisher’s exact test.
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Paired t test was used for continuous variables before and after treatment. Multivariate logistic
regression analysis was used to identify independent risk factors with odds ratios (ORs) and 95%CIs. In
addition, 1-1 PSM was performed, followed by univariate analysis. P < 0.05 was considered statistically
significant.

RESULTS
Trends in incidence of HTG-AP
For nearly a decade, 371 patients were diagnosed with HTG-AP in Fujian Provincial Hospital. The total
number of patients with HTG-AP in our hospital increased, and the incidence of HTG-AP was increased
by approximately 2.6 times over the past 10 years and ranged from 8.4% to 22.3% (Figure 2).

Clinical characteristics of HTG-AP
A total of 371 patients were diagnosed with HTG-AP, the mean age of the patients with HTG-AP was
39.86 ± 10.20 years, and most of the patients (approximately 93.8%) were young and middle-aged
individuals, with a male/female ratio of 2.0 (247/124). The highest incidence rate of AP was observed
for men in the age group of 30-39 years (Figure 3).
The mean serum baseline TG values in HTG-AP were significantly high (2544.59 ± 2305.37 mg/dL).
The serum AMY elevated levels were higher than normal in 80.1% of the patients with HTG-AP but
only three times greater than normal in 46.9% of patients (Table 1).
About 90.6% of patients with HTG-AP had comorbidity with fatty liver disease, and 11 women (3.0%)
had an HTG-AP attack during pregnancy. About 54.7% of the cases were related to diet (high fatty acid)
and/or drinking (beer). Patients with HTG-AP had a high frequency of SAP (100, 26.9%), organ failure
(117, 31.5%), recurrence (122, 32.9%), and high MCTSI score (5.00 ± 1.83). Eleven patients (3.0%) died
during hospitalization (Table 1).

Comparisons of different grades of severity of HTG-AP
A total of 219 patients met the inclusion and exclusion criteria divided into the MAP group (n = 29),
MSAP group (n = 114), and SAP group (n = 76).
Table 2 shows that the more severe HTG-AP was, the more frequent blood purification was used.
Improved Marshall score (P < 0.000), MCTSI score (P < 0.000), baseline TG (P = 0.035), baseline AMY (P
< 0.000), CRP (P < 0.000), albumin (P < 0.000), aspartate aminotransferase (P < 0.000), low-density
lipoprotein-cholesterol (P = 0.003), urea nitrogen (P < 0.000), creatinine (P < 0.000), calcium (P < 0.000),
hemoglobin (P = 0.010), free triiodothyronine (P = 0.018), admission to the intensive care unit (P < 0.000),
and mortality (P < 0.000) were significantly different between patients with different grades of severity.
Multivariate logistic regression analysis confirmed that high CRP (P = 0.005, OR = 1.011, 95%CI:
1.003-1.019), low calcium (P = 0.003, OR = 0.016, 95%CI: 0.001-0.239), and low albumin (P = 0.023, OR =
0.821, 95%CI: 0.693-0.973) were risk factors of severe HTG-AP (Table 3).

Comparisons between INS and HP treatments
Of the 219 patients, 84 patients were treated with INS in the INS group and 32 patients were treated
with HP in the HP group. The entire cohort showed that the grades of severity of HTG-AP (P = 0.002)
and baseline TG (P = 0.037) were significantly different between patients treated with INS and HP
(Table 4).
Given the large severity and baseline TG gap between the two groups, patients were selected for
further analysis using PSM, adjusted by sex, age, grades of severity, and baseline TG. After matching, 26
patients were in the INS group and 26 patients were in the HP group (1:1, match tolerance = 0.02). No
significant differences in sex (P = 0.184), age (P = 0.895), grades of severity (P = 0.755), improved
Marshall score (P = 0.186), MCTSI score (P = 0.127), and baseline TG (P = 0.734) were found between the
two groups (Table 4).
In patients with MAP and MSAP, the serum TG level significantly decreased in patients treated with
INS (P < 0.000) and HP (P < 0.000) within 48 h (Figure 4). The clearance rates of TG were 57.24% ±
33.70% and 56.38% ± 33.61%, respectively (P = 0.927). However, the clearance rate of TG (P = 0.927) and
length of stay (13.04 ± 7.92 d vs 12.35 ± 6.40 d, P = 0.730) did not differ between the two groups (Table 4).

DISCUSSION
Trends in incidence of HTG-AP
AP has many etiologies, and previous studies reported that HTG as an etiologic factor is between 1.3%
and 6.9%[21,22]. However, HTG-AP increased at a fast rate in the Asian region during recent years.
Taiwan reported that the frequency of HTG as an etiologic factor in patients with AP ranged from 6.3%
to 12.3%[23]. A study reported that the incidence of HTG-AP reached 25.6% in 2013[14]. Zheng et al[24]
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Table 1 Clinical characteristics of hypertriglyceridemic acute pancreatitis
Characteristic

All (n = 371)

Sex, n (%)
Male

247 (66.6)

Female

124 (33.4)

Age, yr

39.86 ± 10.20
2

BMI (kg/m )

25.99 ± 3.18

Causes, n (%)

203 (54.7)

Diet (high fatty acid)

127 (34.2)

Drinking (beer)

55 (14.8)

Mixed

21 (5.7)

Complications, n (%)
Diabetes mellitus

115 (31.0)

Hypertension

62 (16.7)

Fatty liver disease

336 (90.6)

Pregnancy

11 (3.0)

Recurrence, n (%)

122 (32.9)

Grades of severity, n (%)
MAP

63 (17.0)

MSAP

208 (56.1)

SAP

100 (26.9)

Improved Marshall score

1.30 ± 1.77

Organ failure, n (%)

117 (31.5)

MCTSI score

5.00 ± 1.83

Lipid-lowering treatment, n (%)
Intravenous insulin

144 (38.8)

HP

32 (8.6)

CRRT/HP + CRRT

77 (20.8)

Only anti-lipemic

118 (31.8)

Baseline TG, mg/dL

2544.59 ± 2305.37

Baseline AMY (nUNL)

5.00 ± 6.47

> UNL, n (%)

297 (80.1)

≥ 3UNL, n (%)

174 (46.9)

Admission to ICU, n (%)

126 (34.0)

Death, n (%)

11 (3.0)

BMI: Body mass index; MAP: Mild acute pancreatitis; MSAP: Moderately severe acute pancreatitis; SAP: Severe acute pancreatitis; MCTSI: Modified
computed tomography severity index; HP: Hemoperfusion; CRRT: Continuous renal replacement therapy; TG: Triglyceride; AMY: Amylase; UNL: Upper
limit of normal; ICU: Intensive care unit.

retrospectively analyzed 2461 patients with AP in Beijing during a 5-year period and reported that the
causes of AP included biliary (55.75%), alcoholism (10%), hypertriglyceridemia (10.36%), and others
(23.89%); however, this work did not mention the rate of increase in HTG-AP.
The standardized incidence rate of HTG-AP increased from 0.7 to 1.7 per 100000 person-years from
2008 to 2019 in Denmark, and the incidence has increased by 2.4 times over the past 10 years[5]. Another
study from Guangdong showed that the incidence of HTG-AP in 2000 to 2005 was 2.6 times higher than
that in 1990 to 1994 (8.9% vs 3.4%, P < 0.05)[25]. Based on recent observations from China[26], the
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Table 2 Comparisons of clinical characteristics and laboratory parameters with different grades of severity of hypertriglyceridemic
acute pancreatitis
Characteristic

All (n = 219)

MAP group (n = 29)

MSAP group (n =
114)

SAP group (n = 76)

Sex, n (%)

P value
0.111

Male

140 (63.9)

23 (79.3)

67 (58.8)

50 (65.8)

Female

79 (36.1)

6 (20.7)

47 (41.2)

26 (34.2)

38.92 ± 10.02

38.66 ± 9.73

38.96 ± 10.12

38.96 ± 10.12

0.941

26.13 ± 3.30

26.20 ± 1.56

25.58 ± 3.54

28.51 ± 2.97

0.097

Diabetes mellitus

109 (49.8)

14 (48.3)

58 (50.9)

37 (48.7)

0.982

Fatty liver disease

205 (93.6)

25 (86.2)

106 (93.0)

74 (97.4)

0.112

Age, yr
2

BMI (kg/m )
Complications, n (%)

Lipid-lowering treatment, n (%)

< 0.001

Intravenous insulin

84 (38.4)

14 (48.3)

69 (60.5)

1 (1.3)

HP

32 (14.6)

1 (3.4)

26 (22.8)

5 (6.6)

CRRT/HP + CRRT

60 (27.4)

0 (0.0)

1 (0.9)

59 (77.6)

Only anti-lipemic

43 (19.6)

14 (48.3)

18 (15.8)

11 (14.5)

Improved Marshall score

1.00 (0.00, 3.00)

0.00 (0.00, 0.00)

0.00 (0.00, 1.00)

3.00 (3.00, 4.75)

< 0.001

MCTSI score

5.11 ± 1.70

2.14 ± 0.92

5.14 ± 1.06

6.18 ± 1.35

< 0.001

Baseline TG, mg/dL

2713.82 ± 2458.65

1895.15 ± 1685.17

2480.80 ± 2040.458

3386.29 ± 3081.51

0.035

Baseline AMY (nUNL)

2.92 (1.43, 6.41)

2.81 (1.47, 5.21)

2.22 (0.98, 5.08)

5.28 (2.21, 8.66)

< 0.001

CRP, mg/L

196.36 ± 121.97

143.17 ± 97.51

178.65 ± 103.25

247.12 ± 143.73

< 0.001

Albumin, g/L

32.66 ± 5.99

36.48 ± 4.96

34.46 ± 5.16

28.49 ± 5.16

< 0.001

TBIL, mmol/L

16.60 (10.80, 22.90)

18.91 (13.02, 23.68)

15.35 (10.69, 22.46)

16.57 (10.60, 24.92)

0.511

ALT, U/L

20.00 (13.60, 30.70)

21.30 (14.90, 35.75)

20.25 (13.00, 31.93)

19.75 (14.03, 27.30)

0.648

AST, U/L

25.00 (17.50, 39.50)

21.30 (17.00, 28.05)

20.00 (16.08, 30.63)

36.55 (25.00, 56.80)

< 0.001

Total cholesterol, mmol/L

8.58 ± 4.56

7.47 ± 2.96

8.82 ± 4.53

8.64 ± 5.06

0.522

HDL-C, mmol/L

0.82 (0.61, 1.10)

0.88 (0.75, 1.17)

0.86 (0.66, 1.16)

0.69 (0.52, 0.99)

0.241

LDL-C, mmol/L

2.92 ± 1.55

3.77 ± 1.41

2.91 ± 1.58

2.62 ± 1.46

0.003

Glucose, mmol/L

10.50 ± 3.64

9.47 ± 3.70

10.34 ± 3.54

11.13 ± 3.69

0.100

Urea nitrogen, mmol/L

4.73 ± 3.31

4.56 ± 1.63

3.66 ± 1.76

6.40 ± 4.64

< 0.001

Creatinine, μmol/L

83.03 ± 66.48

71.90 ± 18.03

65.46 ± 19.11

113.63 ± 103.46

< 0.001

Calcium, mmol/L

1.93 ± 0.31

2.16 ± 0.18

2.00 ± 0.21

1.75 ± 0.37

< 0.001

WBC, × 109/L

11.67 ± 4.10

11.22 ± 3.64

11.99 ± 4.06

11.37 ± 4.33

0.351

PLT, × 109/L

200.19 ± 69.19

194.69 ± 73.58

208.67 ± 65.17

189.57 ± 72.51

0.159

Hb, g/L

141.11 ± 24.52

143.69 ± 19.12

136.87 ± 22.76

146.49 ± 27.78

0.010

STSH, mIU/L

0.28 (0.16, 0.65)

0.49 (0.28, 0.98)

0.28 (0.14, 0.66)

0.24 (0.16, 0.62)

0.188

FT3, pmol/L

2.29 ± 1.00

2.90 ± 0.77

2.36 ± 0.86

2.89 ± 1.18

0.018

FT4, pmol/L

12.56 ± 3.70

12.83 ± 2.10

12.88 ± 3.95

12.11 ± 3.68

0.302

Admission to ICU, n (%)

98 (44.7)

1 (3.4)

27 (23.7)

70 (92.1)

< 0.001

Death, n (%)

9 (4.1)

0 (0.0)

0 (0.0)

9 (11.8)

< 0.001

MAP: Mild acute pancreatitis; MSAP: Moderately severe acute pancreatitis; SAP: Severe acute pancreatitis; BMI: Body mass index; HP: Hemoperfusion;
CRRT: Continuous renal replacement therapy; MCTSI: Modified computed tomography severity index; TG: Triglyceride; AMY: Amylase; UNL: Upper
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limit of normal; CRP: C-reactive protein; TBIL: Total bilirubin; ALT: Alanine aminotransferase; AST: Aspartate transaminase; HDL-C: High-density
lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; WBC: White blood cell; PLT: Blood platelet; Hb: Hemoglobin; STSH: Sensitive
thyrotropin; FT3: Free triiodothyronine; FT4: Free thyroxine; ICU: Intensive care unit.

Table 3 Factors associated with severe hypertriglyceridemic acute pancreatitis according to multivariate logistic regression analysis
Variable

B

OR

OR (95%CI)

P value

Baseline TG

0.023

1.023

(0.991-1.056)

0.159

Baseline AMY

0.345

1.412

(0.916-2.175)

0.118

CRP

0.110

1.011

(1.003-1.019)

0.005

Albumin

-0.197

0.821

(0.693-0.973)

0.023

AST

0.018

1.018

(0.975-1.063)

0.423

LDL-C

-0.173

0.814

(0.556-1.272)

0.412

Urea nitrogen

-0.334

0.709

(0.462-1.086)

0.114

Creatinine

0.025

1.026

(0.988-1.065)

0.186

Calcium

-4.152

0.016

(0.001-0.239)

0.003

Hb

0.008

1.008

(0.975-1.043)

0.621

FT3

-1.324

0.266

(0.055-1.281)

0.099

OR: Odds ratio; TG: Triglyceride; AMY: Amylase; CRP: C-reactive protein; AST: Aspartate transaminase; LDL-C: Low-density lipoprotein cholesterol; Hb:
Hemoglobin; FT3: Free triiodothyronine.

Figure 2 The total number of patients with hypertriglyceridemic acute pancreatitis and other acute pancreatitis in Fujian Provincial
Hospital increased significantly during nearly 10 years. HTG-AP: Hypertriglyceridemic acute pancreatitis.

proportion of patients with HTG-AP increased from 14.0% to 34.0% during a 16-year period in a tertiary
hospital setting. Our study found that the incidence of HTG-AP increased by approximately 2.6 times
and ranged from 8.4% to 22.3% during nearly 10 years, with a significant increase detected after 2017.
Our results are similar to previously reported data.
At present, updated population-based estimates on the incidence of HTG-AP are lacking. Some
studies have shown that the incidence and mortality of HTG-AP were increasing year by year, which
was related to the change of people’s diet structure and lifestyle[4]. At the same time, the availability of
the detection of serum TG also improved the diagnosis of HTG-AP. For example, the emergency of our
hospital began testing serum TG in 2017, and Figure 1 shows the incidence of HTG-AP has increased
since 2017.
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Table 4 Comparisons of clinical characteristics and laboratory parameters with different treatment between intravenous insulin and
hemoperfusion before and after propensity score matching
Entire cohort
Characteristic

INS group (n =
84)

PSM
HP Group (n =
32)

Sex, n (%)

P value

INS group (n = 26) HP group (n = 26)

0.626

0.184

Male

51 (60.7)

21 (65.6)

20 (76.9)

16 (61.5)

Female

33 (39.3)

11 (34.4)

6 (23.1)

10 (38.5)

Age, yr

39.99 ± 10.36

36.44 ± 11.60

36.81 ± 10.79

36.42 ± 10.10

Grades of severity, n (%)

0.965

P value

0.895
0.755a

0.002

MAP

14 (16.7)

1 (3.1)

1 (3.8)

1 (3.8)

MSAP

69 (82.1)

26 (81.3)

25 (96.2)

25 (96.2)

SAP

1 (1.2)

5 (15.6)

0 (0.0)

0 (0.0)

Improved Marshall score

0.00 (0.00, 1.00)

1.00 (1.00, 2.00)

< 0.001

0.00 (0.00, 1.00)

1.00 (0.00, 1.00)

0.186a

MCTSI score

4.67 ± 1.59

5.75 ± 0.84

< 0.001

5.15 ± 1.29

5.62 ± 0.80

0.127a

Baseline TG, mg/dL

2493.20 ± 1958.06

3443.88 ± 1676.31

0.037

3484.64 ± 2275.248

3264.91 ± 2375.37

0.734a

Treated TG within 48 h,
mg/dL

946.25 ± 769.05

1145.60 ± 699.05

0.205

1108.39 ± 856.76

1040.16 ± 686.65

0.753

Clearance rate of TG within
48 h, %

47.65 ± 34.64

63.91 ± 23.32

0.005

57.24 ± 33.70

56.38 ± 33.61

0.927a

CRP, mg/L

184.75 ± 99.84

198.43 ± 94.00

0.552

214.612 ± 119.22

198.28 ± 97.09

0.629

Albumin, g/L

34.05 ± 4.81

32.50 ± 6.39

0.219

34.56 ± 5.03

32.53 ± 6.58

0.218

TBIL, mmol/L

17.80 ± 8.96

19.83 ± 13.61

0.439

18.70 ± 9.38

20.87 ± 14.41

0.523

ALT, U/L

24.55 ± 17.77

23.15 ± 18.15

0.705

24.58 ± 16.69

21.81 ± 16.47

0.550

AST, U/L

25.70 ± 14.23

30.85 ± 26.87

0.187

24.84 ± 12.40

32.10 ± 29.44

0.252

Total cholesterol, mmol/L

8.38 ± 3.89

8.93 ± 4.37

0.511

9.84 ± 4.91

8.52 ± 4.58

0.318

Glucose, mmol/L

11.08 ± 3.65

10.83 ± 3.42

0.739

11.71 ± 2.74

10.07 ± 3.22

0.057

Urea nitrogen, mmol/L

4.02 ± 1.86

3.83 ± 2.27

0.652

3.54 ± 1.76

3.34 ± 1.94

0.688

Creatinine, mmol/L

63.73 ± 18.23

67.72 ± 24.01

0.338

65.00 ± 12.33

67.00 ± 23.36

0.702

Calcium, mmol/L

1.98 ± 0.25

1.90 ± 0.28

0.100

2.03 ± 0.23

1.89 ± 0.31

0.063

11.79 ± 4.20

12.33 ± 4.37

0.541

12.40 ± 4.00

12.51 ± 4.44

0.920

PLT, × 10 /L

205.39 ± 68.44

204.34 ± 65.98

0.941

201.66 ± 59.77

197.38 ± 57.91

0.795

Hb, g/L

137.48 ± 23.67

138.12 ± 27.60

0.902

143.44 ± 19.50

135.38 ± 27.50

0.230

Length of stay, d

11.88 ± 6.37

11.93 ± 6.01

0.965

13.04 ± 7.92

12.35 ± 6.40

0.730

Death, n (%)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

9

WBC, × 10 /L
9

a

P value changed after propensity score matching.
PSM: Propensity score matching; INS: Intravenous insulin; HP: Hemoperfusion; MAP: Mild acute pancreatitis; MSAP: Moderately severe acute
pancreatitis; SAP: Severe acute pancreatitis; MCTSI: Modified computed tomography severity index; TG: Triglyceride; CRP: C-reactive protein; TBIL: Total
bilirubin; ALT: Alanine aminotransferase; AST: Aspartate transaminase; WBC: White blood cell; PLT: Blood platelet; Hb: Hemoglobin.

Figure 1 showed the decrease in the incidence of HTG-AP from April 2016 to March 2017 and from
April 2019 to March 2020, which coincided with the opening of the South Hospital of Fujian Provincial
Hospital and the outbreak of coronavirus disease 2019 in China, leading to the diversion and reduction
of the number of patients with AP and HTG-AP.

Clinical feature of HTG-AP
This study also found that the clinical manifestations of patients with HTG-AP included the most
common abdominal pain and abdominal distension as well as nausea, vomiting, and anhelation without
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Figure 3 Incidence rates of hypertriglyceridemic acute pancreatitis stratified by age and sex.

Figure 4 Changes of serum triglyceride levels in both groups before and after treatment. TG: Triglyceride; INS: Insulin; PSM: Propensity score
matching; HP: Hemoperfusion.

specificity. However, patients with HTG-AP have some clinical characteristics, such as serum TG level
(2544.59 ± 2305.37 mg/dL) that was significantly higher than normal values at the onset of disease.
Hence, serum TG level ≥ 1000 mg/dL is the most important characteristic of HTG-AP[19]. Thus, we can
improve the diagnosis rate of HTG-AP by improving the early detection rate of serum TG in clinical
work.
We found that the mean age of patients with HTG-AP was 39.86 ± 10.20 years. The highest incidence
rate of AP was observed for men in the age group of 30-39 years, and the male/female ratio was 2.0
(247/124). Li et al[10] reported that patients with HTG-AP were younger (40 vs 51, P < 0.01) and were
mostly males (214/91 vs 242/183, P < 0.01) compared with patients with biliary AP.
Sekimoto et al[27] stated that the average age for HTG-AP was lower than that for other causes.
Zheng et al[24] reported a higher proportion of alcoholic and HTG-AP in men than in women and in
patients younger than 50 years. Olesen et al[5] reported that the highest incidence rate of severe HTG
was observed for men in the age group of 40-49 years, and severe HTG is a well-known risk factor for
AP. Therefore, HTG-AP is becoming more prevalent among younger individuals.
AMY was elevated to levels higher than the normal value in 80.1% of patients but only three times
higher than the normal in 46.9% of patients. About 50% of patients with HTG-AP showed no significant
increase in serum and urine AMY levels[13], which may be due to the presence of AMY activity
inhibitors in their plasma; these inhibitors can enter the urine through the kidneys and inhibit urinary
AMY activity. In addition, increased TG levels directly affected the determination of AMY. Therefore,
the early diagnosis of HTG-AP is more difficult. The diagnostic accuracy of lipase for HTG-AP was
91.83%, while that of AMY was only 40.38%[14]. Thus, we can improve the diagnosis rate of HTG-AP by
combining serum AMY and lipase.
In this study, the frequency of SAP (26.9%), organ failure (31.5%), rate of recurrence (32.9%), and
mortality (3.0%) of HTG-AP was high. A large multicenter study in China showed higher incidences of
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local complication (34.13% vs 15.72%, P < 0.000) and MSAP (28.85% vs 12.95%, P < 0.000) in patients
with HTG-AP than in patients without HTG-AP[14]. HTG-AP varied in severity between mild (41%),
moderate (26%), and severe (33%)[17]. A foreign study showed that patients with HTG-AP had
significantly higher percentages of multiple organ dysfunction syndrome (24.1% vs 12.1%, P = 0.009)
and cardiovascular failure (17.6% vs 4.6%, P < 0.001) compared with biliary AP[26].
Some reports showed a more severe course of AP induced by HTG compared with other causes,
whereas other scholars seemed to favor no significant difference in disease severity[28]. Vipperla et al
[17] reported that the risk of recurrent AP attacks was 32%, often in patients with poorly controlled
diabetes, alcoholism, and TG levels. Our study showed that the recurrence rate of MSAP was higher
than that of SAP, which may be due to insufficient attention and medical care. Different studies
reported that the mortality rate of HTG-AP ranged from 0.48% to 7.9%[10,14,26], but the mortality rate
for severe cases reached as high as 20%-25%[2].
The high frequency rates of fatty liver disease, diabetes mellitus, and hypertension were found in
patients with HTG-AP, with values of 90.6%, 31.0%, and 16.7%, respectively. Patients with HTG-AP
were often complicated with metabolic diseases such as diabetes mellitus and obesity, and patients with
type 2 diabetes mellitus had an elevated risk of AP compared with patients without diabetes[15].

