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Core tip: Barrett's esophagus (BE) is the only recognized precursor of esophageal
adenocarcinoma (EAC), which is a common malignancy with a poor prognosis.
Exosomes contain proteins, lipids, and nucleic acids and participate in various
pathophysiological processes. The role of exosomes in BE/EAC progression cannot be
ignored. Current studies on circulating exosomal microRNAs (miRNAs) in BE/EAC
have mainly focused on miRNA profiling, and little is known about the associations
between circulating exosomes and the pathogenesis of BE/EAC. This review focuses on
the features of circulating exosomal miRNAs in BE/EAC, which might be potential
biomarkers and play a causative role in BE/EAC pathogenesis.
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INTRODUCTION
Molecules performing specific functions are frequently separated and
compartmentalized into organelles, and the components of organelles are exchanged
dynamically with the rest of the cell to perform their physiological functions[1]. The
majority of organelles stay within the cell, while others, such as exosomes, are
secreted into extracellular spaces. Exosomes, a class of membrane-bound extracellular
vesicles, are released from their parental cell membrane by shedding or budding
spontaneously[2]. Exosomes are approximately 30-100 nm in diameter and can only be
revealed by electron microscopy by their "cup shaped" morphology [3] . Exosome
secretion is a general phenomenon, and exosomes can be found in blood as well as
other biological fluids[4-9], such as saliva, breast milk, urine, and semen[10-13]. Since
differential ultracentrifugation enabled exosome isolation[14], studies about exosomal
components have appeared, and exosomes have already become an attractive topic in
medical research. Differences in exosomal content have greatly facilitate their
characterizations, indicating heterogeneity within the exosome population [2,15] .
Exosomes contain a set of proteins, lipids, and nucleic acids, such as mRNAs and
noncoding RNAs (ncRNAs) (Figure 1) [16] . Exosomal protein compositions vary
depending on the cell origins and unique tissue types. However, a set of proteins
were identified that were present or enriched in exosomes despite cell origins and
tissue types, such as tetraspanins (CD9, CD63, and CD81), integrins, and adhesion
molecules[17]. The protein analytic approaches include Western blot, flow cytometry,
and global proteomic analysis[17]. Moreover, some metabolic enzymes, ribosomal
proteins, and transmembrane and signal transduction molecules could also be
detected in exosomes. Specific ligands present on the exosomal membrane could be
recognized by the corresponding receptors[2]; thus, exosomes could fuse with the
recipient cell membrane directly and release their inner contents into the cytoplasm.
However, not all cells internalize exosomes but instead interact with surface
molecules to deliver signals as another communication method [18] . The RNA
molecules in exosomes are also cell-specific and tissue-specific. As a type of small
ncRNA, microRNAs (miRNAs) can interact with the mRNA 3'-untranslated region via
their seed sequence and then interfere with the expression of target genes posttranscriptionally to regulate physiological and pathological processes (Figure 2)[19-24].
Thus, exosomes could carry and transfer miRNAs into recipient cells, and the
transferred miRNAs may play a role in cell biological activities, such as cell
proliferation, differentiation, migration, and apoptosis[13,19-21]. Therefore, exosomes
could regulate the functions of neighboring cells and distant cells by means of
autocrine, paracrine, and endocrine mechanisms[25], as a noval communication method
between cells[26].
The presence of exosomes in various biological fluids makes them easily accessible.
Tumor cells have been found to release exosomes into the circulation and other
biological fluids, and the levels of tumor-derived exosomes in cancer patients were
higher than those in healthy controls[27,28]. Taverna et al[28] showed that exosomes play
an important role in non-small cell lung cancer, especially exosomal miRNAs in lung
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Figure 1 Components of exosomes. Exosomes are approximately 30-100 nm in diameter and contain a set of
proteins, lipids, and nucleic acids. Exosomal protein compositions vary and include a series of common proteins that
have been demonstrated to be present or enriched in exosomes in spite of cell origins and tissues, such as
tetraspanins (CD9, CD63, and CD81), integrins, and adhesion molecules. Some metabolic enzymes, ribosomal
proteins, transmembrane and signal transduction molecules, and special ligands could also be detected. miRNA:
microRNA.