Comparisons of different grades of severity of HTG-AP
A comparison was conducted among patients with MAP, MSAP, and SAP to investigate the association
of the severity of HTG-AP with clinical data and laboratory indicators. Table 2 showed that age and sex
had no difference among the three groups (all P > 0.050). Improved Marshall score, MCTSI score,
baseline TG, baseline AMY, CRP, albumin, aspartate aminotransferase, low-density lipoproteincholesterol, urea nitrogen, creatinine, calcium, hemoglobin, and free triiodothyronine were significantly
different among patients with different grades of severity of HTG-AP (all P < 0.050). Multivariate
logistic regression analysis confirmed that high CRP (P = 0.005, OR = 1.011, 95%CI: 1.003-1.019), low
calcium (P = 0.003, OR = 0.016, 95%CI: 0.001-0.239), and low albumin (P = 0.023, OR = 0.821, 95%CI:
0.693-0.973) were risk factors of severe HTG-AP.
CRP, serum calcium, and serum albumin are well-known predictors of severe AP with non-HTG-AP
and are widely used in its early detection. Experts suggested that CRP levels > 150 mg/L 48 h after the
onset of symptoms have a high sensitivity for predicting the severity of AP[29]. Yu et al[30] reported
that patients with HTG-AP had lower serum ionized calcium associated with a higher risk of
developing SAP. Chen et al[31] confirmed that low serum albumin (P = 0.004, OR = 3.362, 95%CI:
1.492–8.823) and high CRP (P = 0.005, OR = 3.061, 95%CI: 1.407–6.659) were risk factors of moderately
severe to severe HTG-AP.
Our study showed that the predictors of SAP with HTG-AP were similar to those of AP with other
etiologies including alcoholic and biliary AP.

Comparisons among different treatments
Reducing serum TG levels quickly is crucial in the early treatment of HTG-AP. This method mainly
includes two categories of routine treatment, and blood purification had been implemented for the
patients with HTG-AP. Currently, the TG levels should be reduced to below 500 mg/dL as soon as
possible; when follow-up TG levels were < 500 mg/dL, an associated reduction in the risk of clinical
events and decrease in health care resource use and costs were observed[32]. However, selecting routine
treatment or blood purification for patients with HTG-AP after admission to obtain economic cost effectiveness remains controversial. Routine treatments, such as insulin, heparin, and anti-HTG drugs, are
effective in reducing TG and have the advantages of non-invasiveness and low cost.
Blood purification includes HP, PE, and continuous renal replacement therapy, which have the
disadvantages of invasiveness and expensive. Compared with HP and PE, continuous renal
replacement therapy can not only reduce TG rapidly but also remove inflammatory mediators and is
more accurate for systemic inflammatory response syndrome control[9]. However, selecting routine
treatment or blood purification for patients with HTG-AP after admission in order to obtain economic
cost effectiveness remains controversial. Therefore, this study mainly compared the effect of INS and
HP on lowering serum TG.
Among patients with MAP and MSAP, a significant decrease in serum TG was found in patients
treated with INS (P < 0.000) and HP (P < 0.000) within 48 h. The clearance rates of TG were 57.24% ±
33.70% and 56.38% ± 33.61%, respectively (P = 0.927). This rate of decline was similar to a report[33]
wherein 22 episodes of HTG-AP had a calculated fall in serum TG of 69.8% within 48 h by conservative
management. This finding is also similar to that reported in an HP case series, which demonstrated
49%-80% reductions in serum TG after a single session[34,35]. These reports showed no difference in the
rate of TG decline between patients managed with or without HP. This study also showed that length of
stay (13.04 ± 7.92 d vs 12.35 ± 6.40 d, P = 0.730) did not differ between the two treatments. A large
multicenter retrospective study collected 1159 patients with SAP, which included 30 patients with HTGAP, and 10 patients treated with PE compared with 20 patients treated with routine therapy; no
additional reduction in TG levels and no improvement in clinical outcomes were detected[36].
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Study strengths and limitations
The strengths of this study are the high accuracy of data due to the strict inclusion and exclusion criteria
and the use of PSM to avoid test errors. At present, few studies have reported on how to choose the
treatment mode of HTG-AP, which is the innovation of this study.
Our study has some important limitations. This study adopted a single-center retrospective design.
The incidence of HTG-AP is not universal and can only reflect the situation of our hospital. Data such as
body mass index, urine AMY, blood lipase, and blood gas analysis were missing. The choice of
treatment had selection bias.

CONCLUSION
The incidence of HTG-AP exhibited a significant increase, remarkable severity, and recurrent trend. By
understanding the characteristics of HTG-AP, we can improve the clinical diagnosis rate and identify
patients who are likely to develop severe disease early. Patients with MAP and MSAP can be treated
with INS safely and effectively without HP. This work provides a basis for doctors to choose an
appropriate treatment plan for patients.

ARTICLE HIGHLIGHTS
Research background
The incidence of hypertriglyceridemic acute pancreatitis (HTG-AP) has increased yearly, but updated
population-based estimates on the incidence of HTG-AP are lacking. Reducing serum triglyceride (TG)
levels quickly is crucial in the early treatment of HTG-AP. Currently, there are many treatments to
reduce TG levels, but there is still a lack of authoritative guidelines.

Research motivation
We wanted to explore appropriate treatments to block the progression of HTG-AP.

Research objectives
To explore the clinical characteristics to reduce the missed diagnosis rate of HTG-AP and to identify the
patients who would develop severe acute pancreatitis early. To compare the clinical outcomes of
intravenous insulin (INS) and hemoperfusion (HP) and guide the choice of treatment for patients.

Research methods
We retrospectively reviewed the incidence and clinical characteristics of 371 patients with HTG-AP in
our hospital from the past 10 years. Then, 219 patients who met the inclusion and exclusion criteria were
further screened and divided to different groups according to grades of severity of HTG-AP and
treatments. Multivariate logistic regression analyses were used to identify the independent risk factors
for severe HTG-AP. Propensity score matching was used to compare the clinical outcomes of INS and
HP.

Research results
The incidence of HTG-AP increased by approximately 2.6 times during the 10 years and ranged from
8.4% to 22.3% (8.4% in April 2012–March 2013 and 22.3% in April 2020–March 2021). Multivariate
logistic regression analysis confirmed that high C-reactive protein [P = 0.005, odds ratio (OR) = 1.011,
95%CI: 1.003-1.019], low calcium (P = 0.003, OR = 0.016, 95%CI: 0.001-0.239), and low albumin (P =
0.023, OR = 0.821, 95%CI: 0.693-0.973) were risk factors of severe HTG-AP. After propensity score
matching with sex, age, grades of severity, and baseline TG, there was a significant decrease in serum
TG in patients treated with INS (P < 0.0001) and HP (P = 0.0001) within 48 h. However, the clearance
rate of TG and length of stay did not differ between the two groups.

Research conclusions
The incidence of HTG-AP exhibited a significant increase. Patients with mild and moderately severe
acute pancreatitis can be treated with INS safely and effectively without HP.

Research perspectives
Identifying patients with a severe tendency at the early stage of HTG-AP and choosing cost-effective
treatments is the future direction of this research.
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Abstract
BACKGROUND
Tumor deposits (TDs) are not equivalent to lymph node (LN) metastasis (LNM)
but have become independent adverse prognostic factors in patients with rectal
cancer (RC). Although preoperatively differentiating TDs and LNMs is helpful in
designing individualized treatment strategies and achieving improved prognoses,
it is a challenging task.
AIM
To establish a computed tomography (CT)-based radiomics model for preoperatively differentiating TDs from LNM in patients with RC.
METHODS
This study retrospectively enrolled 219 patients with RC [TDs+LNM- (n = 89);
LNM+ TDs- (n = 115); TDs+LNM+ (n = 15)] from a single center between September
2016 and September 2021. Single-positive patients (i.e., TDs+LNM- and LNM+TDs-)
were classified into the training (n = 163) and validation (n = 41) sets. We
extracted numerous features from the enhanced CT (region 1: The main tumor;
region 2: The largest peritumoral nodule). After deleting redundant features, three
feature selection methods and three machine learning methods were used to select
the best-performing classifier as the radiomics model (Rad-score). After validating
Rad-score, its performance was further evaluated in the field of diagnosing
double-positive patients (i.e., TDs+LNM+) by outlining all peritumoral nodules
with diameter (short-axis) > 3 mm.
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RESULTS
Rad-score 1 (radiomics signature of the main tumor) had an area under the curve (AUC) of 0.768
on the training dataset and 0.700 on the validation dataset. Rad-score 2 (radiomics signature of the
largest peritumoral nodule) had a higher AUC (training set: 0.940; validation set: 0.918) than Radscore 1. Clinical factors, including age, gender, location of RC, tumor markers, and radiological
features of the largest peritumoral nodule, were excluded by logistic regression. Thus, the
combined model was comprised of Rad-scores of 1 and 2. Considering that the combined model
had similar AUCs with Rad-score 2 (P = 0.134 in the training set and 0.594 in the validation set),
Rad-score 2 was used as the final model. For the diagnosis of double-positive patients in the mixed
group [TDs+LNM + (n = 15); single-positive (n = 15)], Rad-score 2 demonstrated moderate
performance (sensitivity, 73.3%; specificity, 66.6%; and accuracy, 70.0%).
CONCLUSION
Radiomics analysis based on the largest peritumoral nodule can be helpful in preoperatively
differentiating between TDs and LNM.
Key Words: Radiomics; Tumor deposits; Lymph node metastasis; Rectal cancer; Computed tomography;
Differential diagnosis
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: In this study, a radiomics model based on the largest peritumoral nodule was developed to
preoperatively differentiate tumor deposits (TDs) from lymph node (LN) metastasis in patients with rectal
cancer. This model demonstrated good performance in both the training and validation cohorts. However,
its performance decreased with the diagnosis of the double-positive patients. In summary, this model can
be helpful for differentiating TDs from LN metastasis.

Citation: Zhang YC, Li M, Jin YM, Xu JX, Huang CC, Song B. Radiomics for differentiating tumor deposits from
lymph node metastasis in rectal cancer. World J Gastroenterol 2022; 28(29): 3960-3970
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3960.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3960

INTRODUCTION
Colorectal cancer (CRC) ranks third in terms of incidence and second in terms of mortality[1], and RC
accounts for approximately 30% of CRC[2]. Tumor deposits (TDs) in RC are defined as discontinuous
extramural extensions or focal aggregates of adenocarcinoma located in the perirectal region, without
histological evidence of residual lymph node (LN) or vascular/neural structures[3,4]. As a factor for
poor prognosis, TDs have attracted widespread attention in recent years[4,5]. A review published in
2017 confirmed that TDs were independently associated with lower overall and disease-free survival
according to data available in the literature[4].
Clearly, TDs are not equivalent to LN metastasis (LNM) in terms of biology and prognosis. Among
patients with LNM, the occurrence of TDs can lead to a worse prognosis[4,5], strongly indicating that
their impact on prognosis is independent and additive. Therefore, TDs must be reported separately
from LNM[6]. However, TDs and LNM can only be determined through pathological examinations of
surgical specimens[7]. Presently, it is difficult to preoperatively differentiate TDs from LNM using
computed tomography (CT).
Radiomics is a rapidly developing field of research that involves the extraction of numerous
quantitative features from medical images. These features can capture characteristics of volume of
interest (VOI), such as heterogeneity, and it may, alone or in combination with other data, be used to
solve clinical problems[8]. Recently, some studies have reported the involvement of TDs in RC[6,9,10].
However, some previous studies did not focus on the differentiation of TDs from LNM[9,10], and Atre
et al[6] used only texture analysis and lacked the construction and validation of a model. Therefore, we
aimed to establish a CT-based radiomics model to preoperatively differentiate TDs from LNM in
patients with RC.

WJG

https://www.wjgnet.com

3961

August 7, 2022

Volume 28

Issue 29

Zhang YC et al Radiomics for identifying TDs

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review board (No. 1159) of the authors’
hospital. Given the retrospective design and use of anonymized patient data, requirements for informed
consent were waived.
Patient data collected between September 2016 and September 2021 were reviewed by searching
radiological and pathological databases. A total of 219 patients [single-positive, 112 male, 92 female;
mean ± SD age, 60 ± 12 years (range, 32-92 years); double-positive, 6 male, 9 female; mean age, 60 ± 13
years (range, 37-83 years)] were enrolled. The inclusion criteria were as follows: Diagnosis of rectal
adenocarcinoma on pathology; single positive result (i.e., TDs+ or LNM+); and 15 randomly selected
patients who were TDs+LNM+. The exclusion criteria were as follows: No peritumoral nodules with
short-axis diameter > 3 mm on enhanced CT images (n = 22); incomplete clinical data, such as tumor
markers (n = 36); patients who did not undergo surgery (n = 5); treatment before CT examination (n = 2);
and poor-quality CT images (n = 4). Figure 1 shows the flow diagram of patient recruitment. Figure 2
shows the workflow of this radiomics study. Clinical characteristics, including age, gender, location of
RC, tumor markers, pTN stage, extramural vascular invasion (EMVI), histological grade, and
radiological features of the largest peritumoral nodule, are summarized in Table 1.

Reference standard
Pathological confirmation reports based on surgically resected specimens were obtained from the
hospital’s electronic medical database. From these reports, pathological information about the main
tumor and peritumoral nodules (status and number of TDs and LNMs) were obtained.

Image acquisition and evaluation
Chest-abdomen-pelvis enhanced CT can detect not only the primary tumor but also suspected
metastases. The main scanning parameters of CT are described in the Supplementary Table 1.
Two experiential radiologists reviewed the CT images and recorded the radiological features while
blinded to clinical and pathological information. As shown in Table 1, the tumor location and
radiological features of the largest peritumoral nodule, such as size, morphology, spiculation, and CT
value, was confirmed by summarizing the results of these two radiologists (disagreements were
resolved by consensus discussion).

Feature extraction and model-building
The reliability of the radiomics features was tested in twenty patients. The features with intra-/interclass correlation coefficients (ICCs) > 0.75 were considered stable[11]. Thereafter, the radiologists
independently segmented the main tumor and largest peritumoral nodule by manually drawing threedimensional VOI (Figure 2). All images were resampled to pixel spacing of 1 mm in all three
dimensions. Several transformation methods, such as wavelet filter and Laplace of Gaussian filter, were
applied to the original images. PyRadiomics was used to extract features from the original and filtered
images[12]. Figure 2 shows the types of the features. The correlation analysis was performed to remove
redundant features. In detail, if the correlation coefficient between two features was > 0.4, the one with a
lower coefficient was removed. Subsequently, three feature selection methods and three machine
learning methods were tested to select the best performing classifier as the radiomics model (i.e., Radscore). Statistically significant factors from univariate and multivariate logistic regression analyses were
used to develop the combined model.

Model evaluation
Receiver operating characteristic (ROC) curves of the models were performed to assess and compare
their performance in identifying TDs+LNM- patients. Moreover, the performance of the models in
diagnosing double-positive (i.e., TDs+LNM+) patients were further evaluated by outlining all
peritumoral nodules with short-axis diameters > 3 mm in the mixed group [TDs+LNM+ (n = 15);
randomly selected single-positive patients from the training or validation sets (n = 15)]. If there were
two different results (TD+ or LNM+) in all the outlined peritumoral nodules of each patient, doublepositive patients were considered to be diagnosed correctly.

Statistical analysis
Statistical analyses were performed using SPSS (IBM Corporation, Armonk, NY, United States), Stata
(StataCorp LP, College Station, TX, United States), and MedCalc software. In Table 1, continuous
variables were analyzed using t-test or Mann-Whitney U test, and categorical variables were compared
using the chi-squared test or Fisher’s exact test. The areas under the curve (AUCs) of the models were
compared using DeLong’s test.
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Table 1 Baseline and clinical characteristics of the included patients
Characteristics

TDs+LNM-(n = 89) LNM+TDs– (n = 115) P value

Training set (n =
163)

Validation set (n =
41)

P value

Age (mean ± SD, yr)

59 ± 12

61 ± 12

0.268

60 ± 12

60 ± 11

0.965

Gender (man/woman)

49/40

63/52

0.969

94/69

18/23

0.113

Location (middle-low/high)

65/24

74/41

0.187

107/56

32/9

0.128

Neoadjuvant therapy (+/-)

34/55

43/72

0.906

62/101

15/26

0.864

CEA (+/-) (positive ≥ 5
ng/mL)

42/47

43/72

0.159

75/88

10/31

0.012

CA19-9 (+/-) (positive ≥ 30
U/mL)

23/66

18/97

0.072

34/129

7/34

0.589

CA125 (+/-) (positive ≥ 24
U/mL)

13/76

14/101

0.611

21/142

6/35

0.767

pT stage (T1/T2/T3/T4)

0/9/70/10

4/12/93/6

0.063

4/17/127/15

0/4/36/1

0.894

pN stage (1a/1b/1c/2a/2b)

0/0/89/0/0

52/39/0/15/9

< 0.001

37/33/71/13/9

15/6/18/2/0

0.115

Histologic EMVI (+/-)

33/56

16/99

< 0.001

41/122

8/33

0.450

Histologic grade (G1/G2/G3)

1/63/25

0/76/39

0.299

0/113/50

1/26/14

0.901

Shape (irregular/regular)

12/77

2/113

0.003

11/152

3/38

0.898

Spiculation (+/-)

7/82

2/113

0.077

7/156

2/39

0.871

Size (mm ) (median)

72.7

41.2

< 0.001

54

43

0.886

CT value (HU)

61 ± 22

65 ± 23

0.258

64 ± 23

63 ± 23

0.858

Rad-score 1 (median)

0.71

0.39

< 0.001

0.44

0.71

0.002

Rad-score 2 (median)

0.89

0.13

< 0.001

0.39

0.62

0.561

Peritumoral nodule

2

Rad-score 1: Rad-score of the main tumor; Rad-score 2: Rad-score of the largest peritumoral nodule; CT: Computed tomography; TDs: Tumor deposits;
LNM: Lymph node metastasis; CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; CA125: Carbohydrate antigen 125; pT stage:
Pathological T stage; pN stage: Pathological N stage; EMVI: Extramural vascular invasion.

RESULTS
Patient characteristics
A total of 219 patients with RC [TDs+LNM- (n = 89); LNM+TDs- (n = 115); TDs+LNM+ (n = 15)] were
enrolled in this study. Clinical factors, including pathological N stage, pathological EMVI, and the size
and shape of the largest peritumoral nodule, were found significantly different between the TDs+LNMgroup and LNM+TDs- group. No statistical differences were found in age, gender, location of RC, tumor
markers, pathological T stage, histological grade, and other features of the peritumoral nodule
(spiculation and CT values) between the TDs+LNM- group and LNM+TDs- group. The patients were
classified into a training set (n = 163) and a validation set (n = 41). Except for carcinoembryonic antigen (
P = 0.012), no significant differences were found in the other clinical factors between the training and
validation sets (Table 1).

Feature selection and model building
After evaluating the reliability, a large number of radiomics features remained (n = 1490 extracted from
the tumor and 1252 from the largest peritumoral nodule), with ICCs of > 0.75. After excluding
redundant radiomics features, we selected features using the L1-based method and established Radscore using a logistic regression analysis. Features included in Rad-score are reported in the
Supplementary Tables 2 and 3. Rad-score of the main tumor (Rad-score 1) and that of the largest
peritumoral nodule (Rad-score 2) were independent risk factors for differentiating TDs from LNM
[odds ratio (OR) = 3.267 and 14.396, respectively]. Regarding clinical factors, although the size and
shape of the largest peritumoral nodule had significant difference between the TDs+ group and LNM+
group, they were all deleted in the logistic regression (P = 0.314 and 0.948, respectively; Table 2).
Furthermore, a combined model integrating Rad-scores of 1 and 2 was established using the logistic
regression.
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Table 2 Univariate and multivariate logistic regression analysis
Variables

Univariate

Multivariate

OR

P value

OR

P value

Age

0.995

0.693

-

-

Gender

0.820

0.534

-

-

Location

0.819

0.282

-

-

CEA

1.546

0.171

-

-

CA19-9

1.613

0.217

-

-

CA125

1.503

0.384

-

-

14.918

0.011

0.915

0.948

8.400

0.051

-

-

Size (mm )

1.009

0.001

0.999

0.314

CT value (HU)

0.994

0.364

-

-

Rad-score 1

2.946

< 0.001

3.267

< 0.001

Rad-score 2

11.979

< 0.001

14.396

< 0.001

Peritumoral nodule
Shape
Spiculated (+/-)
2

Rad-score 1: Rad-score of the main tumor; Rad-score 2: Rad-score of the largest peritumoral nodule; CEA: Carcinoembryonic antigen; CA19-9:
Carbohydrate antigen 19-9; CA125: Carbohydrate antigen 125; CT: Computed tomography; OR: Odds ratio.

Figure 1 Flowchart of patients’ recruitment pathway. RC: Rectal cancer; CT: Computed tomography; TDs: Tumor deposits; LNM: Lymph node metastasis.