cancer diagnosis and prognosis[29]. Moreover, cancer-specific exosomal miRNAs in
ovarian cancer patients were detected, and the profiles varied between different
disease stages[30]. In other words, exosomes may have potential effects on disease
pathology and represent a new potent noninvasive tool for disease diagnosis[29,31-38],
while their genetic content, such as mRNAs and miRNAs, allows easy screening for
genetic markers of diseases. Therefore, more studies on the extensive
characterizations of exosomal RNAs should be conducted in different disease settings,
as well as in healthy human controls.
Esophageal cancer is a common malignancy worldwide, and esophageal
adenocarcinoma (EAC) has experienced an incredibly rapidly increasing incidence in
recent decades [39-41] . The five-year survival rate of EAC patients is less than 20%
because of the advanced stages when patients are first diagnosed with the disease[42,43].
The incidence of EAC developing from Barrett's esophagus (BE) is much higher than
that in the general population[44,45]. The only well-recognized precursor of EAC[46], BE,
is defined as a metaplastic condition in which the stratified squamous epithelium
lining of the lower esophagus is replaced by a columnar epithelium[47]. However, the
underlying mechanisms of the pathogenesis and carcinogenesis for the progression
from BE to EAC have not yet been clarified [48] . Thus, BE has become a focus of
attention. Many researchers have shown that specific factors can contribute to the
development of BE/EAC, and these identified risks include but are not limited to
gastroesophageal reflux (GER), male gender, aging, obesity, tobacco consumption,
and Helicobacter pylori eradication[42,49,50]. Of note, studies on BE pathogenesis could
provide approaches to prevent EAC development, and even inhibit carcinogenesis[51].
However, preventive strategies are lacking. The roles of exosomes and exosomal
miRNAs in BE/EAC progression cannot be ignored. Although studies of associations
between miRNAs and BE/EAC are increasing, little is known about the relationships
between circulating exosomes and the pathogenesis of BE/EAC. This review will
focus on the features of circulating exosomal miRNAs in patients with BE/EAC,
which could have the potential to promote disease development and be used as
noninvasive biomarkers to help improve early diagnosis, therapeutic approaches, and
outcome prediction in BE/EAC.
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Figure 2 Function of exosomal microRNAs in recipient cells. The RNA molecules in exosomes are cell-specific
and tissue-specific. MicroRNAs (miRNAs) can interact with the mRNA 3'-untranslated region via their seed sequence
and then interfere with the expression of target genes post-transcriptionally to regulate physiological and pathological
processes, such as cell proliferation, differentiation, migration, and apoptosis. miRNA: microRNA.

FUNCTIONAL ATTRIBUTES OF CIRCULATING EXOSOMES
Foremost among all exosomal functions is the information transfer from parental cells
to recipient cells[26]. Cellular communication can occur in several ways, including
chemical receptor-mediated interaction, direct cell-cell contact, and synapses.
Communication between cells is pivotal, and interactions between tumor cells are
important for progression, angiogenesis, and invasiveness. Exosomes may represent a
novel and essential way of intercellular communication and interaction, as exosomes
not only participate in the local environment but also function at a distance by
endocrine means[25,52]. After fusion with the cellular membrane, exosomes are released
into the extracellular microenvironment and then circulate to serve as communication
agents. Their surface proteins, lipids, and inner contents, including soluble factors,
enzymes, DNA and RNA, are biologically active and capable of influencing the
functions of recipient cells [2,53,54] . Exosomes can interact with surface membrane
molecules, fuse with the recipient cell membrane directly, or be endocytosed in a
nonselective way to transfer their inner components (Figure 3). In addition, exosomes
can release small aggregates or be cleaved by proteases and then be taken up via a
phagocytic mechanism by neighboring cells or act as ligands.
In addition to protein transfer, exosomes also contribute to the intercellular
transmission of genetic information in the form of miRNAs[3,55], which are protected
from degradation by ribonucleases (RNase) [31] . Some exosomal miRNAs can be
detected in parental cells, while some can only be detected in either exosomes or
parental cells, which may suggest programmed sorting of miRNAs into exosomes[31,56].
A number of studies have proposed several potential mechanisms by which exosomal
miRNAs participate in human carcinogenesis through complicated interactions with
the human host immune system and signaling pathways [2,10,15] . Tumor-derived
exosomes can carry immunosuppressive molecules and factors that interfere with
immune cell functions and then affect the development and maturation of immune
cells[2]. Moreover, exosomes may reprogram the receipt cell functions to promote
tumor progression after delivering genomic miRNAs [2] . Circulating exosomes
definitely have the potential to be noninvasive biomarkers of disease progression and
exert certain effects on disease pathophysiology. Therefore, the interactions and
underlying mechanisms between exosomes and various diseases should be
determined.