Model evaluation
For classification results, the AUC for Rad-score 1 was 0.768 [95% confidence interval (CI): 0.695-0.830]
in the training set and 0.700 (95%CI: 0.537-0.833) in the validation set. Rad-score 2 achieved improved
performance, with an AUC of 0.940 (95%CI: 0.892-0.971) in the training set and 0.918 (95%CI: 0.7890.981) in the validation set. The combined model (Rad-scores 1 + 2) had similar AUCs to Rad-score 2 in
both the training and validation sets, as shown in Table 3 and Figure 3A and B. Thus, Rad-score 2 (Rad-
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Table 3 Comparisons of the models in the training, validation, and mixed groups
Training set

Validation set

Mixed group

AUC

SEN

SPE

P value

AUC

SEN

SPE

P value

SEN

SPE

Accuracy

Rad-score 1

0.768 (95%CI:
0.695-0.830)

66.2%

70.7%

< 0.001

0.700 (95%CI:
0.537-0.833)

77.8%

47.8%

0.032

-

-

-

Combined
model

0.955 (95%CI:
0.910-0.981)

83.1%

88.0%

0.134

0.930 (95%CI:
0.805-0.986)

94.4%

82.6%

0.594

66.6%

73.3%

70.0%

Rad-score 2

0.940 (95%CI:
0.892-0.971)

83.1%

84.8%

0.918 (95%CI:
0.789-0.981)

83.3%

82.6%

73.3%

66.6%

70.0%

The mixed group consisted of 15 double-positive (TDs+LNM+) and 15 single-positive (11 TDs+LNM- and 4 LNM+TDs-) patients. P value: compared with
Rad-score 2 by DeLong’s test. Rad-score 1: Rad-score of the main tumor; Rad-score 2: Rad-score of the largest peritumoral nodule; TDs: Tumor deposits;
LNM: Lymph node metastasis; AUC: Area under the curve; SEN: Sensitivity; SPE: Specificity.

Figure 2 Radiomics workflow. 3D VOI: Three-dimensional volume of interest; GLCM: Gray level co-occurrence matrix; GLSZM: Gray level size zone matrix;
GLRLM: Gray level run length matrix; GLDM: Gray level dependence matrix; NGTDM: Neighbouring gray tone difference matrix; ROC: Receiver operating
characteristic curve.

score of the largest peritumoral nodule) was used as the final model owing to its simplicity.
In the calibration curve for Rad-score 2, the solid line was close to the reference line (dotted line),
indicating that Rad-score 2 demonstrated good agreement between the prediction (x-axis) and
observation (y-axis) (Figure 3C). However, Rad-score 2 still overestimated the actual risk for TDs+
(approximately 10%, at most). A decision curve was constructed to evaluate the clinical utility of Radscore 2 in differentiating TDs from LNM. The net benefit can be measured along the y-axis. Figure 3D
shows that Rad-score 2 yielded more benefit than “treat all”, “treat none”, and Rad-score 1. A case
example is shown in Figure 4.
Moreover, all peritumoral nodules with short-axis diameter > 3 mm were delineated in each patient
in the mixed group [TDs+LNM+ (n = 15); single-positive (n = 15)] to evaluate the performance of the
models in predicting double-positive (i.e., TDs+LNM+) patients. Of the 30 patients, 134 peritumoral
nodules were delineated. Rad-score 2 had a moderate accuracy of 70% (sensitivity, 73.3%; specificity,
66.6%). Because the combined model had the same accuracy of 70% as Rad-score 2, it confirmed the use
of Rad-score 2 as the final model.

Subgroup analysis
In view of the prognostic difference between the upper and middle-lower RC[13], we performed a
subgroup analysis indicating that Rad-score 2 had high AUCs in both the upper [0.941 (95%CI: 0.853-
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Figure 3 Comparisons of the receiver operating characteristic curves, and fit and usefulness evaluation of Rad-score 2. A: In the training set:
Area under the curve (AUC) = 0.768 for Rad-score 1, 0.955 for the combined model, and 0.940 for Rad-score 2; B: In the validation set: AUC = 0.700 for Rad-score 1,
0.930 for the combined model, and 0.918 for Rad-score 2; C: The calibration curve of Rad-score 2 shows good agreement between the predicted and observed risks
in the training cohort; D: The decision curve demonstrates that Rad-score 2 obtains more benefit than “treat all”, “treat none”, and Rad-score 1. Rad-score 1: Radscore of the main tumor; Rad-score 2: Rad-score of the largest peritumoral nodule; AUC: Area under the curve.

0.984)] and middle-lower [0.931 (95%CI: 0.875-0.967)] RC groups. For patients receiving neoadjuvant
chemoradiotherapy (nCRT), Rad-score 2 also had high AUCs, as shown in Table 4. In these subgroup
analyses, Rad-score 2 outperformed Rad-score 1.
The American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging system has
not correlated a higher number of TDs with staging, unlike LNs (e.g., N1, 1-3 and N2, ≥ 4 regional LNs)
[14]. Several authors have found that patients with ≥ 3 TDs have a significantly worse prognosis than
those with 1-2 TDs[15]. However, in this study, the values of Rad-scores 1 and 2 were not significantly
different between the ≥ 3 TDs group and the 1-2 TDs group (P = 0.838 for Rad-score 1, and P = 0.309 for
Rad-score 2) (Table 4).

DISCUSSION
Our study established a new radiomics signature (Rad-score 2) based on 11 features extracted from the
largest peritumoral nodule, demonstrating the potential for preoperatively differentiating TDs from
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Table 4 Subgroup analyses of the models in single-positive patients
Rad-score 1
Subgroups

Rad-score 2

P value

AUC

SEN (%)

SPE (%)

AUC

SEN (%)

SPE (%)

With (n = 77)

0.740 (95%CI: 0.6280.833)

73.5%

74.4%

0.897 (95%CI: 0.8060.954)

73.5%

90.7%

0.014

Without (n = 127)

0.753 (95%CI: 0.6680.825)

60%

86.1%

0.957 (95%CI: 0.9050.985)

89.1%

93.1%

< 0.001

Mid-low (n = 139)

0.782 (95%CI: 0.7040.848)

75.4%

62.2%

0.931 (95%CI: 0.8750.967)

86.2%

82.4%

< 0.001

High (n = 65)

0.643 (95%CI: 0.5150.758)

54.2%

73.2%

0.941 (95%CI: 0.8530.984)

83.3%

85.4%

< 0.001

Number of TDs

1-2 (n = 50)

≥ 3 (n = 39)

P = 0.838

1-2 (n = 50)

≥ 3 (n = 39)

P = 0.309

Value

0.64 ± 0.24

0.65 ± 0.22

0.83 ± 0.22

0.77 ± 0.26

nCRT

Location

Rad-score 1: Rad-score of the main tumor; Rad-score 2: Rad-score of the largest peritumoral nodule; TDs: Tumor deposits; AUC: Area under the curve;
SEN: Sensitivity; SPE: Specificity; nCRT: Neoadjuvant chemoradiotherapy.

Figure 4 Case presentation. A: A 56-year-old man with upper RC, the nodule of TDs (size: 24 mm × 16 mm) had an irregular shape; B: A 44-year-old man with
lower RC, the nodule of TDs (size: 14 mm × 11 mm) had a regular oval shape. It is difficult to distinguish TDs and LNM from conventional imaging findings. For these
two patients, Rad-score of the largest peritumoral nodule achieved correct diagnosis (values = 0.98 and 0.97, respectively). RC: Rectal cancer; TDs: Tumor deposits;
LNM: Lymph node metastasis.

LNM. Moreover, Rad-score 2 outperformed Rad-score 1 (based on the main tumor) in this field [0.918 vs
0.700 (P = 0.032) in the validation set]. However, this model had a minor overestimation of TDs+
probability for most of the included patients.
The 8th AJCC TNM staging system incorporates a N1c category for RC patients with TDs+LNM-. The
N1c category represents 5% to 10% of RC with TDs (TDs+LNM- and TDs+LNM+) observed in approximately 20% of all rectal adenocarcinomas[5]. Although many authors have speculated on the origin of
TDs, the phenomenon remains unclear. However, some authors have found that a significant
proportion of TDs cannot be traced back to the LN[16]. Goldstein et al[17] reported that, after
performing experiments on deeper sections, most TDs (up to 90%) exhibited signs of > 1 origin.
Currently, the only method to determine the status of peritumoral nodules is the histopathologic
examination of the resected specimens. The preoperative differentiation of TDs and LNM facilitates the
design of individualized treatment strategies and evaluation of prognosis.
Unlike CT and magnetic resonance imaging (MRI), radiomics may solve clinical problems by
extracting an enormous number of features which can quantify invisible differences in tissues for the
human eye. Several radiomics studies investigating TDs[6,9,10] and LNM[18-21] have been reported in
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RC. There were, however, some differences in our study. First, in contrast to most previous models
(predicting single factor positive TDs[9,10] or LNM[18-21]), our model can be used to predict the status
of both TDs and LNM. When a peritumoral nodule with a short-axis diameter > 3 mm was found on CT
images, we could then use our model to predict the classification of this nodule (TDs+ or LNM+) and
further identify the patient as TDs+ only, LNM+ only, or double positive. Second, we delineated the main
tumor and the largest peritumoral nodule, while previous authors delineated the tumor and whole
peritumoral fat[10] or only the main tumor[9]. Third, our study included a larger sample size of TDs+
patients (n = 89) and had a higher AUC (0.918 in the validation set) than those reported by Chen et al[10]
[TDs+ (n = 40); AUC 0.795], Yang et al[9] [TDs+ (n = 23); AUC 0.820], and Atre et al[6] [TDs+ (n = 25); AUC
0.810]. Finally, although Atre et al[6] could also predict both TDs+ and LNM+, they only performed
texture analysis, which was clearly different from the analysis in our study.
Notably, double-positive patients had a worse prognosis than those with TDs+ or LNM+ only. One
positive LN 5-year survival rate was 62% without TDs, vs 44% with TDs[4]. Thus, preoperative
diagnosis of double-positive patients is of great clinical significance. However, the performance of the
model decreased (accuracy, 70%) when used to diagnose double-positive patients. We speculated that
this may be related to the following factors. First, we established a model based on the largest
peritumoral nodule. When diagnosing double-positive patients, we used all peritumoral nodules (> 3
mm). Thus, the mean size in the mixed group was smaller than that in the training set. Second, the
sample size of the mixed group was small. Third, among the double-positive patients, some LNMs were
incorrectly evaluated as TDs. In these lesions, the value of wavelet-HLH_firstorder_Median (a radiomics
feature) decreased. In the future, we will include a larger sample to improve the applicability of the
model in double-positive patients.
Nevertheless, the nature of TDs after neoadjuvant therapy remains unclear. Regarding the 77 patients
who underwent nCRT in our study, the AUC for the Rad-score 2 did not decrease significantly (0.897),
indicating that the model was stable. Regarding the tumor location, the AUCs of the model were also
similar between the upper and middle-lower RC. Our model failed to differentiate between groups with
≥ 3 TDs and 1-2 TDs (P = 0.309).
Our study had several limitations. Firstly, because this was a retrospective study, selection bias may
have been introduced. Secondly, to directly compare peritumoral nodules, we especially selected a
sample comprising TDs+LNM- and LNM+TDs- and outlined the largest peritumoral nodule. However, it
was still possible to identify benign peritumoral nodules. Thirdly, this was a single-center analysis. In
the future, it will be necessary to conduct an external validation to confirm the versatility of the model.

CONCLUSION
A radiomics signature based on the largest peritumoral nodule is established in this article. This
signature can facilitate the preoperative differentiation of TDs from LNM.

ARTICLE HIGHLIGHTS
Research background
Tumor deposits (TDs) are not equivalent to lymph node (LN) metastasis (LNM) but have become
independent adverse prognostic factors in patients with rectal cancer (RC). If TDs can be differentiated
from LNM before therapy, individualized treatment and patient prognosis may greatly improve.

Research motivation
Currently, preoperative differentiation of TDs and LNM can be challenging.

Research objectives
To establish a radiomics model for preoperatively differentiating between TDs and LNM in patients
with RC.

Research methods
The present study retrospectively enrolled 219 patients with RC [TDs+LNM- (n = 89); LNM+TDs- (n =
115); TDs+LNM+ (n = 15)] from a single center between September 2016 and September 2021. Singlepositive patients (TDs+LNM- and LNM+TDs-) were classified into training (n = 163) and validation (n =
41) sets. Rad-scores were established based on the main tumor and largest peritumoral nodule. After
validating Rad-score, we further evaluated its performance for diagnosing double-positive patients (i.e.,
TDs+LNM+) by outlining all peritumoral nodules with diameters > 3 mm (short axis).
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Research results
Rad-score 1 (radiomics signature of the main tumor) had an area under the curve (AUC) of 0.768 on the
training dataset and 0.700 on the validation dataset. Rad-score 2 (radiomics signature of the largest
peritumoral nodule) had a higher AUC (training set: 0.940; validation set: 0.918) than Rad-score 1. For
the diagnosis of double-positive patients in the mixed group [TDs+LNM+ (n = 15); single-positive (n =
15)], Rad-score 2 demonstrated moderate performance (sensitivity, 73.3%; specificity, 66.6%; and
accuracy, 70%).

Research conclusions
The radiomics signature of the largest peritumoral nodule could provide individualized preoperative
differentiation of TDs and LNM. Moreover, it was helpful in diagnosing patients who were TDs+LNM+.

Research perspectives
To improve the model, surgeons, radiologists, and pathologists should collaborate through prospective
research to achieve node-to-node correspondence between CT images and pathological examinations in
the future.
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Abstract
BACKGROUND
Microwave ablation (MWA) is an effective treatment option for patients with
primary liver cancer. However, it has been reported that the MWA procedure
induces a hepatic inflammatory response and injury, which may negatively affect
the efficacy of MWA. As such, the discovery of reliable markers to monitor the
patient’s response to MWA is needed. Golgi protein 73 (GP73) has been shown to
be associated with chronic liver disease. To date, the potential value of serum
GP73 in the dynamic monitoring during MWA of liver cancer remains unclear.
AIM
To examine the effects of MWA on the serum levels of GP73 in patients with
primary liver cancer.
METHODS
A total of 150 primary liver cancer patients with a single small lesion (≤ 3 cm in
diameter) were retrospectively enrolled spanning the period between January
2016 and October 2018. All of the patients received MWA for the treatment of
primary liver cancer. Serum GP73, alpha-fetoprotein (AFP), and widely used liver
biochemical indicators [serum albumin, total bilirubin (TBIL), alanine aminotransferase (ALT), and aspartate aminotransferase (AST)] were compared before MWA
and at different time points, including 1, 2, and 4 wk following the ablation
procedure.
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RESULTS
Complete tumor ablation was achieved in 95.33% of the patients at 1 mo after MWA. The 1-, 2-,
and 3-year disease-free survival rates were 74.67%, 59.33%, and 54.00%, respectively. The serum
AFP levels were significantly decreased at 1, 2, and 4 wk after MWA; they returned to the normal
range at 12 wk after MWA; and they remained stable thereafter during follow-up in those cases
without recurrence. In contrast, the serum GP73 levels were significantly increased at 1 and 2 wk
after MWA. The serum GP73 levels reached the peak at 2 wk after MWA, started to decline after
hepatoprotective treatment with glycyrrhizin and reduced glutathione, and returned to the
pretreatment levels at 12 and 24 wk after MWA. Notably, the changes of serum GP73 in response
to MWA were similar to those of TBIL, ALT, and AST.
CONCLUSION
Serum GP73 is markedly increased in response to MWA of liver cancer. Thus, serum GP73 holds
potential as a marker to monitor MWA-induced inflammatory liver injury in need of amelioration.
Key Words: Liver cancer; Microwave ablation; Ablation therapy; Golgi protein 73; Biomarker; Liver injury
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Microwave ablation (MWA) has become an effective modality of cancer treatment, including
primary liver cancer. However, the MWA procedure induces a hepatic inflammatory response and injury,
which may diminish the efficacy of MWA. Therefore, the discovery of reliable markers to monitor the
response to MWA is still needed. In this study, we examined the effects of MWA on the serum levels of
Golgi protein 73 (GP73). The resulting data suggest that serum GP73 is markedly elevated in response to
the MWA procedure. Importantly, our novel findings may have the clinical implication that serum GP73
could be a potential marker to monitor MWA-induced inflammatory liver injury.

Citation: Xu ZJ, Wei MJ, Zhang XM, Liu HG, Wu JP, Huang JF, Li YF, Huang ZJ, Yan YY. Effects of microwave
ablation on serum Golgi protein 73 in patients with primary liver cancer. World J Gastroenterol 2022; 28(29):
3971-3980
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/3971.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3971

INTRODUCTION
Liver cancer is one of the most common malignant tumors throughout the world, and its incidence is
relatively high in Asian countries and Pacific islands[1,2]. In China, nearly 500000 cases of primary liver
cancer are newly diagnosed annually, accounting for approximately 50% of all new primary liver cancer
cases worldwide, mainly due to a particularly high prevalence of hepatitis B virus (HBV) infection[1-3].
Primary liver cancer mainly includes hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma
(ICC), and combined hepatocellular-cholangiocarcinoma, of which HCC makes up 75%-85% and ICC
accounts for 10%-15% of all primary liver cancer cases[4]. For patients with primary liver cancer at an
early stage, ablation therapy has been shown to be an effective treatment option. Microwave ablation
(MWA) is an ablation modality that destroys cancer cells by using heat from microwave energy. Over
the last decade, extensive studies have shown that MWA is effective and safe for treating small primary
liver cancer, which is usually less than 3 cm in diameter[5-9]. However, it has been reported that the
MWA procedure induces a hepatic inflammatory response and injury, which may negatively affect its
efficacy[10]. Therefore, the discovery of reliable markers to monitor the patient’s response to MWA is
still needed.
Golgi protein 73 (GP73) is a transmembrane glycoprotein with a molecular weight of 73 kDa. Under
normal conditions in the liver, GP73 is mainly expressed in the epithelial cells of the bile duct, while its
expression in hepatocytes is considerably lower[11]. Previous studies have shown that hepatic GP73
expression is upregulated in a variety of acute and chronic liver diseases[12]. Our previous study also
has demonstrated that GP73 is expressed in the cytoplasm of hepatocytes, but not in the infiltrating
inflammatory cells in patients with chronic HBV infection, and that changes in the hepatic and serum
levels of GP73 are positively correlated with hepatic necroinflammatory activity in CHB patients[13].
Few hepatocytes expressed GP73, and the serum GP73 levels were low in patients with chronic HBV
infection but without indications of liver injury. However, once hepatic necrosis was triggered, the
affected hepatocytes started to release more GP73 into the blood, resulting in elevated hepatic and
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serum levels of GP73. Our previous study also found that elevated serum GP73 levels were positively
associated with a higher hepatic necroinflammatory activity grade[14]. To date, the potential value of
serum GP73 in the dynamic monitoring and assessment of patient response to MWA during the
treatment of liver cancer remains to be further investigated.
Intrigued by our previous findings, we aimed to examine the effects of MWA of liver cancer on the
serum GP73 levels before and at different time points after ablation therapy in patients with primary
liver cancer. The findings may help to identify potential markers to be used in the dynamic monitoring
of the response to MWA for the treatment of primary liver cancer.

MATERIALS AND METHODS
Study subjects
A total of 150 patients with primary liver cancer were retrospectively enrolled from the Liver Disease
Center at the 910th Hospital of the PLA Logistics Support Force between January 2016 and October 2018.
All of the study subjects were diagnosed as having primary liver cancer, in accordance with the
Guidelines for the Diagnosis and Treatment of Primary Liver Cancer in China (2019 edition) issued by
the National Health and Health Commission of the People’s Republic of China[15], and fulfilled the
following inclusion criteria: (1) Age > 18 years old; (2) A single lesion ≤ 3 cm in diameter; and (3) No
invasion into the portal vein, hepatic vein, or extrahepatic distant metastasis on imaging examinations [
e.g., color Doppler ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI)]. All
of the 150 patients with primary liver cancer had a history of HBV infection. Chronic hepatitis B (CHB)
and CHB-associated liver cirrhosis were diagnosed in accordance with the diagnostic criteria as
reported in the Guidelines of Prevention and Treatment for Chronic Hepatitis B (2019 version)[16]. The
exclusion criteria were as follows: (1) Age ≤ 18 years old; (2) The number of lesions ≥ 2 or the size > 3 cm
in diameter; (3) The tumor invaded adjacent organs or extrahepatic metastases occurred; (4) Child–Pugh
score of grade C; (5) Uncorrectable coagulation dysfunction; (6) Complicated with active infection; (7)
Massive ascites and cachexia; (8) Major organ failure (heart, brain, lung, kidney, or other important
organs); (9) Eastern Cooperative Oncology Group (ECOG) score > 2; and (10) Disorders of consciousness
or inability to cooperate with medical treatments. Among the 150 patients with primary liver cancer, 143
patients with space-occupying lesions with typical imaging features of liver cancer did not receive a
liver biopsy, and the remaining 7 patients underwent a liver biopsy and had a pathological diagnosis of
primary HCC. In terms of the status of the background liver, 115 patients had background liver
cirrhosis, and 35 patients showed no clinical signs of liver cirrhosis.
This study was approved by the Ethics Committee of the 910th Hospital of the PLA Joint Logistics
Support Force (Quanzhou, Fujian Province, China). All of the patients provided a signed informed
consent.

MWA of liver cancer
All of the patients refused liver resection surgery and were willing to undergo MWA of liver cancer on a
microwave therapeutic apparatus (Nanjing, Jiangsu Province, China). The procedure was performed
under the guidance of CT or color Doppler ultrasound. The power and ablation time were designed for
each patient based on the size of the liver cancer and the surrounding tissues. The ablation zone size
was 0.5-1 cm to the margin of the tumor.

Effectiveness of MWA and follow-up
Enhanced CT or MRI examinations were performed on the patients at 1 mo after MWA to determine the
complete or partial tumor ablation rate. The patients were followed up for more than 3 years, during
which the patients were scheduled for enhanced CT or MRI to determine the cumulative recurrence
rate, survival time, local tumor progression, presence of new tumors, disease-free survival (DFS), and
overall survival (OS). Complete tumor ablation was defined as no residual tumor on enhanced CT or
MRI within the ablation zone and adequate ablation margins of 0.5-1.0 cm. Partial tumor ablation was
defined as the presence of a residual tumor on enhanced CT or MRI in the zone of ablation.

Quantitative enzyme-linked immunosorbent assay of serum GP73 levels
Enzyme-linked immunosorbent assay (ELISA) was performed to determine the serum GP73 levels at the
Laboratory of Liver Diseases, the 910th Hospital of the PLA Joint Logistics Support Force. The GP73
ELISA detection kit was purchased from Hotgen Biotech Co. Ltd. (Beijing, China) and used for the
determination of serum GP73 levels on a Model 680 Microplate Reader (BIO-RAD, United States),
according to the manufacturer’s protocol. A serum GP73 concentration of 45 mg/L was used as a cut-off
value for the general healthy population.

Serum alpha-fetoprotein and liver biochemical tests
Serum alpha-fetoprotein (AFP) was examined using an AFP detection kit (Roche Diagnostics, Basel,
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Switzerland), and a value of < 7 mg/L was considered to be normal. Liver biochemical tests, including
serum albumin (ALB), total bilirubin (TBIL), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), were determined on a TBA120FR automatic biochemistry analyzer (Toshiba Medical
System Co., Ltd., Japan) in the Clinical Laboratory of the 910th Hospital of the PLA Joint Logistics
Support Force (Quanzhou, Fujian Province, China).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (Graphpad Software Inc., La
Jolla, CA, United States). Count data were expressed as percentages (%). Continuous variables were
presented as the median (25%, 75%). For paired data following a normal distribution, a paired t-test was
used to evaluate differences between the pairs. For non-normally distributed data, a paired Wilcoxon
signed-rank test was applied to determine the difference between matched samples. The Kaplan–Meier
method was used for survival analysis. P < 0.05 indicated that the difference was statistically significant.
The statistical methods of this study were reviewed by Zhu YL from the Department of Medical
Statistics, Huaqiao University.

RESULTS
Characteristics of the enrolled patients with primary liver cancer
The study cohort was comprised of 150 primary liver cancer patients with one small lesion (average
size, 2.03 cm in diameter; range, 0.7-3 cm), including 130 men (86.67%) and 20 women (13.33%), and the
median age was 56.00 years old. All of the enrolled patients had a medical history of chronic HBV
infection, of which 97 patients (97/150, 64.7%) were positive for the HBV e antigen. Of note, 91 patients
(91/150, 60.7%) received antiviral treatment with entecavir or tenofovir disoproxil fumarate for more
than 1 year before undergoing MWA and had an HBV DNA concentration of < 500 IU/L, while the
remaining 59 patients (59/150, 39.33%) who did not receive the antiviral treatment had an average HBV
DNA level of 6.32 (4.52, 7.15) log10 IU/L. Of the enrolled primary liver cancer patients, 115 patients had
compensated liver cirrhosis, accounting for 76.7% of the study subjects. Prior to MWA, the 150 patients
with primary liver cancer had an ECOG Performance Status score of 0 and a Child–Pugh classification
of Class A. The majority of the patients with primary liver cancer had abnormally high levels of AFP,
accounting for 68.00% (102/150) of the study subjects. The liver biochemical characteristics, including
serum ALB, TBIL, ALT, and AST, as well as the AFP and serum GP73 Levels of the study subjects before
MWA are summarized in Table 1.
All of the patients received MWA for primary liver cancer, and the effectiveness was evaluated,
including the complete tumor ablation rate at 1 mo after MWA, recurrence rate, and survival time. At 1
month after MWA, enhanced CT/MRI examinations showed that 143 patients (143/150, 95.33%)
achieved complete tumor ablation. A small proportion of the patients (7/150, 4.67%) who had partial
tumor ablation underwent reablation treatment with MWA and achieved complete tumor ablation. All
of the 150 patients were followed up for more than 3 years, and the results were as follows: 134 patients
(134/150, 89.33%) survived and 16 patients (16/150, 10.67%) died due to gastrointestinal bleeding in 5
patients (5/150, 3.33%) and liver failure in 11 patients (11/150, 7.33%). The OS rates at 1, 2, and 3 years
after MWA were 100.00%, 96.00%, and 89.33%, respectively. In terms of tumor recurrence, cumulative
recurrence occurred in 69 patients (69/150, 46.00%) at 3 years after MWA, including 13 patients (13/150,
8.67%) with local tumor progression and 57 patients (57/150, 37.33%) with a new tumor. Among the 69
patients with tumor recurrence, the overall 1-, 2-, and 3-year recurrence rates after MWA were 55.07%
(38/150), 33.33% (23/150), and 11.59% (8/150), respectively. As presented in Figure 1, the 1-, 2-, and 3year DFS rates after MWA were 74.67%, 59.33%, and 54.00%, respectively, in the patients with MWA
treatment of primary liver cancer.

Changes of liver biochemical indicators before and after MWA in the enrolled patients with primary
liver cancer
MWA for primary liver cancer may cause some adverse effects, including inflammatory injury in the
liver. We analyzed the effects of MWA treatment on the widely used liver biochemical indicators ALB,
TBIL, ALT, and AST by comparing their values of the enrolled patients before MWA and at different
time points (1, 2, and 4 wk) after the treatment procedure. As shown in Table 1, the serum levels of ALB
were significantly decreased, while the levels of serum TBIL, ALT, and AST were significantly increased
at 1 wk after MWA treatment compared with those levels prior to MWA as a control (all P < 0.001). We
found that increases in the biochemical indicators (TBIL, ALT, and AST) were related to the hepatocyte
injury in response to MWA treatment. There were no significant differences in ALB, TBIL, ALT, or AST
between before and at 2 or 4 wk after the MWA treatment (Table 1), which was mainly attributed to the
implementation of hepatoprotective therapy using the active compounds glycyrrhizin and reduced
glutathione for nearly 2 wk.
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Table 1 Liver biochemical tests in the primary liver cancer patients before and after microwave ablation treatment
ALB (g/L)

TBIL (μmol/L)

ALT (U/L)

AST (U/L)

GP73 (mg/L)

AFP (mg/L)

Cases

150

150

150

150

150

1021

Before MWA

42.10 (38.83, 45.20)

16.20 (12.70, 23.35)

30.10 (20.55, 41.55)

28.30 (22.05, 35.40)

90.83 (54.49, 110.60)

110.40 (32.71, 267.30)

1 wk after MWA

38.40 (36.65,
41.15)a

24.80(16.25, 30.60)a

102.20(88.65, 166.30)a

81.70(68.25, 91.30)a

127.10(84.66, 175.50)a

37.61(23.30, 95.48)a

2 wk after MWA

40.30 (38.36, 42.00)

15.00 (12.90, 18.05)

29.40 (25.65, 36.85)

29.00 (24.10, 36.05)

130.70 (88.39, 163.60)

27.34 (6.32, 81.59)b

4 wk after MWA

43.75 (37.12, 47.31)

17.35 (13.62, 25.76)

33.21 (21.57, 43.82)

26.29 (19.70, 40.61)

102.20 (59.15, 121.90)

7.32 (3.87, 16.25)c

a

7.037 (t)

3.991 (t)

6.703 (t)

5.768 (t)

5.150 (t)

-157 (W)

a

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

t/W
P

1

Cases with significantly elevated alpha-fetoprotein.
P < 0.001 vs before microwave ablation (MWA) as a control.
b
P < 0.001 (W = -190) versus before MWA as a control.
c
P < 0.001 (W = -253) versus before MWA as a control.
t from the paired t-test for normally distributed data and W from the paired Wilcoxon signed-rank test for non-normally distributed data.
MWA: Microwave ablation; ALB: Serum albumin; TBIL: Total bilirubin; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; AFP: Alphafetoprotein; GP73: Golgi protein 73.
a

Figure 1 Disease-free survival rates of the patients with primary liver cancer after treatment with microwave ablation. The disease-free
survival (DFS) rates were analyzed at 6, 12, 18, 24, 30, and 36 mo after microwave ablation (MWA) for primary liver cancer in the patients. The 1-, 2-, and 3-year
DFS rates after MWA were 74.67%, 59.33%, and 54.00%, respectively. DFS: Disease-free survival.

Changes of serum AFP before and after MWA treatment in the enrolled patients with primary liver
cancer
We examined the effects of MWA on the serum AFP levels before and after MWA treatment in the
enrolled patients with primary liver cancer. As illustrated in Figure 2 and Table 1, the patients had an
abnormally high AFP level of 110.40 (32.71, 267.30) mg/L before MWA treatment (pre-MWA), which
was decreased sharply to 37.61 (23.30, 95.48) mg/L at 1 wk after MWA treatment. Notably, the AFP
level continued to decrease at 2 and 4 wk, returned to the normal range at 12 wk after MWA, and
remained stable thereafter during follow-up in those cases without recurrence (Figure 2, Table 1).
Statistical analysis revealed that the serum AFP levels at all time points after the MWA treatment were
significantly lower compared with the value prior to MWA treatment as a control (all P < 0.001). For the
recurrent cases with primary liver cancer, however, the serum AFP levels started to increase at 12 wk
post MWA; the values were 75.85 mg/L (range, 38.32-86.70 mg/L), 54.17 mg/L (range, 37.83-82.60
mg/L), 67.80 mg/L (range, 37.67-97.32 mg/L), 43.20 mg/L (range, 29.80-58.96 mg/L), 38.05 mg/L
(range, 30.85-93.93 mg/L), and 66.73 mg/L (range, 51.90-81.56 mg/L) at 24, 48, 72, 96, 120, and 144 wk
following the MWA treatment, respectively (Figure 2).
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Figure 2 Effects of microwave ablation treatment on the serum alpha-fetoprotein levels in patients with primary liver cancer. The serum
alpha-fetoprotein (AFP) levels were examined in the primary liver cancer patients before microwave ablation (MWA) treatment and at different time points after the
treatment. The average serum AFP level was 110.4 mg/L before MWA treatment (pre-MWA), decreased sharply to 37.61 mg/L at 1 wk after MWA treatment,
continued to decrease, returned to the normal range at 12 wk after MWA, and remained stable thereafter during follow-up in those cases without recurrence. For the
recurrent cases with primary liver cancer, however, the serum AFP levels started to increase at 12 wk following the MWA treatment. AFP: Alpha-fetoprotein.

Comparison of serum GP73 levels in the primary liver cancer patients with or without liver cirrhosis
We compared the serum GP73 levels in the enrolled liver cancer patients with vs without background
liver cirrhosis. As shown in Figure 3, the average level of serum GP73 in the 115 patients with liver
cirrhosis was 97.76 mg/L (range, 70.65-133.10 mg/L), which was significantly greater than 69.02 mg/L
(range, 45.48-101.40 mg/L) in the 35 patients without liver cirrhosis (t = 2.477, P < 0.05) (Figure 3).

Changes of serum GP73 before and after MWA treatment in the enrolled patients with primary liver
cancer
To evaluate the potential value of serum GP73 measurement for inflammatory injury associated with
MWA treatment, we analyzed the serum GP73 levels in the primary liver cancer patients before and at
different times after the MWA treatment. As shown in Figure 4 and Table 1, the average serum GP73
level was 90.83 mg/L (range, 54.49-110.6 mg/L) before MWA, which was increased to 127.1 mg/L
(range, 84.66-175.50 mg/L) and 130.70 mg/L (range, 88.39-163.60 mg/L) at 1 and 2 wk following the
MWA treatment, respectively. Notably, the serum GP73 level started to decline after hepatoprotective
treatment with glycyrrhizin and reduced glutathione at 4 wk post MWA; the values were 102.20 mg/L
(range, 59.15-121.90 mg/L), 85.73 mg/L (range, 61.42-105.70 mg/L), and 76.09 mg/L (range, 59.26102.66 mg/L) at 8, 12, and 24 wk following the MWA treatment, respectively (Figure 4). Statistical
analysis revealed that the serum GP73 levels were significantly greater at 1 and 2 wk after the MWA
procedure vs before MWA (1 wk after MWA vs before MWA: t = 5.150, P < 0.001; 2 wk after MWA vs
before MWA: t = 6.182, P < 0.001) (Figure 4). It is worth noting that the serum GP73 level reached the
peak at 2 wk after MWA and then started to decline at 4 wk after MWA (Figure 4). During the follow-up
of the patients at 12 and 24 wk following the MWA treatment, the serum GP73 levels were similar to the
pretreatment level (Figure 4).

DISCUSSION
This retrospective study has the following major findings: (1) MWA was highly efficacious in treating
patients with small primary liver cancer, with as high as 95.33% of the patients achieving complete
tumor ablation at 1 mo after MWA; (2) The serum AFP level was significantly decreased following the
MWA treatment and returned to the normal range at 3 mo after MWA, which was in agreement with
the observation for the complete tumor ablation rate; (3) The serum GP73 levels were significantly
elevated at 1 and 2 wk following MWA, with the peak reached at 2 wk after completion of the
treatment; (4) The serum GP73 level declined starting at 4 wk after MWA and continued to decrease to
the pretreatment level at 12 and 24 wk after MWA; and (5) The effect of MWA on the serum GP73 level
was similar to those of TBIL, ALT, and AST. These findings suggest that measurement of the serum
GP73 level has the potential to monitor MWA-mediated inflammatory injury in patients with primary
liver cancer.
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Figure 3 Comparison of serum Golgi protein 73 levels in the primary liver cancer patients with vs without liver cirrhosis. The serum Golgi
protein 73 levels were examined in the primary liver cancer patients with compensated liver cirrhosis (n = 115) vs those without liver cirrhosis (n = 35). P < 0.05.
GP73: Golgi protein 73.

Figure 4 Effects of microwave ablation treatment on serum Golgi protein 73 levels in the enrolled patients with primary liver cancer. The
serum Golgi protein 73 (GP73) levels were examined in the primary liver cancer patients before and after microwave ablation (MWA) treatment. The serum GP73
levels were increased 1 and 2 wk after MWA. The serum GP73 levels reached the peak at 2 wk after MWA, then progressively decreased, and returned to the
pretreatment levels 12 and 24 wk following the MWA treatment. GP73: Golgi protein 73.

In the last decade, percutaneous ablation therapy has been used as a radical treatment method for
treating patients with liver cancer[6,17]. In contrast to other types of ablation therapy, MWA has a
number of advantages (e.g., a faster ablation time, the capability of simultaneous ablation of multiple
lesions, and larger tumor ablation volumes)[18]. Compared with traditional radiofrequency ablation for
the treatment of small primary liver cancer nodules, MWA is less affected by the heat sink effect[19-21].
Therefore, MWA is widely accepted as an effective nonsurgical treatment option for liver cancer of a
small size and at an early stage[19-23]. Of note, MWA has been demonstrated to completely destroy
tumor cells and has been proposed as a radical treatment for small primary liver cancer (≤ 3 cm in
diameter) with a single lesion[6,22,24]. In addition, Zhang et al[25] performed a meta-analysis of 1480
patients and showed that the therapeutic effectiveness of MWA was superior to that of surgical
resection for the treatment of small liver cancer (< 3 cm in diameter). There were no significant
differences in the OS, DFS rate, and recurrence rate between MWA and surgical resection for small liver
cancer. Our results revealed a high therapeutic effectiveness of MWA for primary liver cancer as
supported by several lines of evidence, including 95.33% of patients reaching complete tumor ablation
at 1 mo after MWA, high OS rates (1- and 3-year OS rates of 100.00% and 89.33%, respectively), and high
DFS rates (1-, 2-, and 3-year DFS rates of 74.67%, 59.33%, and 54.00%, respectively), which were similar
to those values previously reported for surgical resection[26]. Despite the high therapeutic effectiveness
of MWA for small primary liver cancer, the procedure may trigger an inflammatory response and cause
liver injury, which will need to be monitored and alleviated properly.
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It merits attention that the serum GP73 level in the present study was significantly elevated at 1 wk
after MWA, reached the peak at 2 wk after completion of the procedure, and then declined at 4 wk
following MWA. During follow-up of the patients with primary liver cancer at 12 and 24 wk after
MWA, the serum GP73 levels nearly returned to the pretreatment level. Consistent with the increase of
the serum GP73 levels at 2 and 4 wk after MWA, the serum TBIL, ALT, and AST levels were also
significantly increased. Moreover, previous studies have reported that MWA is associated with liver
injury due to the high temperature generated in the procedure, induction of hepatocyte apoptosis, and
stimulation of the intrahepatic macrophage-related inflammatory response[10,21]. After the MWAmediated liver injury was alleviated with the implementation of hepatoprotective therapy using the
active compounds glycyrrhizin and reduced glutathione for nearly 2 wk, the serum GP73 level was
significantly decreased and returned to a level similar to that before MWA. The change of the serum
GP73 level in the early response to MWA as well as anti-inflammatory and hepatoprotective therapy
using glycyrrhizin and reduced glutathione suggests that serum GP73 is related to the aseptic inflammatory injury of hepatocytes after MWA. The results of this study are also in agreement with those of
our previous study demonstrating that the serum GP73 level is increased in liver inflammatory injury
[13,14]. Therefore, these findings suggest that the serum GP73 level could be a useful diagnostic
approach to monitor the liver inflammatory injury caused by MWA during the treatment of primary
liver cancer.
This study does have some limitations that must be addressed. For instance, this was a retrospective
study that selected liver cancer patients with one small lesion (≤ 3 cm); therefore, bias in patient
selection may have occurred. In addition, due to the retrospective nature of this study, we were unable
to examine the correlation between the initial level of GP73 after MWA and the AFP level, recurrence
rate, or survival rate. Further prospective studies are needed in the future to validate the interesting
findings and to assess the diagnostic accuracy of serum GP73 for monitoring liver injury following
MWA treatment for primary liver cancer.

CONCLUSION
Taken together, this study demonstrated that serum GP73 is markedly elevated in response to MWA
treatment for primary liver cancer. Therefore, the findings have a clinical implication that measurement
of serum GP73 holds promise for monitoring MWA-induced inflammatory liver injury that requires
alleviation.

ARTICLE HIGHLIGHTS
Research background
Microwave ablation (MWA) has been proven to be highly effective in treatment of small primary liver
cancer. However, the procedure may trigger an inflammatory response and cause liver injury in
primary liver cancer patients undergoing MWA. As such, it is needed to find reliable markers to
monitor and evaluate patient response to MWA. Previous studies have shown that Golgi protein 73
(GP73) are associated with liver inflammatory injury.

Research motivation
This study was designed to test our hypothesis that serum GP73 levels altered in response to MWA in
patients with primary liver cancer, and thereby could be used as a potential marker for MWA-induced
liver inflammation and injury.

Research objectives
The main objective of this study was to examine effects of MWA on the serum levels of GP73 before and
at different time points after the ablation procedure in patients with primary liver cancer.

Research methods
Patients with primary liver cancer (≤ 3 cm in diameter) receiving MWA were retrospectively enrolled in
this study. Serum GP73 levels were compared before and 1, 2, and 4 wk after the ablation procedure.

Research results
The serum GP73 levels were significantly elevated at 1 and 2 wk after MWA with the peak at 2 wk after
completion of the treatment. The serum GP73 levels decreased starting at 4 wk after MWA and
continued to decline to the pretreatment level at 12 and 24 wk after MWA. It was worthy to note that the
alterations of serum GP73 levels in response to MWA were similar to those of liver biochemical
indicators.
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Research conclusions
The findings of this study have demonstrated that serum GP73 levels altered in response to MWA in
patients with primary liver cancer, and thereby measurement of serum GP73 level holds potential as a
biomarker for monitoring and assessment of MWA-mediated inflammatory injury in patients with
primary liver cancer.

Research perspectives
Future prospective studies are needed to validate the findings and to assess the diagnostic accuracy of
serum GP73 for monitoring liver injury following MWA treatment for primary liver cancer.
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Abstract
BACKGROUND
Hepatocellular carcinoma (HCC) is a common tumour often diagnosed with a
multifocal presentation. Patients with multifocal HCC represent a heterogeneous
group. Although Trans-Arterial ChemoEmbolization (TACE) is the most
frequently employed treatment for these patients, previous data suggested that
liver resection (LR) could be a safe and effective procedure.
AIM
To compare LR and TACE in patients with multifocal HCC in terms of procedurerelated morbidity and oncologic outcomes.
METHODS
All patients with multifocal HCC who underwent LR or TACE as the first
procedure between May 2011 and March 2021 were enrolled. The decision to
perform surgery or TACE was made after a multidisciplinary team evaluation.
Only patients in Child-Pugh class A or B7 and stage B (according to the Barcelona
Clinic Liver Cancer staging system, without severe portal hypertension, vascular
invasion, or extrahepatic spread) were included in the final analysis. Propensity
score matching was used to adjust the baseline differences between patients
undergoing LR and the TACE group [number and diameter of lesions, presence of
cirrhosis, alpha-fetoprotein (AFP) levels, and Model for End-Stage Liver Disease
score]. The Kaplan-Meier method was used to estimate overall survival (OS) and
disease-free survival (DFS). The outcomes of LR and TACE were compared using
the log-rank test.
RESULTS
After matching, 30 patients were eligible for the final analysis, 15 in each group.
Morbidity rates were 42.9% and 40% for LR and TACE, respectively (P = 0.876).
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Median OS was not different in the LR and TACE groups (53 mo vs 18 mo, P = 0.312), while DFS
was significantly longer with LR (19 mo vs 0 mo, P = 0.0001). Subgroup analysis showed that
patients in the Italian Liver Cancer (ITA.LI.CA) B2 stage, with AFP levels lower than 400 ng/mL,
less than 3 lesions, and lesions bigger than 41 mm, benefited more from LR in terms of DFS.
Patients classified as ITA.LI.CA B3, with AFP levels higher than 400 ng/mL and with more than 3
lesions, appeared to receive more benefit from TACE in terms of OS.
CONCLUSION
In a small cohort of patients with multifocal HCC, LR confers longer DFS compared with TACE,
with similar OS and post-procedural morbidity.
Key Words: Hepatocellular carcinoma; Multifocal hepatocellular carcinoma; Liver resection; Trans-arterial
chemoembolization; Guidelines; Liver tumour management
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Hepatocellular carcinoma (HCC) is a leading cause of death and often presents in a multifocal
form. Trans-Arterial ChemoEmbolization (TACE) is the most frequently employed treatment for this
patient category. As patients with multifocal HCC are a heterogeneous group, previous data suggested that
liver resection (LR) could be a safe and effective procedure. A propensity score-matched analysis has been
performed to compare LR and TACE in terms of post-procedure morbidity and survival. Despite the
limited number of patients, LR conferred longer disease-free survival with similar overall survival
compared to TACE. Subgroup analyses identified the patients benefiting more from a specific treatment.
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DOI: https://dx.doi.org/10.3748/wjg.v28.i29.3981

INTRODUCTION
Hepatocellular carcinoma (HCC) is the most frequent primary liver cancer worldwide, accounting for
approximately 90% of cases[1]. HCC incidence has grown over the last two decades, with more than
900.000 new cases per year. Moreover, it is expected to further increase in the next few years due to the
exponential growth in nonalcoholic fatty liver disease[2]. Despite the improvements in diagnosis and
management, HCC is detected in a multinodular form in 35%-40% of cases[3,4] with a reported 5-year
survival rate of 19.5%[5].
Over the years, various staging systems have been proposed to overcome the limitations of the
tumour-node-metastasis system, which only considers tumour burden[6]. Currently, the Barcelona
Clinic Liver Classification (BCLC) is one of the most widely used staging systems for HCC, and includes
variables related to tumour status, liver function, and performance status (PS), and recommends one or
more specific treatment modalities for each disease stage[7].
Several additional efforts have been made to deal with the heterogeneity of the BCLC-B or
intermediate stage of this classification. The Italian Liver Cancer (ITA.LI.CA) group recently proposed a
new staging system and prognostic score, based on the BCLC staging system, which includes tumour
burden, liver function, and other patient-related variables, and provides a subclassification of this stage
[8].
Surgical treatments, including liver resection (LR) and liver transplantation, are considered the best
choice for survival and quality of life whenever feasible, while Trans-Arterial ChemoEmbolization
(TACE) is not a curative treatment and should be used for patients with well-defined, multifocal HCC, a
preserved portal flow, and adequate liver function and PS. TACE outcomes are poor, and several lines
of information about the safety and effectiveness of surgery in selected patients for whom TACE is
usually recommended have been reported[9-12]. Finally, liver transplantation could also have a central
role for these patients, especially after successful downstaging[7], but organ shortage and increased
demand for organ transplantation could lead to high drop-out rates.
The debate concerning whether selected patients with multinodular HCC may benefit from surgery
rather than TACE remains unsolved.