CIRCULATING EXOSOMES AS BIOMARKERS FOR BE AND
EAC
The diagnosis of BE and EAC is mainly based on gastrointestinal endoscopic
procedures and histopathological examinations. To investigate tissue miRNAs for BE
diagnosis, Li et al[57] analyzed the miRNA expression profiles of two independent sets
of patients with BE and without BE. After microarray and Nanostring nCounter
assays and target prediction using the related database and microarray datasets, the
increased expression of miR-192 and miR-194 attracted their attention. The authors
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Figure 3 Mechanisms of transfer of exosomal components between cells. Exosomes are membrane-bound
extracellular vesicles that are released from their parental cell membrane by shedding or budding of multivesicular
bodies. Exosomes contain a set of proteins, lipids, and nucleic acids. Exosomes can interact with surface membrane
molecules, fuse with the recipient cell membrane directly, or be endocytosed in a nonselective way to transfer their
inner components. In addition, exosomes can release small aggregates or be cleaved by proteases, and then be
taken up via a phagocytic mechanism by neighboring cells or act as ligands. Therefore, exosomes may regulate
functions of neighboring cells and distant cells by means of autocrine, paracrine, and endocrine mechanisms, as a
novel communication method between cells. MVB: Multivesicular bodies.

indicated that miR-194 negatively regulated GRHL3 expression, which can result in
the development of squamous cell carcinoma and is known to activate PTEN
transcription [58] . Thus, the miR-194-GRHL3-PTEN network may regulate normal
esophageal cell growth and be involved in BE pathogenesis[57]. Luzna et al[59] indicated
that the combination of upregulated miR-192 and miR-196a and downregulated miR203 in esophageal tissues could be the biomarker to distinguish BE patients from the
general population and independently diagnose patients with BE in spite of the fact
that the histological examinations were unclear. Their data also showed that miR-196a
could be considered a BE molecular biomarker, demonstrating that increased
expression of miR-196a correlated with the progression from intestinal metaplasia to
EAC[59]. MiR-196a was also proposed to be a potential marker of progression from BE
to EAC by Maru et al[60], and they suggested that miR-196a could suppress the protein
translation of KRTS, SPRRZC, and S100Ag to promote BE proliferation. Moreover,
miR-145 could alter BMP4 signaling by inhibiting the translation of the transcription
factor GATA6 to promote columnar epithelial differentiation and proliferation, which
may be important for BE formation, development, and malignant transformation[61,62].
More studies have been conducted, and current data indicates that the expression
levels of miR-21, miR-25, miR-143, miR-145, miR-192, miR-194, miR-196a, miR-215,
and miR-223 are increased in BE/EAC tissues, while miR-136, miR-203, and miR-205
have been reported to be downregulated[57,59-72]. Moreover, the upregulated levels of
miR-194-5p and miR-215-5p were shown to be specific to BE epithelium and have a
high accuracy in BE diagnosis[57,73]. Furthermore, the miRNAs were differentially
expressed among tissues from controls, BE, low-grade dysplasia, high-grade
dysplasia (HGD), and EAC, indicating altered expression in the metaplasia-dysplasiaadenocarcinoma sequence[64]. However, Garman et al[74] indicated that miRNAs differ
between squamous esophageal epithelium and BE/EAC but could not differentiate
between BE and EAC patients. Nevertheless, it is clear that miRNAs play an
important role in BE and EAC pathogenesis.
The studies above were mainly focused on esophageal tissue samples, and the
sampling procedures were not pleasant, convenient, or economical. Researchers and
medical doctors have made great efforts to seek a potent diagnostic tool to identify
patients with BE/EAC from patients with other esophageal diseases. Due to the
nature of chronic inflammatory diseases with progressive stages, searching for
economic and convenient miRNA biomarkers for BE/EAC has been a challenge.
Biological fluids have a complicated extracellular milieu and include several kinds
of RNA transporters[17], such as serum and plasma. Extracellular RNAs are bound to
different carriers, including protein complexes, lipoproteins, and exosomes [17,75] .
Numerous studies on extracellular miRNAs have indicated that circulating miRNAs
can be potential biomarkers and reflect different aspects of pathophysiological
conditions in a vast array of diseases [9,65,75-77] . Moreover, studies identifying the
correlations between circulating and tissue miRNAs could support the hypothesis
that circulating miRNAs could serve as biomarkers for various diseases[66]. In 2016,
Bus et al[65] performed miRNA expression profiling using plasma from 8 EAC patients,
8 BE patients, and 6 controls, and validation of the array data (6 selected miRNAs)
was conducted in 115 plasma samples of another set of 59 EAC patients, 41 BE

WJG

https://www.wjgnet.com

2893

June 14, 2020

Volume 26

Issue 22

Lv J et al. Exosomal miRNAs in BE and EAC

patients, and 15 controls. They proposed that circulating miRNAs were differentially
expressed in EAC and BE. Specifically, their data showed that the expression levels of
miR-194-5p and miR-451a were significantly increased while miR-136-5p was
significantly decreased in BE. In addition, miRNA-382-5p was significantly
upregulated and miR-133a-3p was significantly downregulated in EAC [65] . After
comparison with their previous data using tissue samples[61], the authors indicated
that miR-194-5p and miR-451a were upregulated in both tissue and plasma samples
from BE patients compared to controls, and miR-194-5p was more highly expressed in
both tissue and plasma samples from EAC patients compared to controls [65] .
Moreover, miR-451a was shown to be downregulated in both tissue and plasma
samples from EAC patients compared to BE patients[65]. Fassan et al[78] collected a series
of 280 gastroesophageal biopsies and 80 plasma samples from patients with a
spectrum of phenotypic changes involved in the gastroesophageal carcinogenetic
process, and the results indicated that miR-223 was overexpressed in tissue samples at
an early stage in BE patients and that its level in plasma samples was also upregulated
in EAC patients. Another study conducted by Cabibi et al [66] showed that the
expression levels of miR-143, miR-145, miR-194, and miR-215 were increased in BE
tissues compared to controls, and indicated that circulating serum miR-143, miR-194,
and miR-215 were also upregulated in BE patients. Compared to the current routine
surveillance and management endoscopy program with histopathological
examination of tissue biopsies, a blood-derived test could be considerably more
convenient, less invasive, and more cost-effective. Several studies[79,80] analyzed the
miRNA expression profiles in both plasma and serum samples and found little
differences in the expression of circulating miRNAs; however, further validation is
required.
Circulating miRNAs are present in various forms, and circulating exosomal
miRNAs could be detected more stably and accurately because of the membranous
envelope and protection from RNase degradation [ 8 , 9 , 8 1 , 8 2 ] . Researchers have
investigated whether exosomal miRNAs could be more related to disease states than
total miRNAs in the circulation. Ashby et al[75] separated different miRNA carriers in
serum using asymmetrical flow field flow fractionation and demonstrated that
accurate quantification yielded different distribution profiles in each fraction.
Distribution profiling could reveal more distinct differences in miRNA expression
between healthy controls and cancer patients[75]. Zhao et al[83] compared the miRNA
expression profiles in bovine serum and exosomes and showed that the profiles of
total miRNAs in serum and exosomes were quite different, such as miRNA numbers,
types, and expression levels. Exosomes had fewer miRNAs and represented about
78% of the total miRNAs detected in serum. In the same year, Castoldi et al [84]
investigated the characteristics of vesicular and nonvesicular miRNAs in
hepatectomized rats, and their results suggested that the altered expression profile of
either vesicular or non-vesicular miRNAs may be more related to diseases and could
be novel disease-associated biomarkers instead of total miRNAs isolated from
serum/plasma.
Many existing studies have indicated that circulating exosomes in biological fluids
could play a role in cellular communication and pathogenesis by delivering specific
molecules from the parental cells to distant target cells. Research on miRNA profiling
of disease-related circulating exosomes may help determine the potential use of
exosomes as diagnostic biomarkers through noninvasive blood tests[1]. Moreover, the
pathological state of cancer cells may be reflected by exosomal shuttle profiling[85].