WJG

https://www.wjgnet.com

3982

August 7, 2022

Volume 28

Issue 29

Risaliti M et al. The best treatment for multifocal HCC

In this study, a propensity-score matching analysis was used to compare procedure-related morbidity
and oncological outcomes in multifocal HCC patients classified as BCLC-B who underwent LR or TACE
to determine if one treatment should be given priority over the other.

MATERIALS AND METHODS
Study design and patients
A retrospective analysis was conducted on patients with multifocal HCC who had undergone surgical
resection or TACE as first-line treatment between May 2011 and March 2021. The following exclusion
criteria were considered: Age < 18 years, Child-Pugh score > 7, vascular invasion or extrahepatic spread,
and hepatic venous pressure gradient > 15 mmHg. HCC was diagnosed histologically or by imaging
techniques [magnetic resonance imaging and/or triphasic computed tomography (CT)] according to the
available EASL guidelines version. Before LR or TACE, an evaluation of age, comorbidities, blood
chemistry, tumour number and size (major radiological diameter of the largest lesion from the last
available imaging test), ITA.LI.CA. stage and Eastern Cooperative Oncology Group PS.
The decision to perform surgery or TACE was taken by the local multidisciplinary team who
considered patients and tumour features, including lesion location and relation with the pedicles, and
the volume of the future liver remnant. During surgery, intraoperative ultrasound sonography (IOUS)
was routinely performed to confirm preoperative planning. Whenever feasible, anatomic resections
were preferred. Both conventional, lipiodol-based TACE and TACE with drug-eluting beads were
included. The patients’ response was evaluated one month after the procedure with a CT scan. For
patients who did not achieve a complete response, data and the effectiveness of each subsequent TACE
were also recorded.
Post-treatment morbidity was evaluated according to the Clavien-Dindo (CD) classification[13].
All patients underwent a standardised follow-up programme that included blood tests with alphafetoprotein (AFP), and a triple phase-contrast enhanced CT scan every three months for the first year
and then biannually for 5 years after surgery (starting 3 mo after surgery or 1 mo after TACE).
Recurrence was diagnosed in the case of radiological evidence of HCC.

Statistical analysis
Quantitative data were expressed as mean ± SD or median and range, as appropriate. Qualitative data
are reported as absolute and relative frequencies. Satterthwait’s test or the Mann-Whitney test was used
according to the Shapiro-Wilk test and F-Test, respectively, for normality distribution and homoscedasticity to assess the difference in quantitative variables between treatment groups t-test. The chisquare test or Fisher’s test were used as appropriate to verify the association between qualitative
variables and treatment groups. The propensity score matching (PSM) method was used to compare
similar treatment groups for known prognostic factors (AFP levels as a dichotomous variable with a cutoff set at 400 ng/dL, presence or not of cirrhosis, Child-Pugh and Model for End-Stage Liver Disease
(MELD) score, number, and diameter of lesions). An AFP level > 400 ng/mL was considered a
prognostic factor of poor outcome, as suggested by recent guidelines[14]. A diagnosis of cirrhosis was
established based on the presence of one or more of the following: Compatible histology, imaging
showing compatible hepatic morphology, liver stiffness > 15 kPa by vibration-controlled transient
elastography, clinical or endoscopic or imaging signs of portal hypertension. The propensity score was
calculated by a multiple logistic regression model with a backward selection method. The nearest
neighbour method was used to match the two groups with a 1:1 ratio.
Overall survival (OS) was calculated from the date of the first treatment to death of any cause or the
last follow-up. As TACE patients could need more than one treatment to achieve a complete response,
disease-free survival (DFS) was calculated from the date of the effective treatment to the date of first
radiological recurrence. Survival was expressed as the median and 95% confidence interval.
The Kaplan-Meier curve method and the log-rank test were used to evaluate the difference in OS and
DFS between the groups.
Subgroup survival analyses were performed comparing the results of the different treatment
modalities and stratifying patients by the different grades of the ITA.LI.CA classification, the AFP levels
(using 400 ng/mL as cut-off), and by the different number and size of HCC (dividing them into two
groups using the median value as a cut-off). A P value < 0.05 was considered statistically significant.
All the analyses were conducted using SAS, version 9.2 (SAS Corporation, Cary, NC, United States),
and revised by a biomedical statistician.

RESULTS
Patient clinical characteristics
A total of 50 patients with multifocal HCC were included in the study, 25 underwent LR while 25
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underwent TACE. The distribution of the factors used for the PSM in the general population is reported
in Table 1. All patients belonging to the TACE group had cirrhosis, whereas, among those who
underwent LR, cirrhosis was absent in 36% of cases (P = 0.002). The number of lesions was higher
among patients who underwent TACE, whereas resected patients usually had more extensive tumours.
No significant differences were found between the two groups regarding Child-Pugh score and AFP
levels. In contrast, the MELD score tended to be higher in patients who underwent TACE compared
with the resected patients. After the PSM, only 30 patients were eligible for the final analysis, 15 from
each subgroup.
The general baseline clinical characteristics are shown in Table 2, while data regarding liver function
aspects, tumour characteristics, and patient distribution according to the Up-to-7 criteria[15] and
ITA.LI.CA classification are reported in Table 3. No statistical differences were found in baseline characteristics. The median age was 69 years, and more than two/thirds of patients were male. The most
common cause of liver disease was viral hepatitis, followed by NASH and alcohol use disorder. Lower
platelet counts and higher bilirubin levels were present in the TACE group. There was also a trend
towards a higher presence of varices in the TACE group. No significant differences across the Up-to-7
criteria in or out and ITA.LI.CA. staging distribution were found.

Postoperative short-term outcomes and survival analysis
Patients in the TACE group received a significantly higher number of treatments (Table 4, P = 0.001).
Post-procedure complications were not significantly different between patients who underwent LR and
TACE (Table 4). In the surgery group, complications classified as grade 1 and 2 of CD included fever,
pneumonia, or the need for blood transfusion. Only one patient developed bile leakage classified as
grade 3 according to CD and was treated with percutaneous drainage.
In the TACE group, complications classified as grade 1 and 2 of CD included mostly transient
alterations in liver biochemistry and/or fever. Only one patient developed temporary liver failure and
required percutaneous drainage due to an abdominal effusion.
The median follow-up was 19 mo (range 3-62). The estimated global median OS and DFS were 31 and
5 mo, respectively (Figure 1). There were no significant differences in OS and DFS for the global
population stratified by the ITA.LI.CA classification. Median OS for B1, B2, and B3 groups were 31, 31,
and 14 mo, respectively (P = 0.803), while median DFS for B1, B2, and B3 groups were 5, 14.5, and 1.5
mo, respectively (P = 0.516).
No differences in OS were observed when the two treatment groups were compared. A significantly
longer DFS was found in resected patients compared with those undergoing TACE (19 mo vs 0 mo,
respectively, P = 0.0001) (Figure 2).
Subgroup analyses were also performed to evaluate the possible differences in OS or DFS according
to AFP levels, size, lesion number, Up-to-7 criteria, and ITA.LI.CA staging between each treatment
group.
A significant difference was found in both OS and DFS (P < 0.0001 and P = 0.0001, respectively,
Figure 3A), with patients presenting with lower levels of AFP showing the best prognosis, in both
treatment groups. Furthermore, patients with AFP levels higher than 400 ng/mL and receiving surgery
showed a poor OS compared to the TACE group.
No difference in OS was found when comparing treatment modalities in patients stratified according
to the Up-to-7 criteria. On the contrary, DFS was higher in the LR group (P = 0.002) (Figure 3B).
The results of different treatment modalities for patients stratified by the ITA.LI.CA classification are
reported in Figure 3C. Similar to the previous analysis, a significant difference was found in both OS
and DFS (P = 0.047 and P = 0.001, respectively), with patients classified as B2 and receiving resection,
showing the best prognosis, while those classified as B3 and receiving resection had the worst
prognosis.
Although no significant differences were found in OS, the 4 patients with more than 3 lesions
receiving TACE showed a 1, 3, and 5-year OS of 75%, 25%, and 25%, respectively. Among the surgery
group, patients with less than 3 lesions had a significantly higher DFS compared with those with 3 or
more lesions (P = 0.001). Conversely, no differences in terms of OS and DFS were found in the TACE
group stratified by the number of lesions (Figure 3D). Similar results were obtained when the treatment
groups were stratified according to the size of the more extensive lesion (Figure 3E). Patients with
smaller lesions in the surgery group had a better DFS.

DISCUSSION
HCC is the most common primary liver tumour. Despite recent advantages in terms of follow-up, early
diagnosis, and treatment, a considerable percentage of patients are still diagnosed in multiple or
advanced forms and global mortality remains high with poor long-term prognosis[16]. The term
multifocal HCC comprises patients presenting with a broad disease spectrum, ranging from small,
oligonodular tumours to diffuse disease. The accompanying liver cirrhosis, portal hypertension, and
liver function impairment should be considered, as they are related to high post-procedure morbidity
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Table 1 Distribution of the factors used in the propensity score matching in the general population (n = 50), n (%)
Resection, n = 25

TACE, n = 25

Total, n = 50

AFP, n (%)

P value
0.243

< 400 ng/mL

20 (90.9)

17 (73.9)

37 (82.2)

> 400 ng/mL

2 (9.1)

6 (26.1)

8 (17.8)

Missing

3

2

5

Cirrhosis, n (%)

0.002

No

9 (36)

0

9 (18)

Yes

16 (64)

25 (100)

41 (82)

Child-Pugh score, n (%)

0.840

A5

12 (48)

10 (40)

22 (44)

A6

9 (36)

11 (44)

20 (40)

B7

4 (16)

4 (16)

8 (16)

MELD

8.4 ± 2.7

9.7 ± 2.2

9 ± 2.5

0.069

Number of lesions

2 (2-10)

4 (2-7)

2.5 (2-10)

0.008

Tumor diameter (mm)

69.5 ± 52.2

41.9 ± 17

55.7 ± 40.9

0.018

TACE: Trans-Arterial ChemoEmbolization; AFP: Alpha-fetoprotein; MELD: Model for End-Stage Liver Disease.

Figure 1 Kaplan–Meier curves of global overall survival and disease-free survival. The median overall survival (OS) and disease-free survival (DFS)
were 31 mo [95% confidence interval (CI): 14-53] and 5 mo (95%CI: 1-8), respectively. 1, 3 and 5-yr OS rates were 71.4%, 43.6%, and 7.6%, respectively. 1-, and 3yr DFS rates were 32.6%, and 16.3%, respectively. A: OS; B: DFS. OS: Overall survival; DFS: Disease-free survival.

and mortality. Therefore, a tailored approach is mandatory for each patient, and the decisional role of a
specialised multidisciplinary team has been highlighted and encouraged in the last version of the BCLC
classification[7].
The BCLC algorithm recommends TACE as the primary treatment modality for multinodular HCC,
but whether a subset of patients may benefit from a surgical approach remains unestablished. We
conducted a retrospective analysis using the PSM, a method that may provide high-quality evidence in
conditions when randomised clinical trials are unethical or unfeasible. For the PSM analysis, both
indicators of liver function and tumour burden and aggressiveness were used. Although the Child-Pugh
and MELD scores could be considered outdated after the last published version of the BCLC staging
system[7], these data are still commonly used in clinical practice. Wang et al[5] showed that patients
with gradual deterioration in CP score had shorter survival times and worse prognosis (5-year OS rates
of 31.1%, 2.4%, and 0.9% for CP A, B, and C, respectively). AFP is a well-established independent risk
factor for survival in HCC patients and levels greater than 400 ng/mL are generally considered
diagnostic for HCC, in the presence of appropriate radiologic findings[5,17]. Finally, the number and
dimension of the nodules are two of the major prognostic factors, and the most used guidelines
underscore their importance in treatment allocation[7,8,14,18].
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Table 2 General baseline characteristics after propensity score matching (n = 30)

Age (yr)

Resection, n = 15

TACE, n = 15

Total, n = 30

P value

68.9 ± 9.2

70.5 ± 9.9

69.7 ± 9.5

0.651

Gender, n (%)

0.651

Male
Female
2

BMI (kg/m )

13 (86.7)

11 (73.3)

24 (80)

2 (13.3)

4 (26.7)

6 (20)

26.1 ± 4.3

26.3 ± 7.7

26.2 ± 5.9

0.927

Hepatitis Etiology, n (%)

0.300

Viral

4 (28.6)

9 (60)

13 (44.8)

Alcoholic

0

1 (6.7)

1 (3.5)

Dysmetabolic

3 (21.4)

1 (6.7)

4 (13.8)

Mixed

3 (21.4)

1 (6.7)

4 (13.8)

Other

4 (28.6)

3 (20)

7 (24.1)

Missing

1

-

1

Diabetes, n (%)

0.700

No

9 (60)

11 (73.3)

20 (66.7)

Yes

6 (40)

4 (26.7)

10 (33.3)

Heart disease, n (%)

0.330

No

11 (73.3)

14 (93.3)

25 (83.3)

Yes

4 (26.7)

1 (6.7)

5 (16.7)

TACE: Trans-Arterial ChemoEmbolization; BMI: Body mass index.

Figure 2 Kaplan–Meier curves of overall and disease-free survival comparing the results of the different treatment modalities (P = 0.312
and P = 0.0001, respectively). Median overall survival (OS) and disease-free survival (DFS) for the resection group were 53 [95% confidence interval (CI): 3153] and 19 mo (95%CI: 3-Not Evaluable), respectively. Median OS and DFS for the Trans-Arterial ChemoEmbolization group were 18 (95%CI: 8-31) and 0 (95%CI: 02) months, respectively. A: OS; B: DFS. OS: Overall survival; DFS: Disease-free survival; TACE: Trans-Arterial ChemoEmbolization.

TACE is considered the standard treatment for BCLC-B patients, as evidence from randomised
clinical trials and meta-analyses indicates that TACE provides better survival outcomes compared to the
best supportive care with a 1-year mortality rate of 34.1%[19-21]. On the other hand, guidelines do not
recommend LR for BCLC-B patients, due to the unfavourable prognostic impact of multinodular
presentation and high postoperative morbidity[18]. Moreover, LR for multifocal HCC is a challenging
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Table 3 Liver function test and disease burden after propensity score matching (n = 30)
Resection, n = 15

TACE, n = 15

Total, n = 30

P value

INR

1.2 ± 0.1

1.3 ± 0.3

1.2 ± 0.2

0.185

Bilirubin (mg/dL)

0.75 ± 0.5

1.2 ± 0.6

0.99 ± 0.6

0.026

Platelets (103/μL)

245 ± 118

95 ± 31

163 ± 111

0.003

Creatinine (mg/dL)

1.37 ± 0.8

0.78 ± 0.2

1.08 ± 1.19

0.188

AFP, n (%)

1.000

< 400 ng/mL

13 (86.7)

12 (80)

25 (83.3)

> 400 ng/mL

2 (13.3)

3 (20)

5 (16.7)

Varices, n (%)

0.081

No

8 (80)

4 (36.4)

12 (57.1)

Yes

2 (20)

7 (63.6)

9 (42.9)

Missing

5

4

9

Cirrhosis, n (%)

0.100

No

4 (26.7)

0

4 (13.3)

Yes

11 (73.3)

15 (100)

26 (86.7)

Child-Pugh score, n (%)

0.556

A5

8 (53.3)

5 (33.3)

13 (43.3)

A6

6 (40)

7 (46.7)

13 (43.3)

B7

1 (6.7)

3 (20)

4 (13.4)

MELD score

9.1 ± 3.2

9.9 ± 2.4

9.5 ± 2.8

0.473

Number of lesions

2 (2-5)

3 (2-5)

2 (2-5)

0.101

Diameter (mm)

46.3 ± 3

47 ± 5

46.9 ± 12.9

0.793

Up-to-7 criteria, n (%)

0.456

In

10 (66.7)

8 (53.3)

18 (60)

Out

5 (33.3)

7 (46.7)

12 (40)

ITA.LI.CA classification, n (%)

0.868

B1

10 (66.7)

8 (53.3)

18 (60)

B2

3 (20)

5 (33.3)

8 (26.7)

B3

2 (13.3)

2 (13.3)

4 (13.3)

TACE: Trans-Arterial ChemoEmbolization; INR: International normalized ratio; AFP: Alpha-fetoprotein; MELD: Model for End-Stage Liver Disease.

surgery as wide and/or multiple resections are needed, possibly leading to bile leaks and/or
postoperative liver failure.
Advances in surgical techniques, including extensive use of IOUS, better coagulation devices, and
wider application of minimally invasive surgery, together with better perioperative management, have
contributed to improving the results of LR in this difficult-to-treat population. Remarkably, the
comparison between different studies is limited by variations in the modalities of detection and
reporting of post-procedural complications.
In the present series, we did not find any differences in post-procedure morbidity when comparing
resection and TACE. According to the CD classification, only three patients undergoing LR and one
patient in the TACE group had a clinically relevant event. However, it should be documented that
TACE patients often required more than one treatment to achieve the best response, thus partially
explaining the lower morbidity rate of the procedure. Conflicting results on morbidity were previously
reported. Zhong et al[22] showed a complication rate of 35% and 21% for resection and TACE,
respectively[22]. On the contrary, a meta-analysis did not find any difference in post-procedure
morbidity between these two treatment modalities[23].
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Table 4 Postoperative morbidity and recurrence status (n = 30)

Number of treatments

Resection, n = 15

TACE, n = 15

Total, n = 30

P value

1±0

2.4 ± 1.1

1.7 ± 1.1

0.001

Complications, n (%)

0.876

No

8 (57.1)

9 (60)

17 (58.6)

Yes

6 (42.9)

6 (40)

12 (41.4)

Missing

1

-

1

Complications, n (%)

0.545

CD 1-2

5 (83.3)

5 (83.3)

10

CD 3-4

1 (16.7)

1 (16.7)

2 (16.7)

Hospital stay (days)

7±3

5±5

6 ± 4.3

0.224

Recurrence, n (%)

0.006

No

7 (46.7)

0

7 (23.3)

Yes

8 (53.3)

15 (100)

23 (76.7)

TACE: Trans-Arterial ChemoEmbolization; CD: Clavien-Dindo classification grade.

While only a nonsignificant trend towards better OS was observed with surgery, we found that DFS
was significantly longer in resected patients. These results confirm and extend previous studies
conducted on patients with multinodular HCC. Favourable results with surgery were originally
reported by non-controlled studies[10,24]. In a multicentric study including 736 BCLC-B patients,
Torzilli et al[24] reported a 5-year survival rate of 57% and a DFS of 27%. The survival benefit of LR
compared with TACE in BCLC-B patients has been previously reported in the meta-analysis by Liu et al
[23], and similar conclusions were reached in a randomised controlled trial enrolling 173 patients[25].
Considering the marked population heterogeneity of patients with multinodular HCC, subgroup
analyses may provide additional clues for better selection of the treatment modality. Not surprisingly,
patients with lower AFP levels had the best prognosis. An exciting result was the observation that
patients with high AFP levels benefit more from TACE in terms of OS, and further studies are needed to
confirm these data and investigate the possible mechanisms thereof. Another aspect which deserves
further investigation is to what extent some of these patients with multinodular HCC could benefit from
new systemic combination treatments which include the use of immunotherapy with excellent results
[26].
Interesting results were also provided by patient stratification according to the ITA.LI.CA classification. Patients in the B2 subgroup, characterised by nodules of smaller size or lower number, showed
the best prognosis when receiving LR. In contrast, those classified as B3, i.e., with larger nodules and
higher numbers, had the worst prognosis when resected. Patients with two HCC nodules had a more
significant benefit from LR compared with TACE in terms of DFS. These data emphasise the relevance
of the number of nodules, which is considered a poor prognostic factor and a predictor of early
recurrence.
Nonetheless, a clear cut-off value for the number of nodules beyond which resection is contraindicated has not been determined[10,12,25,27]. Furthermore, although using the same parameters of the
Up-to-7 criteria (number of lesions and a maximum diameter of the bigger lesions), the ITA.LI.CA.
classification showed better ability in patient stratification.
We also evaluated the impact of nodule size on survival in our series. Interestingly, patients with
lesions larger than 41 mm had an even more significant benefit from LR in terms of DFS. Previously
published studies reported that patients with large solitary HCC had better survival rates when treated
with resection than TACE[28,29]. Furthermore, conflicting results have been reported regarding the
potential role of tumour diameter as a prognostic factor. While some studies indicated that tumour size
alone was not a predictor of poor prognosis[24,30], other reports mentioned tumour dimension as a
predictor of survival[31-33]. In particular, in the analysis of 2887 HCC patients, tumour size was an
independent prognostic factor of poor survival at multivariate analysis[5], and Wada et al[12] concluded
that while size alone was not a contraindication for resection, a diameter lower than 5 cm was a
favourable factor[12].
Several limitations of this study must be acknowledged, including its retrospective nature with the
inherent selection bias. Moreover, the fact that a limited number of patients from a single centre were
enrolled should lead to caution in the general applicability of the results. In addition, the relatively long
period of enrollment could have been associated with differences due to modifications in the HCC
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Figure 3 Kaplan–Meier curves of overall and disease-free survival comparing the results of the different treatment modalities for patients
stratified by different parameters (n = 30). A: Stratification by alpha-fetoprotein levels, lower or higher than 400 ng/mL [overall survival (OS): P < 0.0001 and
disease-free survival (DFS): P = 0.0001]; B: Stratification by the Up-to-7 criteria, in or out (OS: P = 0.612 and DFS: P =0.002); C: Stratification by the ITA.LI.CA
classification (OS: P = 0.047 and DFS: P = 0.001); D: Stratification by the number of lesions, 2 lesions or more than 3 lesions (OS: P = 0.310 and DFS: P = 0.001); E:
Stratification by the maximum diameter of the lesion, smaller or bigger than 41 mm (OS: P = 0.215 and DFS: P = 0.001). Median survival is expressed as months and
95% confidence interval. OS: Overall survival; DFS: Disease-free survival; AFP: Alpha-fetoprotein; N.E.: Not Evaluable; TACE: Trans-Arterial ChemoEmbolization.

management. On the other hand, we performed a rigorous matching using a powerful statistical tool
such as the propensity score, although some additional variables not included in the score could have
influenced the outcomes.

CONCLUSION
Although the small sample analysed should lead to careful interpretation of the results, after a
propensity score matching analysis, patients with multinodular HCC appear to significantly benefit
from a surgical approach over TACE in terms of DFS. These results are more evident in the subpopulation belonging to the less advanced B2 subgroup according to the ITA.LI.CA. classification, with
AFP levels lower than 400 ng/mL, 2 lesions, and with lesions bigger than 41 mm. Patients classified as
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ITA.LI.CA B3, with AFP levels higher than 400 ng/mL, and more than 3 lesions had higher benefits
from TACE in terms of OS. Future studies are needed to confirm these results in a larger population and
to identify other HCC subgroups of patients who would benefit from personalised treatment.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) is the most frequent primary liver tumour and a leading cause of
death. Despite follow-up programmes for cirrhotic patients, HCC is diagnosed in a multifocal form in
up to 40% of the patients. Although being a heterogeneous group, the existing classifications consider
together the patients with multifocal HCC and generally recommend Trans-Arterial ChemoEmbolization (TACE) as the main treatment. Considering the progress in perioperative care, a growing body
of literature has started to propose liver resection (LR) in selected cases, which has shown the best longterm oncological results.

Research motivation
A consensus and detailed guidelines that also consider LR for these patients have not yet been
proposed. Moreover, the characteristics of the patients that could benefit more from LR have still to be
determined. Defining these aspects could help clinicians in patient management and potentially
improve their prognosis.

Research objectives
A comparison between LR and TACE as the first main treatment in terms of post-procedural results and
long-term oncological outcomes was performed in patients with multifocal HCC.

Research methods
To reduce the influence of the well-known prognostic factors [i.e., Alpha-fetoprotein (AFP) levels as a
dichotomous variable with a cut-off set at 400 ng/dL, presence or absence of cirrhosis, Child-Pugh and
Model for End-Stage Liver Disease score, number, and diameter of lesions], a propensity score-matched
analysis was performed. Two homogeneous groups (with a 1:1 ratio) were compared to assess the
difference in short- and long-term post-procedural results.

Research results
After matching, 30 patients were eligible for the final analysis. Morbidity rates were 42.9% and 40% for
LR and TACE, respectively (P = 0.876). Median overall survival (OS) was not different when comparing
LR and TACE (53 mo vs 18 mo, P = 0.312), while disease-free survival (DFS) was significantly longer
with LR (19 mo vs 0 mo, P = 0.0001). Subgroup analysis showed that patients in the Italian Liver Cancer
(ITA.LI.CA) B2 stage, with AFP levels lower than 400 ng/mL, 2 lesions, and lesions bigger than 41 mm
benefited more from LR in terms of DFS. Patients classified as ITA.LI.CA B3, with AFP levels higher
than 400 ng/mL and more than 3 lesions appeared to receive more benefit from TACE in terms of OS.
However, not all patients with multifocal HCC are amenable to treatment with LR or TACE.
Consequently, only a small sample of patients resulted in being eligible for the analysis. Therefore, these
results should be considered with caution and further studies are needed.

Research conclusions
There are subgroups of patients with multifocal HCC that seem to benefit more from LR than TACE.

Research perspectives
Further studies are needed to include LR in the guidelines as a potential treatment to be offered to
specific subgroups of patients with multifocal HCC.
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Abstract
BACKGROUND
The enteric nervous system (ENS) is situated along the entire gastrointestinal tract
and is divided into myenteric and submucosal plexuses in the small and large
intestines. The ENS consists of neurons, glial cells, and nerves assembled into
ganglia, surrounded by telocytes, interstitial cells of Cajal, and connective tissue.
Owing to the complex spatial organization of several interconnections with nerve
fascicles, the ENS is difficult to examine in conventional histological sections of 35 μm.
AIM
To examine human ileum full-thickness biopsies using X-ray phase-contrast
nanotomography without prior staining to visualize the ENS.
METHODS
Six patients were diagnosed with gastrointestinal dysmotility and neuropathy
based on routine clinical and histopathological examinations. As controls, fullthickness biopsies were collected from healthy resection ileal regions after

WJG

https://www.wjgnet.com

3994

August 7, 2022

Volume 28

Issue 29

Veress B et al. X-ray nanotomography of ENS

hemicolectomy for right colon malignancy. From the paraffin blocks, 4-µm thick sections were
prepared and stained with hematoxylin and eosin for localization of the myenteric ganglia under a
light microscope. A 1-mm punch biopsy (up to 1 cm in length) centered on the myenteric plexus
was taken and placed into a Kapton® tube for mounting in the subsequent investigation. X-ray
phase-contrast tomography was performed using two custom-designed laboratory setups with
micrometer resolution for overview scanning. Subsequently, selected regions of interest were
scanned at a synchrotron-based end-station, and high-resolution slices were reported. In total,
more than 6000 virtual slices were analyzed from nine samples.
RESULTS
In the overview scans, the general architecture and quality of the samples were studied, and the
myenteric plexus was localized. High-resolution scans revealed details, including the ganglia,
interganglional nerve fascicles, and surrounding tissue. The ganglia were irregular in shape and
contained neurons and glial cells. Spindle-shaped cells with very thin cellular projections could be
observed on the surface of the ganglia, which appeared to build a network. In the patients, there
were no alterations in the general architecture of the myenteric ganglia. Nevertheless, several
pathological changes were observed, including vacuolar degeneration, autophagic activity, the
appearance of sequestosomes, chromatolysis, and apoptosis. Furthermore, possible expulsion of
pyknotic neurons and defects in the covering cellular network could be observed in serial slices.
These changes partly corresponded to previous light microscopy findings.
CONCLUSION
The analysis of serial virtual slices could provide new information that cannot be obtained by
classical light microscopy. The advantages, disadvantages, and future possibilities of this method
are also discussed.
Key Words: Enteric nervous system; Immunohistochemistry; Neuropathy; Synchrotron; Virtual histology; Xray phase-contrast nanotomography
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Full-thickness biopsies of 1 mm diameter and up to 1 cm length from the human ileum were
scanned using two laboratory-based µ-computed tomography setups to study the architecture of the enteric
nervous system (ENS) and further scanned by a synchrotron-based end-station for histopathological
studies, without any staining. Several pathological neuronal changes, such as vacuolar degeneration,
autophagic activity, appearance of sequestosomes, chromatolysis, and apoptosis, were identified in
diseased patients. Phenomena that were undetectable by light microscopy were observed. The
relationships among various tissue components could be followed in all directions. Thus, this method
provides a unique analysis of the ENS.
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INTRODUCTION
The neurons of the enteric nervous system (ENS) assemble into ganglia, forming the submucosal and
myenteric plexuses[1]. The ganglia, which also contain glial cells, are connected by nerve fascicles and
are surrounded by telocytes and interstitial cells of Cajal (ICC), as well as by other cells and fibers of
connective tissue. Various diseases of the ENS may lead to severe bowel motility dysfunction in the
form of chronic intestinal pseudo-obstruction (CIPO) and enteric dysmotility (ED)[2,3]. Enteric
neuropathy is seldom studied because only a few centers are available for the evaluation of gastrointestinal motility, access to the myenteric plexus requires full-thickness bowel biopsies, and
pathologists subspecializing in neuromuscular diseases of the ENS are scarce. Subsequently, the
neuropathy diagnosis may be ignored or delayed for several years, which prevents proper healthcare of
the patients[4].
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We recently presented a methodology to use X-ray phase-contrast nanotomography to study the
volume and structure of the ENS[5]. Neurons and surrounding structures are visible using this method
without any prior staining, allowing the possibility to study large sample volumes[5,6]. The aim of the
present qualitative analysis of virtual slices was to describe in detail the structure of human ileal
myenteric ganglia in the normal human ileum as well as in patients with CIPO or ED.

MATERIALS AND METHODS
Patients and samples
Six patients with severe gastrointestinal pain and dysmotility were examined using esophageal
manometry, gastric emptying scintigraphy, antroduodenojejunal manometry, and colonic transit time,
after exclusion of organic disease. Patients were diagnosed with CIPO when they fulfilled the following
three criteria: a medical history compatible with pseudo-obstruction, documented events or chronic
signs mimicking mechanical obstruction (bowel dilatation and/or air/fluid levels), and absence of
mechanical obstruction or other organic causes for these symptoms and findings[3]. The criteria for ED
were documented abnormal contractile activity, but no history of episodes or current signs mimicking
mechanical obstruction and the absence of any medication that could lead to the observed motor
abnormalities[2].
A previously described laparoscopy-assisted technique for ileal full-thickness biopsies and the
preparation of biopsies was used[4,7]. Briefly, 1.0 cm × 1.5 cm large full-thickness biopsies were cut
from the ileum and embedded in paraffin. Transversal and horizontal 3-5-mm thick serial sections were
stained according to the protocol for CIPO analysis[8]. Histopathological findings were evaluated by a
pathologist (B.V.) and classified as previously described[9]. The criteria for neuropathies were based on
criteria suggested by the Gastro 2009 International Working Group for Gastrointestinal Neuromuscular
Pathology[10]. The histopathological diagnoses and various stains, such as CD117 for ICC, CD34 for
telocytes, S100 for Schwann cells, periodic acid-Schiff (PAS) with or without diastase (PAS-D) for
carbohydrates or their compounds (e.g., glycogen and mucin), and p62 for sequestosome, were obtained
from the medical records (Table 1). For all patients, the disease initially presented when they were
adults without any known heredity. Genetic analysis was not performed. There was no correlation
between the varying histopathological findings described in Table 1 and the clinical presentation or
other functional findings of patients (data not shown).
Three men aged 45, 54, and 82 years were used as controls, all of whom had undergone
hemicolectomy due to malignancy in the right colon. A full-thickness biopsy specimen was collected
and stained from the healthy resection region of the ileum. The sample size was adopted based on the
beam time available in the laboratory.

Sample preparation
From the paraffin blocks of these nine individuals, 4-µm thick sections were prepared and stained with
hematoxylin and eosin (H&E) for the localization of the myenteric ganglia under a light microscope. A
biopsy punch of 1 mm diameter and up to 1 cm in length centered on the myenteric plexus was taken
from the paraffin blocks of patients and controls and placed into a Kapton® tube (Paramount, Indiana,
United States) for mounting in the subsequent tomographic investigation[11].

X-ray phase-contrast tomography
X-ray phase-contrast tomography was performed on two custom-designed laboratory setups with
micrometer resolution, located at the Institute for X-Ray Physics, University of Göttingen, Göttingen,
Germany[11] and a Gottingen Instrument for Nano-Imaging with X-rays (GINIX), installed at the
P10/PETRAIII beamline (Hamburg, Germany) with sub-micron resolution[12]. All setups used
propagation-based, phase-contrast methods, in which the sample is placed between the source and
detector, and the phase information is obtained by free-space propagation and self-interference of the
coherent X-ray beam without the need for additional optical elements. Phase retrieval is necessary to
correctly extract phase information before tomographic reconstruction[13-15].
The two laboratory setups were installed at a liquid metal jet source (Excillum, Kista, Sweden) or a
microfocus rotating anode (mm007, Rigaku, Austin, TX, United States). Both setups used highresolution scintillator-based detectors (Xsight, Rigaku) and employed broad bandpass radiation peaking
at the characteristic lines of Ga Ka (9.25 keV) and Cu (8.05 keV) for the liquid jet and rotating anode
sources, respectively. Phase retrieval was performed using the Bronnikov-aided correction algorithm[11,
15,16]. As a result, these home-built setups allowed us to image the whole 1-mm wide and several-mm
long sample with an isotropic effective voxel size of approximately 1 µm (approximately 15 h scan time
per sample), enabling identification of the neural tissue structure (further information about the experimental parameters is provided in (Table 2). The two systems could run in parallel and were used to
optimize time consumption.
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Table 1 Basic characteristics of subjects
Age,
sex

Disease
(years)

Clinical
diagnosis

Histopathological findings

Histopathological diagnosis

X-ray

45, M

NA

Control

Normal neurons

Healthy

Healthy

54, M

NA

Control

Normal neurons

Healthy

Healthy

82, M

NA

Control

Normal neurons

Healthy

Healthy

27, W

4

ED/type 1
diabetes

Vacuolated, apoptotic neurons,
chromatolysis

Lymphocytic ganglioneuritis

Vacuolated, shrunken
neurons, chromatolysis,
autophagia

27, W

6

Idiopathic
ED

Vacuolated neurons,
chromatolysis

Degenerative neuropathy

Pre-apoptotic and dead
nucleus

32, W

2

Druginduced
CIPO

Vacuolated, shrunken,
Visceral degenerative neuropathy with axon vacuolchromatolysis, hyperplasia ICC ization, hyperplasia, and vacuolization of ICCs, and
hypertrophy of the longitudinal and internal circular
muscle layers

Only fascicle, no ganglia
for evaluation

43, W

3

Idiopathic
ED

Amphophilic shrunken
neurons, Vacuolated neurons,
chromatolysis

Lymphocytic ganglioneuritis with neurondegeneration

Amphophilic
degeneration,
vacuolated neurons

52, W

4

Idiopathic
ED

Vacuolated, shrunken neurons,
hypoplasia of ICC

Lymphocytic ganglioneuritis

Vacuolated, shrunken
neurons, chromatolysis

56, W

50

ED/EhlersDanlos

Vacuolated neurons,
Lymphocytic ganglioneuritis with vacuolar neurodegenchromatolysis, hyperplasia ICC eration and hyperplasia of the ICC

Severe atrophy with
reduced volume

Data obtained from the medical records; disease duration assessed in years. CIPO: Chronic intestinal pseudo-obstruction; ED: Enteric dysmotility; ICC:
Interstitial cells of Cajal; M: Man; W: Woman; NA: Not available.

Table 2 Experimental and reconstruction parameters
Scan configuration

Effective pixel
size (µm)

Energy
(keV)

Number of
projections1

Phase retrieval Phase retrieval
scheme
parameter

Ring removal
algorithm

Laboratory setup (liquid metal jet)

0.9202

9.25 (Kα)

1 × 1000 (50 s) or 1 ×
700 (40 s)

BAC

α = 0.008, β = 0.160

Wavelet

Laboratory setup (rotating anode)

1.072

8.05 (Kα)

1 × 1000 (50 s) or 1 ×
700 (40 s)

BAC

α = 0.07, β = 0.16

Wavelet

GINIX waveguide (all samples
except for ED/Ehlers-Danlos
patient)

0.169

8.00

4 × 1500 (1 s) or 3 ×
1500 (1 s)

Non-linear
Tikhonov3

δ/β = 50, lim1 = 8e3, lim2 = 0.5

Additive

GINIX waveguide (ED/EhlersDanlos patient)

0.176

7.50

4 × 1000 (2 s)

Non-linear
Tikhonov3

δ/β = 50, lim1 = 1e4, lim2 = 0.1

Additive

1

Due to time constraints, some samples were scanned with a lower number of projections and shorter exposure times (in the overview scans) or with less
distances (in the high-resolution scans of the drug-induced chronic intestinal pseudo-obstruction patient and of the 40 years old control).
2
After voxel binning of 2 × 2 × 2.
3
No support, no restriction on phase shift.
GINIX: Gottingen Instrument for Nano-Imaging with X-rays; ED: Enteric dysmotility.

Selected regions of interest (ROIs) of 320 µm × 320 µm × 320 µm were scanned with an isotropic
effective voxel size of 169 nm at the synchrotron-based end-station (approximately 2.5-3.0 h scan time),
using inline holography based on a coherent divergent beam [8 keV, Si (111) monochromator] exiting
from an X-ray waveguide[11,12]. Holographic phase retrieval based on contrast-transfer-function (CTF)
approach, ring removal, and tomographic reconstructions were performed using in-house
reconstruction pipelines[16]. Further details can be found in Table 2.
Complete information regarding the experimental setups and reconstruction pipelines, which were
performed by physicists unaware of the diagnosis, is provided in a previous publication[5]. The analysis
of the slices reported in this paper was performed on the data acquired at the synchrotron end-station,
on the high-resolution scans.
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Image analysis
All the obtained volumetric datasets were digitally sectioned along any arbitrary slicing plane, enabling
virtual histology of the samples. In the histological evaluation, the term “spindle-shaped cells” was used
to describe the cells around the ganglia, which represented either telocytes, ICCs, or fibroblasts/cytes
because no differentiation could be made without immunohistochemistry. In cases where identification
can be made from double immunohistochemical staining of the same regions[17], the cells are called
telocytes or ICC. In total, more than 6000 virtual slices were analyzed from the nine samples.

RESULTS
In the overview scans performed with the laboratory setup, the general architecture of the bowel
samples was examined with respect to the quality of the sample and the presence and localization of the
myenteric plexus. High-resolution scans revealed details of the myenteric plexus, including the ganglia,
interganglional nerve fascicles, and surrounding tissue.

Normal structure of the ileal myenteric plexus
Ganglion: The shape of the ganglia was uneven toward both the muscle layers and interganglional
nerve fascicles. The smaller or larger irregularities contained one or more neurons and glial cells
(Figures 1, 2A, 4A-D, and 5).
In the surface view of the ganglia, a parallel arrangement of telocytes with long thin “primary”
telopodes originating directly from the cellular bodies could be observed, from which shorter
“secondary” telopodes radiated sidewise, building up a network (Figures 1A-C, 3B, 4A and B).
Occasionally, at the optimal transverse view of the ganglion, a double layer of thin cytoplasmic
projections was present (Figure 2B), corresponding to the immunohistochemical demonstration of
telocytes and ICCs[17].
Both larger and smaller neurons had mostly rounded nuclei and nucleoli, where larger neurons had
finely granulated cytoplasm with a paler network between the granules, whereas the smaller neurons
had slightly denser and more homogeneous cytoplasm (Figures 2B and 3B-D). Axons were occasionally
observed (Figure 2A). Small glial cells were present around and between the neurons (Figures 2A, 3C
and D). No degenerating neurons were found in either of the two younger individuals. In the 82-yearold control, however, one neuron with a shrunken, dark body, pyknotic small almost black nucleus and
larger autophagic vacuoles could be observed in addition to numerous normal neurons (not shown).

Nerve fascicles and spindle-shaped cell layer
The nerve fascicles had normal architecture. Parallel thin telopodes separated the individual axons
(Figures 2C and 3A-C). Some spindle-shaped cells had very thin, dark nuclei, whereas the nuclei of
others were larger and cigar-like.

Pathological findings of the ileal myenteric plexus
Four patients had lymphocytic ganglioneuritis or lymphocytic neuritis, and two patients had only
visceral degenerative neuropathy. No alterations were observed in the general architecture of the
myenteric ganglia. Nevertheless, several pathological changes could be observed, partly corresponding
to the light microscopic findings, as shown in the insets of the figures. Cellular changes occurred in all
six patients with dysmotility. Suspected lymphocytes were found within the ganglion only in one
patient. The lack of lymphocytic attack on the ganglion in other patients can be explained by the focal
nature of inflammation.

Pathological neuronal changes
The cytoplasm of several neurons contained vacuoles. Many of the vacuoles contained small dark
granules (Figure 5A, C, and D) (autophagic vacuoles/Lipofuscin; 5D-inset: PAS-D+). In one patient,
several neurons exhibited pale cytoplasm (Figure 4A-D) (chromatolysis), and a large homogeneous
irregular dark area was present (Figure 4F) (4F-inset: Sequestosome p62+). Apoptotic shrunken neurons
had compact, dark cytoplasm with small, irregular, pyknotic nuclei (Figures 4C-E, 5B and 6) (4E-inset
H&E; 5B-inset: Apoptosis H&E). These neurons were observed in three patients at the ganglion border
without telopodes in a few virtual slices (Figure 4B-D), possibly representing the ejection of a dead
neuron (Figures 4B-D and 6). Very dense dark inclusions with similar substructures were found in two
patients, which are foreign structures for the normal ganglion; one of these bodies is shown in serial
virtual slices (Figure 4A-C) (4A-C: Hyaline bodies; 4A and B-insets: PAS-D+). At 6.8 μm in Figure 4A, an
inner structure with a central pale area surrounded by an irregular dark ring can be seen within the
body (Figure 4B). When viewing 4.0 µm deeper, there is a semi-dense “half-moon” at the edge of the
hyaline body (Figure 4C).
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Figure 1 Ganglion from healthy human ileum. A: Part of the myenteric ganglion in two portions. Quite regular, almost parallel, thin cytoplasmic projections of
telocytes (telopodes) with short, thin ”spines” on the surface are observed (between arrows). The scale bar (50 μm) was applied to all subfigures; B: A small portion of
the ganglion containing two neurons. On the surface of the ganglion (between the two lines), the cellular nuclei of the two telocytes were observed as dark spots
(empty arrowheads). Telopodes radiate from their body. Arrows indicate the telopodes around the ganglion. A telopode can be followed toward the surface
(arrowhead); C: 16.9 μm deeper from Figure B, two portions appeared with thin telopodes on the surface; D: 10.1 μm deeper from Figure C, SMCs are observed
between the two portions. B-D are representative virtual slices from a series covering 27.0 μm thickness of the ganglion. Ggl: Ganglion; SMC: Smooth muscle cells.