Thus, circulating exosomal miRNAs have attracted great attention and could be a
potential approach in biomarker exploration[8].
For the first time, Warnecke-Eberz et al[85] compared the exosomal miRNA profiles
of EAC patients with those obtained from healthy controls in a study of matched
primary tumor and normal tissues from EAC patients. They proposed that "exosomal
onco-miRNAs", including miR-126-5p, miR-146a-5p, miR-192-5p, miR-196b-5p, miR223-3p, miR-223-5p, miR-409-3p, and miR-483-5p, were overexpressed in exosomes
and tumor tissues compared with the corresponding normal tissues. Moreover, miR22-3p, miR-23b-5p, miR-27b-3p, miR-149-5p, miR-203-5p, miR-224-5p, miR-452-5p,
miR-671-3p, miR-1201-5p, and miR-944-5p were significantly downregulated in EAC
tissues or were undetectable in serum exosomes isolated from EAC patients. Hence,
the authors suggested that the "exosomal onco-miRNAs" may play a major role in
carcinogenesis and could be applied for diagnosis and therapy monitoring of EAC
patients as a noninvasive tool. While Chiam et al[86] first compared the expression
profiles of circulating exosomal miRNAs among 18 patients with locally advanced
EAC, 10 patients with BE, and 19 healthy controls to investigate the value of
circulating exosomal miRNAs to discriminate EAC patients from BE patients and
healthy controls. The researchers mainly focused on the miRNA ratios and all possible
permutations of miRNA ratios for each subject and indicated that a multi-biomarker
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panel, which included RNU6-1/miR-16-5p, let-7e-5p/miR-15b-5p, miR-17-5p/miR194-5p, miR-25-3p/miR-320a, and miR-30a-5p/miR-324-5p, had a higher sensitivity
and specificity over single miRNA ratios to identify EAC patients from BE patients
and healthy controls[86]. The ratio method that they used can be potentially used to
overcome the limitations associated with global normalization approaches, which is
vital for accurate assessment of miRNA data [86] . Despite the exciting results, the
number of studies on circulating exosomal miRNAs in BE/EAC is limited to date, and
further studies on exploration and validation are needed to identify specific and
unique exosomal miRNAs in BE/EAC. Furthermore, there remains a critical need to
develop molecular biomarkers to stratify cancer risks in BE patients as well[87].
Among the studies mentioned above, some focused on tissue miRNAs, while
others focused on total circulating miRNAs or isolated exosomal miRNAs, some of
which used the miRNA expression panels for differentially expressed miRNAs.
Circulating biomarkers could provide an exciting approach to overcome sampling
issues and be more convenient, stable, and reliable to translate into a clinically useful
test. The ideal biomarker for clinical application should become positive at the early
stage of a disease process and remain positive throughout the rest of the disease
stages for surveillance[87]. The diagnosis of BE/EAC at an early stage could improve
prognosis, and circulating exosome analysis may be implicated in diagnosis and
therapy monitoring. MiRNAs that are dysregulated in both tumor tissues and
circulating exosomes may satisfy this diagnostic criterion[85]. The value of circulating
exosomal miRNAs as biomarkers for early disease detection in the clinic has to be
examined and verified in a prospective study. Since the exact origins and functions of
circulating miRNAs and circulating exosomal miRNAs are unknown and the study
subjects and methods for detecting miRNA data are diverse, we could not fully
explain the obtained results or clearly elucidate the underlying mechanisms.
Additionally, data normalization remains an important issue because of variations
between studies, and miRNAs have not been implemented in the clinical setting
because of conflicting results from various studies. The reproducibility of circulating
miRNAs is quite important, and their changes in expression over time also need to be
clarified[2,77].