Figure 2 Ganglion and fascicle from healthy human ileum. A: Within a portion of the ganglion, there is a neuron with an axon (thick arrow). Arrowheads
indicate glial cells. Thin arrows indicate a single layer of telopodes at the border of the ganglion. The scale bar (50 µm) was applied to all subfigures; B: Part of a
ganglion with several large (thick arrows) and medium-large (short thin arrow) neurons. The nuclei contain dark nucleoli. The cytoplasm is slightly granulated. Above
the straight line, a small area of the neuropil was observed. Long thin arrows indicate the double-cell layer at the border; C: Normal nerve fascicle and thicker nerve
with telopodes separating axons (arrows). Note the single layer of telopodes around the fascicle and nerve (arrowheads). Inset: Normal nerve fascicles stained with
double immunohistochemistry. Telocytes run parallel to Schwann cells (light microscopy; S100: Schwann cells red; CD34: Telocytes brown).

Pathological change of the nerve fascicles and periganglional spindle-shaped cell layer
In one patient who was diagnosed with lymphocytic ganglioneuritis, a segment of the periganglional
spindle-shaped cell layer showed vacuolization and/or was absent within a 19.9 μm distance along the
length axis of the bowel sample (Figure 5). The largest window in this absence was 16.1 μm in the
virtual slices (Figure 5B). At a 7.8 μm deeper level (Figure 5C), a double layer of thin cellular projections
appeared at the border of the defect, whereas at an additionally 4.7 μm deeper, one intact layer of
cellular projections was again present between the ganglion and the surrounding tissue (Figure 5D).

Video-film
In the video film from one patient, more than one dozen neurons and glial cells could be observed (
Supplementary material). Almost all the neurons showed various types of degeneration. Furthermore,
one pre-apoptotic neuron in the lower part of the ganglion was probably in contact with the tip of the
incomplete septum, and hence, extended into the surrounding tissue (Supplementary material).
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Figure 3 Series of virtual slices covering 113.6 μm thickness at the border between the nerve fascicle and the ganglion. A: Thick fascicle with
parallel telopodes (thin arrows). There is a small peripheral part of the ganglion (thick arrow); B: 62.2 μm deeper from Figure A. Connective tissue cells between the
fascicle and the superficial part of the ganglion. Normal large neurons and nuclei of several glial cells in the ganglion. A network of telopodes is present on the surface
of the ganglion (arrows); C: 11.5 μm deeper from Figure B. The thickness of the connective tissue is diminished between the fascicle and the periphery of the
ganglion, with two neurons and small glial cells. Transversally cut vesicle-like axons (between the arrows) on the right end of the fascicle; D: 39.9 μm deeper from
Figure C, the fascicle and ganglion are united. Thin arrows show telopodes. The scale bar (50 µm) applies to all the subfigures. Fa: Fascicle; ggl: Ganglion; n:
Neuron.

DISCUSSION
The main qualitative finding in the present study was that X-ray phase-contrast nanotomography could
analyze the different cellular components of the myenteric plexus in more than 6000 serial virtual slices,
which could reveal minor changes not seen under the light microscope. We could image large volumes
with finer sampling resolution with shorter distances between sections along the sample direction, that
is, below the standard thickness of a histological scan.
A study of the normal ganglia revealed that their shape is not usually seen in the transverse sections
under a light microscope with a well-defined border. In serial virtual slices, the ganglia have smaller or
larger irregularities, with one or a few neurons and glial cells protruding into the muscle layers or the
intermyenteric connective tissue. Within the ganglia, neurons of various sizes and glial cells could be
clearly differentiated. The absence of thin cytoplasmic projections in the neuropil corroborates our
previous finding in the ileal ganglia, namely the lack of telopodes in the ileum in contrast to the colon
[17]. The presence of one degenerating neuron in the 82-year-old control may be the result of aging
starting at around 40-50 years of age[18].
The optimal transverse sections showed two clear layers of cellular projections surrounding the
ganglion, in accordance with our previous immunohistochemical findings[17]. The inner layer consisted
of cytoplasmic projections of telocytes called telopodes, which were situated almost parallel to each
other, in agreement with immunohistochemical observations[17]. The outer layer is composed of an ICC
[17].
Pathological changes from the patients revealed different types of neuronal degeneration (vacuolization, autophagic vacuoles/Lipofuscin, chromatolysis, and apoptosis) and the presence of a hyaline
body within the ganglion, as observed under a light microscope by the golden standard of various
staining techniques[8]. Furthermore, p62+ sequestosomes were also observed in accordance with the
findings of Alafuzoff et al[19].
Three new phenomena were discovered with the present phase-contrast nanotomography, which
cannot be observed under a light microscope because of the thickness of the paraffin sections. First, the
presence of a semi-dense “half-moon” attached to the hyaline body could hypothetically be one of the
end stages of cellular death. Second, the phenomenon of a probable expulsion of dead neurons could be
followed in the virtual serial slices because of the occurrence of a short “opening” of the telopode-layer
between the surrounding connective tissue and shrunken apoptotic neurons. Third, the total absence of
the single telopode layer within the 16.1 μm “window” could possibly have negatively affected the
stability of the ganglion.
The virtual histology of the myenteric ganglion using X-ray nanotomography has advantages,
disadvantages, and future possibilities. The main advantage is that the method can exactly measure the
volumes of chosen tissue components following segmentation, as have been previously published[5].
The second advantage is the possibility to analyze several hundred serial virtual slices at subcellular,
isotropic resolution, and through this, discover “nano-changes” which cannot be seen using the light
microscope. Because the neuron size is 15-40 µm, the ENS is difficult to examine in conventional
histological sections of 3-5 µm. Slow videos make it possible to follow the relationships between the
various tissue components. The third advantage is the flexibility in sample preparation; samples can be
examined with or without paraffin embedding (e.g., in liquid or epoxy resin) or staining. Thus, the
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Figure 4 Series of virtual slices covering 17.2 μm thickness of the ganglion from one patient. A: Four portions of the ganglion. There is a dark body
at the center of one of these areas (arrowheads). An arrow indicates a neuron with a very pale homogeneous cytoplasm below the nucleus. Between the straight
lines, a network of telopodes is observed on the ganglion surface. Incomplete septa between portions. Scale bar (50 µm) is applied to subfigures A-D. Inset: Hyaline
body in the ganglion [1st level of serial sections; light microscopy; periodic acid-Schiff with diastase (PAS-D) staining]; B: 6.8 μm from Figure A., three portions of the
ganglia are completely separated, and the surface area is smaller (between straight lines). The central dark body shows an irregular dense outer layer and central
light area (arrowhead). A new neuron with pale cytoplasm is seen in the middle portion (short arrow). Intact telopodes form the border between the ganglion and the
periganglional connective tissue rim (thin arrows). An almost triangle-shaped moderately dense area is seen below the telopode telopode corresponding to an
apoptotic neuron (long arrow; see also C and D). Inset: The central region of the hyaline body is negative, whereas the outer layer is positive with PAS-D staining (2nd
level of serial sections, light microscopy; PAS-D); C: 4.0 μm from Figure B. The hyaline body is without a central pale area (arrowhead), with a semi-dense irregular
half-moon to the left. The two neurons had a pale cytoplasm (short arrows). A dark pyknotic nucleus appeared in the semi-dense cytoplasm at the border showing an
apoptotic neuron corresponding to the “dark triangle” in Figure B (long arrow); D: 6.4 μm deeper from Figure C. Two of the portions are united. Nuclei are present in
neurons with pale cytoplasm (short arrows). Intact telopodes are present between the degenerated apoptotic cells (long arrow) and the periganglional space (thin
arrow); E: Digital magnification of a shrunken neuron with a darker cytoplasm, small vacuoles, and enlarged nucleolus. Scale bar: 25 µm Inset: Pre-apoptotic neurons
with pyknotic nucleus and vacuole-containing amphophilic cytoplasm (light microscopy; H&E staining); F: There is a homogeneous circumscribed “inclusion” in the
neuron, suggesting a sequestosome, as seen in the inset (arrow). Scale bar: 25 µm. Inset: Large p62+ aggregates in neurons (arrow; light microscopy; p62
immunohistochemistry). Scales bars of 50 or 25 µm included. Ggl: Ganglion; n: Neuron; PAS-D: Periodic acid-schiff with diastase.

samples require less handling and fewer preparation steps[20].
The current established method to diagnose enteric neuropathy uses immunohistochemistry with a
wide range of staining according to a standardized protocol[8,21]. The strength of this method lies in the
exact identification of different cell types and tissue structures. The weakness is that there is a wide
range of different molecules and structures that can vary in abundance among different patients with
the same diagnosis. We do not know whether these changes are causal or primary, or whether they are
secondary or compensatory. Due to the large variation between patients, no uniform pattern has been
determined for the diagnosis of enteric neuropathy, and thus, some of the information did not add
substantial value to the examination. The current description of neurons, glial cells, and spindle-shaped
cells appears to be sufficient for diagnosis.
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Figure 5 Series of virtual slices covering 19.9 μm thickness of the ganglion from one patient. A: Two portions of the ganglion with smooth muscle
cells between them. Long arrows indicate the continuous layer of telopodes with tiny vesicles bordering the ganglion. A string of glial cell nuclei was present within the
left portion. The thick arrow shows the vacuole above the nucleus of the neuron. Four small dark granules were present in the other neurons. Inset: Several vacuoles
fill the cytoplasm of the two degenerating neurons (light microscopy and H&E staining); B: 7.4 μm deeper from Figure A. Between the thin arrows there is no
continuous layer of telopodes, instead some vesicles are seen. The left portion has disappeared. The remaining portion is part of a pre-apoptotic neuron with a dark
cytoplasm and pyknotic nucleus (arrowhead). Above this neuron is the nuclei of normal glial cells. The thick arrow indicates a vacuole in the neuron. Inset: Apoptotic
neurons with strongly amphophilic cytoplasm and rest of the pyknotic nuclei (light microscopy; H&E staining); C: 7.8 μm deeper from Figure B. The defect of the
telopodes (between the thin arrows) was shorter. Double layer of telopodes below the defect. In the upper part of the ganglion, there is a large neuron with a few
small dark, dense dots, whereas the pre-apoptotic neuron from the middle of the ganglion is no longer present; D: 4.7 μm deeper from Figure C. There is a
continuous layer of telopodes (between arrows) with a “remnant” of the double layer, as shown in Figure C. The dark granules in the neurons were larger and more
numerous. Arrowhead shows a neuron with both dark granules and vacuoles. Inset: The cytoplasm of the neurons was filled with diastase-resistant PAS+ lipofuscin
granules (light microscopy; PAS-D staining). The scale bar (50 µm) applies to all the subfigures. Ggl: Ganglion; H&E: Hematoxylin & eosin; n: Neuron; PAS: Periodic
acid-Schiff; PAS-D: Periodic acid-Schiff with diastase; SMC: Smooth muscle cells.

Fluorescence confocal microscopy has been performed with serial sectioning to mimic threedimensional (3D) imaging; however, the maximal thickness of viewing is still limited, and the space
between sections is larger[22-25]. Recently, another method using immunohistochemistry and confocal
microscopy was developed for the quantitative analysis of full-thickness bowel biopsies[26]. These
different efforts to improve the analysis of ENS prove the importance of clinicians obtaining more
information about the function and dysfunction of the gastrointestinal tract.
Among the disadvantages were the limited access to synchrotron beamtime and the cost of the entire
process in terms of money and manpower. Furthermore, because the ganglia of the ENS are very sparse,
especially in patients with dysmotility, and the myenteric plexus can fold and curve beneath what is
visible on the surface of the block, it is very difficult to correctly punch the tissue of interest based on a
histological section. Hence, multi-scale X-ray phase-contrast tomography, which involves scanning a
tissue block with a mm-sized field-of-view at µm-resolution and then imaging specific features of
interest in greater detail using local nanotomography on the full block (instead of extracting biopsy
punches as in this work), would be preferable and has been proven to be feasible at different
synchrotron beamlines, such as TOMCAT[27,28] and P10/GINIX[29-31].
In the future, the combination of immunohistochemistry with X-ray phase-contrast nanotomography,
such as immuno-electron microscopy[32], or with joint X-ray phase-contrast tomography and focused
ion beam scanning electron microscopy (FIB-SEM) could provide unique possibilities to study targeted
cells and their internal and external relationships[33]. In addition, this technique can determine the exact
volume of the target tissue components[5].

CONCLUSION
Virtual sectioning by X-ray phase-contrast nanotomography is a method that provides a unique analysis
of the myenteric ganglion, revealing minor pathological changes that cannot be discovered using light
microscopy or other two-dimensional scanning methods to study the relationship between various
tissue components.
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Figure 6 Series of virtual slices covering 6.4 μm thickness of the ganglion from one patient. A: Neuron with shrunken pyknotic nucleus and dark
cytoplasm containing vacuoles at the edge of the ganglion (arrowhead). A part of the cytoplasm of the pre-apoptotic neuron is present between the telopodes
(arrows); B: 2.0 μm deeper from Figure A. The lower telopode was discontinuous (arrows); C: 0.7 μm deeper from Figure B. The two telopodes are intact, and almost
all of the cytoplasm between them has disappeared; D: 0.7 μm deeper from Figure C. Pre-apoptotic neurons seem to be in contact with the lower telopode; E: 3.0 μm
deeper from Figure D. The pre-apoptotic neuron (arrowhead) lies within the ganglion, without contact with the telopodes. Arrows point to two telopodes on the figures.
The scale bar (25 μm) applies to all the subfigures.

ARTICLE HIGHLIGHTS
Research background
The enteric nervous system (ENS) is difficult to study because of its deep localization in the intestinal
wall. The limited sections visualized by light microscopy cannot show the size of the neurons or the
interconnection between different parts of the ENS or different cell types.

Research motivation
Since the ENS is difficult to examine, patients with gastrointestinal dysmotility are not properly
examined, diagnosed, and treated. They can experience symptoms for several years before a proper
diagnosis is established.

Research objectives
The main objective of this study was to examine whether X-ray phase-contrast tomography could
improve the visualization of the ENS. We realized that the ENS could be visualized without any prior
staining, and the information provided was superior to conventional light microscopy in some respects.
Thus, this method should be further evaluated in future studies.

Research methods
Full-thickness biopsies from the ileum of patients with dysmotility and controls were examined using Xray phase-contrast tomography. For comparison, the same samples were examined using immunohistochemistry. This is the first time that bowel biopsies have been examined using X-ray tomography, and
the histopathology has been described in detail.

Research results
This study showed that X-ray phase-contrast tomography can be used to study the ENS in detail to
describe normal and pathological cells and tissue structures. The interconnections between the cells and
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structures can be visualized. Some new findings could not have been observed using conventional light
microscopy.

Research conclusions
Virtual sectioning by X-ray phase-contrast nanotomography provides a unique analysis of the myenteric
ganglion, revealing minor pathological changes that cannot be discovered by light microscopy, to follow
the relationship between various tissue components.

Research perspectives
This method needs to be further studied in larger cohorts, with scanning of whole paraffin blocks
combined with different staining methods to try to improve the identification of different cell types and
tissue structures. More healthy controls should be examined to obtain reference values for health and
disease.
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Abstract
BACKGROUND
Complete polyp resection is the main goal of endoscopic removal of large colonic
polyps. Resection techniques have evolved in recent years and endoscopic
submucosal dissection (ESD), endoscopic mucosal resection (EMR) with margin
ablation, cold snare polypectomy (CSP), cold EMR, and underwater EMR have
been introduced. Yet, efficacy of these techniques with regard to local recurrence
rates (LRRs) vs traditional hot snare polypectomy and standard EMR remains
unclear.
AIM
To analyze LRR of large colonic polyps in a systematic review and meta-analysis.
METHODS
MEDLINE, EMBASE, EBM Reviews, and CINAHL were searched for prospective
studies reporting LRR or incomplete resection rate (IRR) after colonic
polypectomy of polyps ≥ 10 mm, published between January 2011 and July 2021.
Primary outcome was LRR for polyps ≥ 10 mm.
RESULTS
Six thousand nine hundred and twenty-eight publications were identified, of
which 34 prospective studies were included. LRR for polyps ≥ 10 mm at up to 12
mo’ follow-up was 11.0% (95%CI, 7.1%-14.8%; 15 studies; 4904 polyps). ESD
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(1.7%; 95%CI, 0%-3.4%; 3 studies, 221 polyps) and endoscopic mucosal resection with margin
ablation (3.3%; 95%CI, 2.2%-4.5%; 2 studies, 947 polyps) significantly reduced LRR vs standard
EMR without (15.2%; 95%CI, 12.5%-18.0%; 4 studies, 650 polyps) or with unsystematic margin
ablation (16.5%; 95%CI, 15.2%-17.8%; 6 studies, 3031 polyps).
CONCLUSION
LRR is significantly lower after ESD or EMR with routine margin ablation; thus, these techniques
should be considered standard for endoscopic removal of large colorectal polyps. Other
techniques, such as CSP, cold EMR, and underwater EMR require further evaluation in
prospective studies before their routine implementation in clinical practice can be recommended.
Key Words: Colonoscopy; Adenoma; Polyp; Endoscopic mucosal resection; Colorectal cancer
©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
Core Tip: Complete polyp resection is the main goal of endoscopic removal of large colonic polyps.
Resection techniques have evolved in recent years and endoscopic submucosal dissection, endoscopic
mucosal resection (EMR) with margin ablation, cold snare polypectomy, cold EMR, and underwater EMR
have been introduced. Yet, efficacy of these techniques with regard to local recurrence rates (LRRs) vs
traditional hot snare polypectomy and standard EMR remains unclear. We aimed to analyze LRR of large
colonic polyps in a systematic review and meta- analysis.

Citation: Rotermund C, Djinbachian R, Taghiakbari M, Enderle MD, Eickhoff A, von Renteln D. Recurrence rates
after endoscopic resection of large colorectal polyps: A systematic review and meta-analysis. World J
Gastroenterol 2022; 28(29): 4007-4018
URL: https://www.wjgnet.com/1007-9327/full/v28/i29/4007.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i29.4007

INTRODUCTION
Complete endoscopic polyp removal is especially important for large colorectal polyps in order to
prevent local polyp recurrence and progression to colorectal cancer[1]. Evidence is growing that polyp
removal is frequently incomplete, putting patients at risk of developing post-colonoscopy cancer[2-4]. A
meta-analysis published in 2020 found that after snare resection, 15.9% of diminutive and small polyps
and 20.8% of polyps 10–19 mm are removed incompletely[5]. For polyps 20 mm or larger, a metaanalysis published in 2014 demonstrated a recurrence rate of 15% after endoscopic mucosal resection
(EMR)[6].
In recent years, different techniques for endoscopic resection of large colorectal polyps have evolved
or been developed. Cold snare polypectomy (CSP) has been introduced and its use expanded to include
the removal of large colorectal polyps[7]. Endoscopic submucosal dissection (ESD) has gained traction
in Western countries and EMR has undergone technical modifications by introducing margin ablation
or underwater EMR[8,9].
These developments have sparked our interest in providing an up-to-date meta-analysis of local
recurrence rates (LRRs) and incomplete resection rates (IRRs) for large (≥ 10 mm) colorectal polyps, and
to evaluate the impact of the novel or modified endoscopic resection techniques on LRRs.

MATERIALS AND METHODS
The analysis was conducted adhering to the Preferred Reporting Items for Systematic Reviews and
Meta-analysis statement[10].

Literature search
A systematic literature search was performed within MEDLINE, EMBASE, EBM Reviews, and CINAHL
databases. All articles published between January 2011 and July 2021 reporting on IRR and/or LRR for
colorectal polyps 10 mm or larger removed by endoscopic resection techniques were included in the
search. For specific search terms, see Supplementary Table 1. Additionally, a secondary search was
performed to identify further records using article reference crosscheck, manual searching, and expert
contact.
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Article selection
Articles retrieved by the systematic search were collected and duplicates removed. Two researchers
(Rotermund C and Taghiakbari M) assessed all articles independently and decided upon inclusion and
exclusion. In cases of disagreement, a third researcher (von Renteln D) was consulted.
Inclusion criteria were full-text articles of prospectively performed clinical studies reporting on either
LRR or IRR evaluated by margin assessment or margin biopsy of endoscopically removed polyps ≥ 10
mm. Even though often of larger sample size, publications with retrospective study design were
excluded from the analysis, as risk for selection bias and risk for missed data is usually higher.
Exclusion criteria were retrospective study design, polyps < 10 mm, IRR evaluated by visual margin
assessment, data from first follow-up that exceeded 12 mo, publications solely evaluating difficult
polypectomies, publication languages other than English, articles reporting on training of a certain
technique, and articles in which results from different polypectomy techniques were not clearly distinguishable.

Data extraction
Relevant data retrieved from the evaluated study included author, year of publication, country, study
type, study quality, polyp size, polyp morphology, polyp histology, polyp resection method and adjunct
therapy, LRR, IRR, IRR assessment method, submucosal injection rate and solution, en bloc resection
rate, and endoscopist number and experience level. For analyses, polyps were subdivided according to
size: 10–19 mm, ≥ 20 mm (not including polyps < 20 mm), and all polyps ≥ 10 mm (including polyps ≥
20 mm). Data were retrieved by one author (Rotermund C) and correct retrieval confirmed by a second
author (Djinbachian R).

Outcomes
Primary outcome was LRR for polyps ≥ 10 mm. Local recurrence was defined as the presence of
recurrent polyp at the resection site, detected during follow-up examination. Publications, in which the
appointments for follow-up examinations exceeded 12 mo between the different patients, were excluded
from the analysis. Secondary outcomes were IRR evaluated by either margin assessment or margin
biopsy for polyps ≥ 10 mm, as well as factors influencing LRR and IRR, including polyp resection
technique [hot snare polypectomy (HSP), CSP, hot and cold EMR, underwater EMR, ESD], adjunct
therapy, margin assessment method, submucosal injection status, polyp size, polyp morphology and
histology, endoscopist experience and number of endoscopists involved. IRR assessment method was
defined as (1) Biopsy from the resection margin (=“margin biopsy”); (2) Histologic assessment of polyp
margin (= “margin assessment”); and (3) En bloc resection and histologic assessment of polyp margin (=
“en bloc and margin assessment”). Endoscopist experience was defined as (1) Less experienced for EMR,
when a fellow was included in the study or < 2000 colonoscopies had been performed by the
endoscopist; (2) Experienced for EMR, when only expert endoscopists (> 2000 colonoscopies) were
involved; (3) Less experienced for ESD, when fellows for ESD (< 200 cases) were included in the study;
and (4) Experts for ESD (> 200 cases).