CIRCULATING EXOSOMES AS THERAPEUTIC
APPROACHES FOR BE AND EAC
Since exosomes carry cell-specific cargoes that could regulate recipient cell functions,
is there any possibility that exosomes could be used as a therapeutic approach that
can be applied in the clinic?
The findings of RNA-containing exosomes in serum/plasma suggest the possibility
of delivering RNAs to distant cells at least theoretically. Valadi et al[31] indicated that
exosomes isolated from cell supernatants of a mouse and a human mast cell line, as
well as primary bone marrow-derived mouse mast cells, contain RNAs, many of
which are not present in the cytoplasm of exosome-derived cells. These RNAs,
including mRNAs and miRNAs, could be transferred into recipient cells and could
function in these cells[31]. In addition, exosome-mediated transfer of RNA information
from human liver stem cells could stimulate liver regeneration in a model of 75%
hepatectomy[88]. Camussi et al[89] also suggested that exosomes could transfer selected
proteins, mRNA, and miRNAs between stem cells and differentiated cells and act as
paracrine signaling mediators. Exosomes derived from injured tissues may also
reprogram the phenotype of bone marrow or resident stem cells by transferring
genetic information[89]. Additionally, stem cell-derived exosomes may reprogram cells
that survive injury and favor tissue regeneration[89]. The mRNA and miRNA cargoes
may raise the possibility of genetic information transfer and functional alteration in
recipient cells[90]. The ability of exosomes with different origins to modulate different
functions suggests that exosomes may be used as a therapeutic method[89].
Although studies on how exosomal miRNAs alter target cell functions are rare in
BE/EAC, there are still some exciting and promising clues that could encourage
continuing research. For instance, miR-223-overexpressing EAC cells had significantly
higher migratory and invasive potential than transfected control cells, and miR-223
may also modulate sensitivity to chemotherapy by targeting PARP1[63]. In addition,
because miR-145 could alter BMP4 signaling by inhibiting the translation of the
transcription factor GATA6 to promote columnar epithelial differentiation and
proliferation, manipulation of BMP4 signaling by targeting miR-145 may be of great
use to prevent BE development and even progression in BE patients at high risk[61,62].
Future validation work is needed to explore the possible therapeutic role of miR145 [61] , and whether mRNAs and miRNAs entering target cells can activate
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translational control mechanisms remains to be further investigated. However,
several clinical trials have tested the use of exosomes with limited success[91-93]. Despite
these ambiguous data, targeting exosomes or generating exosomes containing
requisite miRNAs may be a viable method to enhance therapeutic activity, and the
reduction of exosome release or depletion of certain circulating exosomes could also
be another method for therapy[94].

CIRCULATING EXOSOMES FOR OUTCOME PREDICTION IN
BE AND EAC
The dismal outcome of EAC patients highlights the need for novel prognostic
biomarkers. In the interest of exploring the predictive value of miRNAs in the
progression from BE to EAC, Revilla-Nuin et al [95] conducted the first long-term
follow-up study to our knowledge. MiR-192, miR-194, miR-196a, and miR-196b were
shown to have significantly higher expression in tissues from BE patients with
progression to EAC compared to that from other BE patients without progression to
EAC[95], which suggested that altered miRNA expression could identify BE patients
with higher risks for progressing to EAC and indicated the potential use of miRNAs
for surveillance and management of this malignancy. Leidner et al[87] compared the
miRNA expression profile in esophageal tissues, including disease tissues and paired
normal esophageal squamous tissues from patients with BE, HGD, and EAC using
next-generation sequencing. They found that the majority of dysregulated miRNAs
were commonly expressed in HGD and EAC lesions [87] . However, the authors
indicated that the reduced expression of miR-31 and miR-375 may be candidate
biomarkers of multistep malignant progression after comparison of BE, HGD, and
EAC lesions and suggested that these two downregulated miRNAs may be associated
with a poor prognosis in patients with EAC after analysis of survival data from EAC
patients[87]. In addition, Mathe et al[68] indicated that low expression of miR-375 in
cancerous tissues was strongly associated with a worse prognosis in EAC patients
with BE. MiR-223 was also significantly upregulated along with the metaplasiadysplasia-adenocarcinoma progression sequence[63]. Moreover, Saad et al[71] showed
that the expression of miR-21, miR-31, miR-192, and miR-194 was upregulated in BE
adjacent to HGD compared to isolated BE samples. In addition, downregulated miR203 was significantly associated with tumor progression of EAC, while the expression
of miR-192, miR-194, and miR-200a was higher in stage I than in advanced stages of
EAC, which suggested that these miRNAs might serve as biomarkers for disease
progression and outcome prediction.
These data suggested that the miRNAs could be used as biomarkers for BE/EAC to
screen and monitor patients at high risk of progression to EAC. However, it is still
uncertain whether these miRNAs have a role in the progression sequence or are
merely biomarkers. Additionally, these results were based on tissue samples, not
circulating exosomal miRNAs. Current studies have established the role of circulating
exosomal miRNAs in BE and EAC, but associations between miRNA profiles and the
outcome of BE/EAC patients are still under investigation.
A molecular biomarker that predicts the progression in the metaplasia-dysplasiaadenocarcinoma progression sequence of BE and EAC should be of high value in
identifying individuals who have higher risks and need closer surveillance and would
be of great use to formulate rational therapeutic interventions[87]. The most promising
surveillance and prediction programs should contain risk stratifications with a variety
of biomarkers. MiRNA expression profiling could expand the current knowledge on
molecular pathology and BE/EAC carcinogenesis, and enable the identification of
molecular biomarkers for the early detection and stratification of BE and prediction of
progression to EAC [64] . A large-scale multi-center study is important for clinical
application to rationalize these strategies in BE/EAC patients.