Quality assessment and publication bias
Study quality was assessed independently by two researchers (Taghiakbari M and Rotermund C). In
cases of disagreement, a third researcher (von Renteln D) was consulted. For evaluation, National
Institutes of Health quality assessment forms for case series and randomized controlled trials (RCTs)
were used[11]. For RCTs (maximum score: 14), a score of 11–14 was rated as good, a score of 8–10 as fair,
and a score below 8 as poor quality. For prospective case series (maximum score: 9), a score of 7–9 was
rated as good, a score of 4–6 as fair, and a score below 4 as poor quality. Detailed information on criteria
for low and high quality are given in Supplementary Tables 2 and 3.
A sensitivity analysis was performed to determine the effects of excluding poor-quality studies and
publication bias was assessed using funnel plots (Supplementary Figure 1). The graph was plotted as
proportion vs. sample size instead of log odds vs 1/standard error, as this method has been shown to be
more accurate in predicting risk of publication bias for meta-analyses of proportions[12].

Statistical analysis
Proportions were meta-analyzed using the metaprop command of Stata version 16 (StataCorp, College
Station, TX, United States), and tests of heterogeneity were performed using the I2 statistic. Either a
random-effects model or a fixed-effect model was used for the analyses. Proportions were reported with
their associated 95% confidence intervals (CIs) with an alpha level of < 0.05 used for statistical
significance.
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RESULTS
Literature search and study characteristics
Systematic literature search yielded 6922 hits and 6 additional records were identified through reference
crosscheck, manual search, and expert contact (Figure 1, Supplementary Table 1). After removal of
duplicates, 5010 publications remained. Of these, 4070 were excluded based on title and 672 based on
abstract, so that 268 full-text records were evaluated for eligibility. Ultimately, 34 publications were
included in the analysis, with 19 reporting on IRR, 13 on LRR, and 2 on both (Figure 1). All studies were
prospective and 14 were RCTs.

Quality assessment and publication bias
Included studies showed symmetrical distribution for both assessments of LRR and IRR, with no
publication bias detected (Supplementary Figure 1). Quality assessment revealed 23 studies of good
quality, 10 studies of fair quality, and 1 study of poor quality (Supplementary Tables 2 and 3).
Sensitivity analyses did not show statistically different results or decreased heterogeneity when
excluding poor- or fair-quality studies (Supplementary Figures 2 and 3).

Local recurrence rate
A total of 15 studies reported on LRR after removal of large colonic polyps ≥ 10 mm. Of these, 15 studies
stated LRR obtained during follow-up examinations up to 12 mo, 7 during follow-up up to 24 mo, and 3
from follow-up after more than 24 mo (Supplementary Table 4). Definitions of LRR given in the original
studies are presented in Supplementary Table 5. Mean overall LRR at up to 12 mo’ follow-up was 11.0%
(95%CI, 7.1%–14.8%; 4904 polyps) (Figure 2A). Overall LRR for follow-up up to 24 mo was 14.6%
(95%CI, 8.4%–20.8%; 7 studies) (Supplementary Figure 4).
Local recurrence rate up to 12 mo’ follow-up: Influence of resection method: Resection method was
found to exhibit major influence on LRR of polyps ≥ 10 mm (Figure 2B, Table 1). ESD (1.7%; 95%CI,
0–3.4%; 3 studies) and EMR with margin ablation (3.3%; 95%CI, 2.2%–4.5%; 2 studies) significantly
reduced LRR compared with EMR in which margin ablation was not performed (15.2%; 95%CI,
12.5%–18.0%; 4 studies) or only used in some cases (16.5%; 95%CI, 15.2%–17.8%; 6 studies). No
prospective studies were found evaluating LRR after HSP, CSP, or cold EMR within the search period.
Two studies evaluated LRR after underwater EMR; however, heterogeneity between studies was high,
so that a valid analysis could not be performed.
Similarly, when only results for polyps ≥ 20 mm were evaluated, ESD and EMR with margin ablation
yielded lower LRRs compared with EMR without margin ablation (Table 1). No prospective studies
were found evaluating HSP, CSP, or cold EMR.
Local recurrence rate up to 12 mo’ follow-up: further influencing factors: Polyp size did not influence
LRR (≥ 10 mm: 11.0%; 95%CI, 7.1%–14.8%; 15 studies vs ≥ 20 mm: 11.2%; 95%CI, 6.8%–15.6%; 12 studies)
(Table 1). Similarly, expert status of the endoscopist was not found to influence LRR (Table 1); however,
as only two expert studies were found, the data set was small. The data set was also insufficient for
analysis of the influence of polyp morphology or histology on LRR. Only one study included
pedunculated polyps (12.1% of all resected polyps); however, the reported LRR was comparable to the
rate observed in other studies[13]. Most studies included sessile serrated adenoma/polyps (SSA/Ps).
One study compared LRR after EMR removal of SSA/Ps vs conventional adenomas and reported
significantly reduced LRR for SSA/Ps[14].

Incomplete resection rate
A total of 21 studies reported on IRR after removal of large colonic polyps ≥ 10 mm, using either margin
assessment or margin biopsy for evaluation (Supplementary Table 6). Mean overall IRR for all polyps ≥
10 mm was 14.9% (95%CI, 11.4%–18.4%; 21 studies; 3563 polyps) (Figure 3). Twelve studies indicated
IRR for polyps 10–19 mm, resulting in a mean IRR of 16.0% (95%CI, 10.4-21.7%) (Supplementary Figure 5), and 14 studies reported IRR for polyps ≥20 mm, yielding a mean IRR of 11.7% (95%CI,
7.5%–15.8%; 1739 polyps) (Supplementary Figure 6).
Incomplete resection rate: Influence of resection method: Resection method was not found to
significantly influence IRR of polyps 10–19 mm, comparing hot EMR (18.5%; 95%CI, 8.9%–28.1%; 8
studies), HSP (16.2%; 95%CI, 10.6%–21.7%; 2 studies), underwater EMR (25.5%; 95%CI, 18.9%–32.2%; 2
studies), and cold EMR (14.0%; 95%CI, 1.8%–26.3%; 3 studies), with studies on cold EMR exhibiting high
variability (Table 2). Only two studies evaluated CSP, showing high heterogeneity, so that a valid
analysis could not be performed.
Comparison of ESD and EMR for polyps ≥ 20 mm showed a lower IRR for ESD (12.5%; 95%CI,
6.2%–18.8%; 9 studies) than for EMR (29.3%; 95%CI, 19.3%–39.2%; 3 studies) (Table 2). Only two studies
evaluated IRR for polyps ≥ 20 mm with HSP, yielding high heterogeneity, so that a valid analysis could
not be performed. No data were found reporting IRR after CSP or cold EMR for polyps ≥ 20 mm.
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Table 1 Factors influencing local recurrence for polyps ≥ 10 mm at 0–12 mo’ follow-up
LRR % (95%CI)

I2 %

Studies, n

Polyps, n

Hot EMR, no margin ablation

15.2 (12.5–18.0)

0

4

650

Hot EMR, some margin ablation

16.5 (15.2–17.8)

0

6

3013

Hot EMR, with margin ablation

3.3 (2.2–4.5)

NA

2

947

ESD

1.7 (0.0–3.4)

NA

3

221

Hot EMR, no margin ablation

14.8 (11.0–18.5)

NA

2

334

Hot EMR, some margin ablation

16.5 (15.2–17.8)

0

6

3013

Hot EMR, with margin ablation

3.3 (2.2–4.5)

NA

2

947

ESD

2.4 (0–5.7)

NA

2

83

≥ 10 mm

11.0 (7.1–14.8)

95.6

15

4904

≥ 20 mm

11.2 (6.8–15.6)

95.8

12

4431

Only expert endoscopists

13.3 (11.1–15.6)

NA

2

3712

Including non-expert endoscopists

11.8 (6.8–16.8)

95.8

9

837

Not defined

9.2 (1.5–16.9)

93.7

4

524

Subgroups
Resection method, polyps ≥ 10 mm

Resection method, polyps ≥ 20 mm

Polyp size

Expert level

NA: Number of studies insufficient for estimation; EMR: Endoscopic mucosal resection; ESD: Endoscopic submucosal dissection; LRR: Local recurrence
rate.

Figure 1 Literature search strategy.

Incomplete resection rate: Further influencing factors: For polyps sized 10–19 mm, submucosal
injection status did not influence IRR. Mean IRR after resection with submucosal injection was 20.0%
(95%CI, 11.9%–28.0%; 10 studies) compared with 14.4% (95%CI, 5.4%–23.3%; 6 studies) after resection
without submucosal injection (Table 2). For polyps ≥20 mm, IRR was lower after resection with prior
submucosal injection (Table 2). Mean IRR after submucosal injection was 12.6% (95%CI 7.7–17.6; 13
studies), compared to 32.4% (95%CI, 0-76.3%; 3 studies) after resection without injection.
The solution used for submucosal injection was not found to influence IRR, yielding comparable
results for saline solution (15.8%, 95%CI, 7.1%–24.8%; 6 studies) and hyaluronic acid (16.3%, 95%CI,
8.5%–24.1%; 8 studies) (Table 2).
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Table 2 Factors influencing incomplete resection
IRR % (95%CI)

I2 %

Studies, n

Polyps, n

Hot EMR

18.5 (8.9–28.1)

93.2

8

655

HSP

16.2 (10.6–21.7)

NA

2

167

25.5 (18.9–32.2)

NA

2

160

14.0 (1.8–26.3)

NA

3

334

ESD

12.5 (6.2–18.8)

95.0

9

1452

Hot EMR

29.3 (19.3–39.2)

NA

3

88

No injection

14.4 (5.4–23.3)

95.8

6

836

Injection

20.0 (11.9–28.0)

93.9

10

989

No injection

32.4 (0–76.3)

96.2

3

124

Injection

12.6 (7.7–17.6)

94.4

13

1614

Saline solution

15.8 (7.1–24.6)

95. 6

6

774

Hyaluronic acid

16.3 (8.5–24.1)

95.1

8

916

Only expert endoscopists

7.0 (3.5, 10.4)

93. 7

8

1451

Including non-expert endoscopists

20.3 (13.5–27.1)

96.0

13

2092

Margin assessment

18.6 (10.9, 26.2)

75.1

5

380

Margin biopsy

5.7 (1.1, 10.3)

95.1

5

1150

Margin assessment

21.8 (9.4–34.2)

92.1

4

429

Margin assessment and en bloc resection

14.1 (5.7–22.6)

96.0

7

1106

Margin biopsy

0.4 (0–2.5)

55.8

3

203

Subgroups
Resection method, polyps 10–19 mm

U-EMR
1

1

Cold EMR

Resection method, polyps ≥ 20 mm

Submucosal injection, polyps 10–19 mm

Submucosal injection, polyps ≥ 20 mm

Injection solution, polyps ≥ 10 mm

Expert level

Method of margin evaluation, polyps 10–19 mm

Method of margin evaluation, polyps ≥ 20 mm

1

Data exhibit high variance; calculated mean should be handled with care.
NA: Number of studies insufficient for estimation; EMR: Endoscopic mucosal resection; ESD: Endoscopic submucosal dissection; HSP: Hot snare
polypectomy; IRR: Incomplete resection rate; U-EMR: Underwater endoscopic mucosal resection.

There was a strong trend toward lower IRR when considering endoscopist experience (Table 2,
Supplementary Figure 7). The mean IRR was 7.0% (95%Cl, 3.5%–10.4%; 8 studies) when only expert
endoscopists were involved in the study, and 20.3% (95%Cl, 13.5%–27.1%; 13 studies) when non-experts
were included.
Insufficient data were available for analysis of the influence of polyp morphology or histology on
IRR. Three studies included around 50% or more pedunculated polyps; two analyzed hot EMR[15,16] ,
and the third analyzed hot and cold EMR and CSP[17]. Three further studies included smaller numbers
of pedunculated polyps, using cold EMR[18], ESD[19], and underwater EMR[20]. Most studies included
10% or less SSA/Ps, while two studies investigating CSP and cold EMR evaluated results from SSA/Ps
only[21,22]. The latter two studies reported exceptionally low IRR of less than 1.5%.

DISCUSSION
This meta-analysis confirms the high risk for recurrence after standard EMR resection of large colonic
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Figure 2 Local recurrence rate at < 12 mo’ follow-up. A: For polyps ≥ 10 mm; B: For polyps ≥ 10 mm, stratified by resection method.

polyps. When standard EMR without routine margin ablation is used, we found a 12-month recurrence
rate of 15.2%. This is comparable to the results found in the two available meta-analyses published in
2014 and 2021, which reported recurrence rates of 15%[6] and 10%[23], respectively. However, since
then, many new or modified endoscopic removal techniques have been developed. These novel
developments include cold EMR, hot snare with margin ablation, and an increasing body of literature
on ESD for colorectal polyps coming from Asian, European and North American centers. We found that
two of these modalities resulted in significantly lower LRRs compared with standard EMR. ESD was
associated with an LRR of only 1.7%, and the LRR after EMR with routine ablation of the complete
margin was 3.3%. However, ESD requires advanced endoscopy skills, adequate training, and the
technique is associated with an increased risk for complications[24-26]. Furthermore, significant
differences in safety and efficacy of ESD have been shown between Asian and non-Asian countries[27],
so that EMR has remained the standard for large polyp resection in Western countries to date.

WJG

https://www.wjgnet.com

4013

August 7, 2022

Volume 28

Issue 29

Rotermund C et al. LRR of large colonic polyps

Figure 3 Incomplete resection rate for polyps ≥ 10 mm, independent of resection method.

The other modality that shows significantly reduced recurrence rates is the combination of hot EMR
with routine margin ablation[9,28]. Thus, ESD or EMR with routine margin ablation currently seem to
be the best approaches for endoscopic removal of large colorectal polyps in order to avoid recurrence.
We found that systematic margin ablation after EMR can reduce the LRR to rates similar to those of
ESD. These results originate from two recent Australian prospective studies, in which snare tip soft
coagulation (STSC) was routinely performed after EMR[9,28]. As these studies included only polyps ≥
20 mm further studies evaluating the effect of margin ablation on polyps sized 10-19 mm may be of
additional value. The positive effect of margin ablation has also been shown in a retrospective US study,
evaluating systematic application of argon plasma coagulation (APC) after EMR in 246 patients[29]. The
authors found an LRR of 5% at < 12 mo FU, which is comparable to the rates found by Klein (5%) [9]
and Sidhu (3%)[28]. However, the results for using APC margin ablation still need to be confirmed by
prospective studies. A recently completed prospective, multicenter study evaluating resection of large
colonic lesions ≥ 20 mm in 76 patients using EMR and hybrid APC for margin and base ablation found a
LRR of 2.2%[30]. This indicates that APC ablation can reduce local recurrence comparable to ESD and
EMR with STSC.
Importantly, margin ablation should be performed systematically and completely, as visual margin
assessment may underestimate incomplete resection[4]. This is confirmed by our analysis, which
showed that studies using unsystematic or incomplete margin ablation were not able to reduce the LRR
[9,14,31].
Notably, even though use of cold snare resection techniques for large colonic polyps is increasingly
reported, at present no prospective studies have been published reporting LRR for CSP or cold EMR for
large colorectal polyps. Furthermore, recent retrospective studies have indicated that these techniques
might potentially increase the risk for local recurrence. In the largest retrospective series published to
date, Suresh et al[32] reported an LRR of 34.8% after cold EMR. Therefore, caution is warranted for
routine use of cold EMR outside of clinical studies until data from ongoing RCTs comparing hot with
cold EMR become available.
For polyps 10–19 mm, follow-up examination is often performed years after the index colonoscopy.
Therefore, data on LRR for 10–19 mm colorectal polyps are sparse, and we used IRR to estimate the risk
of local recurrence for this subgroup. In our analysis, overall IRR for polyps sized 10–19 mm was 16.0%.
This rate was similar to the IRR found in a previous meta-analysis (20.8%)[5] and in one of the landmark
studies on IRR (CARE study)[4]. The CARE study reported that even though endoscopists rated
resection as complete by visual assessment, 10.1% of cases showed residual tissue on margin biopsy.
Compared with the previous meta-analysis, our analysis included more data, especially regarding cold
snare resection techniques[5]. However, adding the recently published data on cold snare resection did
not significantly alter overall IRR of polyps 10–19 mm. Furthermore, IRR of EMR, cold EMR, HSP, and
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underwater EMR were similar[17,18,21]. Only two prospective studies evaluated IRR for large colonic
polyps after CSP resection[17,21]. These studies showed high variability in IRR, and while one study
found rates comparable to those obtained with other techniques[17], rates reported in the second were
extremely low[21]. This is likely based on the fact that in this study only expert endoscopists were
involved and only SSA/Ps were removed by wide-field style cold snare resection. A previous metaanalysis has already demonstrated that expert endoscopists achieve lower IRRs[5], and this was
confirmed in our analysis, with an IRR of 7.0% for expert endoscopists and 20.3% for those studies in
which less experienced endoscopists were included. Furthermore, the exclusive inclusion of SSA/Ps
introduced a further bias into the study, as removal of SSA/Ps generally yields better results[14]. This
renders the generalizability of CSP to general clinical practice difficult, and more prospective studies are
needed to establish IRR, and especially LRR risk, after CPS and cold EMR removal of large colorectal
polyps including all pathology types.
For polyps ≥ 20 mm, the mean IRR was 11.7% in this analysis. Interestingly, this rate is lower than the
results obtained for polyps sized 10–19 mm (16.0%). This effect was based on the good results obtained
with ESD, and is most likely also associated with the fact that 10–19 mm polyps are usually resected in
general endoscopic practice, whereas polyps ≥ 20 mm are often referred for expert resection.
Recent guidelines recommend HSP, EMR [European Society of Gastrointestinal Endoscopy, American
Gastroenterological Association (AGA)][33,34] and CSP (AGA)[34] for resection of 10–19 mm polyps.
Our data show that EMR with margin ablation is an important new development that warrants further
study. For lesions ≥ 20 mm, guidelines recommend ESD in specific cases, and the need for a skilled
endoscopist to perform the procedure is highlighted[25,26,35]. The importance of endoscopist skill level
is also supported by our data. Furthermore, our data suggest that EMR with systematic and complete
margin ablation may be an appropriate alternative to ESD, especially considering the low complication
rates reported in the available studies[9,28,29].
However, safety profiles should also be taken into account when evaluating different polypectomy
techniques. Known complications occurring during and after polypectomy are immediate and delayed
bleeding as well as perforation and post-coagulation syndrome[33,34]. A meta-analysis from 2016
evaluating endoscopic resection of polyps ≥ 20 mm found perforation occurring in 1.5% and bleeding in
6.5% of polyps. Mortality was indicated as 0.08%[36]. Yet, an up-to-date analysis comparing safety
profiles of CSP, HSP, EMR with and without margin ablation, underwater EMR, and ESD still has to be
performed.
Our analysis has several strengths, including the robustness of the literature search with a large
number of publications screened (6928 publications). Of these, 34 prospective studies with a total of
10268 polyp resections were included. As only prospective data were evaluated, we were able to
perform a high-quality analysis, as retrospective studies reporting on LRR and IRR are unsystematic in
the ascertainment of the main outcomes, thus having a high likelihood of bias. Furthermore, the
retrieval of granular data allowed us to perform multiple analyses.
The main limitation of the study is that by exclusion of retrospective studies, the data set was
reduced. Furthermore, publications were excluded in which IRR was determined by visual assessment
or in which appointments for follow-up examinations for LRR assessment exceeded 12 mo. While this
reduced the amount of studies included into the analysis, it ensured a better overview of the highquality data available in the literature. Additionally, it shows that for some techniques data of sufficient
quality is sparse and that there is a need for further studies. Second, expert endoscopist status was
difficult to determine, as there is no published consensus definition, and some studies do not clarify the
expertise of the involved endoscopists. However, expert and non-expert status were systematically
assessed and discussed for this meta-analysis. Third, as assessment for IRR is not standardized, different
methods, including margin assessment and margin biopsy, are used for its estimation. However, margin
assessment is likely to overestimate IRR, as lesions resected in piecemeal fashion may be resected
completely, but will appear with positive resection margins. Margin biopsy, on the other hand, is likely
to underestimate IRR, as only sample parts of the margins are examined[37]. Therefore, true IRR will be
located somewhere in between the values found with margin biopsy and margin assessment. Another
limitation is the elevated heterogeneity in some reported outcomes. For LRR, most of the observed
heterogeneity was due to combining different resection techniques into the same analysis. When
stratifying for resection technique and use of margin ablation, we found very low heterogeneity in the
reported outcomes. For IRR, the differing use of wide field resection before biopsies and the number of
margin biopsies taken could explain some of the heterogeneity reported.

CONCLUSION
In conclusion, we found that local recurrence after resection of large colonic polyps occurs frequently
when standard EMR is used. Local polyp recurrence can be reduced by performing ESD or EMR with
routine and complete margin ablation. Other techniques, such as CSP, cold EMR, and underwater EMR
require further evaluation in prospective studies before their routine implementation in clinical practice
can be recommended.
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ARTICLE HIGHLIGHTS
Research background
Complete resection is the aim of endoscopic therapy for large colonic polyps. Endoscopic mucosal
resection (EMR) is the most common endoscopic treatment for such polyps. In recent years, endoscopic
resection techniques have evolved, including cold snare polypectomy (CSP), cold EMR, EMR with
margin ablation, underwater EMR, and endoscopic submucosal dissection (ESD).

Research motivation
Efficacy of these newer polypectomy techniques with regard to local recurrence rates (LRRs) vs
traditional hot snare polypectomy and standard EMR remains unclear.

Research objectives
These developments have sparked our interest in providing an up-to-date meta-analysis of LRRs and
incomplete resection rates (IRRs) for large (≥ 10 mm) colorectal polyps, and to evaluate the impact of the
novel or modified endoscopic resection techniques on LRRs.

Research methods
A systematic literature search was performed within MEDLINE, EMBASE, EBM Reviews, and CINAHL
databases. All articles published between January 2011 and July 2021 reporting on IRR and/or LRR for
colorectal polyps 10 mm or larger removed by endoscopic resection techniques were included in the
search.

Research results
LRR were lowest when EMR with systematic margin ablation (3.3%) or ESD (1.7%) were used for
endoscopic removal of large (> 10 mm) colorectal polyps. When standard EMR (without margin
ablation) or with partial margin ablation were used, LRRs were high (15.2% and 16.5%, respectively).

Research conclusions
Local recurrence after resection of large colonic polyps occurs frequently when standard EMR is used,
but can be reduced by performing ESD or EMR with routine and complete margin ablation. Other
techniques, such as CSP, cold EMR, and underwater EMR require further evaluation in prospective
studies before their routine implementation in clinical practice can be recommended.

Research perspectives
ESD or EMR with margin ablation should be considered standard of care for endoscopic removal of
large colorectal polyps in order to avoid recurrence. At present, cold snare resection techniques or
underwater EMR should only be performed within clinical trials, pending the availability of highquality evidence.
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