CONCLUSION
Almost all cells release exosomes, and exosomal miRNAs can either repress the
translation of or induce the degradation of multiple target mRNAs, and thus regulate
the expression of certain genes in recipient cells[96,97]. Circulating exosomes from
patients with different cancers carry cancer-specific miRNAs that might be correlated
with cancer progression and therapeutic reactions[98,99]. BE provides a good mechanism
to study carcinogenesis of EAC[48], and the number of studies on how circulating
exosomes relate to BE/EAC is increasing. However, only a few studies have focused
on the effects of exosomes from specific cell types in vivo[100], and little attention has
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been paid to the etiology and molecular mechanisms. Exploring and understanding
how circulating exosomes derived from specific cells function to influence
pathophysiology and progression could improve the early diagnosis, prevention, and
therapeutic approaches of BE and EAC.
Despite the progress made by studies on the feasibility and safety of using
circulating exosomal miRNAs of BE and EAC in the clinic, their application in
diagnosis, therapeutic utility, and outcome prediction remains a difficult problem to
solve. Moreover, there are some limitations of exosomal analysis based on biological
fluids. First, the techniques for extraction and isolation of circulating exosomes are not
widespread, and they are mainly used in scientific research. Moreover, the
experimental conditions should be standardized in such studies, and the results
should be reproducible. Second, the cellular origins of exosomes are important, so
further investigations are needed to determine the cells that secrete exosomes
containing functional RNAs. Although exosomes are mainly derived from platelets in
the circulation of healthy controls, exosomes can originate from a wide array of cells
under pathological conditions[89], and normal cells could also secrete exosomes into
biological fluids, which may affect the purity of biological fluid-extracted exosomes.
To understand the molecular specialty of cell-derived exosomes in diseases, exosomal
preparation free of normal cell-derived exosomes is needed. Therefore, the cellspecific and tissue-specific signatures should be verified, and the purification
strategies should be well defined. A new valuable tool is ExoCarta[101,102], a database of
previously conducted exosomal proteomic and transcriptomic studies. Tissue-specific
proteins and RNAs in exosomes from certain diseases are identified and listed in
ExoCarta[101,102]. Third, the functions of circulating exosomal miRNAs are largely
unknown, and how the direct and indirect interactions between exosomal miRNAs
and esophageal epithelium regulate local inflammation is still not completely
understood. Thus, functional studies on potent miRNAs in the extracellular
microenvironment and recipient cells should be conducted, which could provide
important information on the mechanisms of the pathophysiology and progression of
BE/EAC. Additionally, the timing of the changes in exosomal miRNAs in the
circulation during disease progression should be elucidated. Since exosomes in
biological fluids could be easily screened for cancer genetic markers[31], the removal of
harmful plasma exosomes might be beneficial in certain pathological conditions[94].
Moreover, if engineering exosomes by specific nucleic acids could be achieved, the
delivery of nucleic acids by exosomes would make exosomes ideal candidates as
vectors for gene therapy[31]. Further investigation should also be helpful in defining
the different regulatory activities of exosomes and the mechanisms of their targeting
to recipient cells. Last, the sample sizes of related studies were not large enough, and
current data are too limited to draw definitive conclusions. Study results are not
completely reliable and consistent, and no consensus about the changes in circulating
exosomal miRNAs has been researched. Thus, circulating exosomal miRNAs that
could differentiate BE/EAC patients from other subjects have not been identified. Of
note, miRNA panels have shown a better sensitivity and specificity than one single
miRNA, and we still need to identify the distinct exosomal miRNAs that could be
biomarkers for BE/EAC[90]. Without doubt, confirming the underlying mechanisms is
complicated but also crucial, and the identification of a panel of miRNAs responsible
for BE/EAC requires considerable effort.
Currently, endoscopic procedures and histopathological examinations are still the
gold standard for BE/EAC diagnosis, and endoscopic therapy and surgery continue
to be the optimal therapeutic approaches. The cost-effectiveness and feasibility of
gastrointestinal endoscopy application urge us to seek a more effective and less
invasive method to screen BE and EAC[103]. Since early detection of EAC will improve
patient survival rates and quality of life[42], individuals with high risks for BE/EAC
will benefit from screening and early diagnosis, and medical resources could be
distributed more effectively. The associations between circulating exosomal miRNAs
and BE/EAC have been indicated in the discussed studies, and the exciting roles of
exosomal miRNAs give us an opportunity to explore carcinogenesis from another
respective. Future prospective studies are needed to determine when circulating
exosomal miRNAs change during disease onsets, identify potential targets for
prevention, early diagnosis, and therapy, and improve our understanding of
pathogenesis.
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Abstract
With over 100000 hospital admissions per annum, acute pancreatitis remains the
leading gastrointestinal cause of hospitalization in the United States and has farreaching impact well beyond. It has become increasingly recognized that druginduced pancreatitis (DIP), despite accounting for less than 3% of all cases,
represents an important and growing though often inconspicuous cause of acute
pancreatitis. Nevertheless, knowledge of DIP is often curtailed by the limited
availability of evidence needed to implicate given agents, especially for nonprescription medications. Indeed, the majority of available data is derived from
case reports, case series, or case control studies. Furthermore, the mechanism of
injury and causality for many of these drugs remain elusive as a definitive
correlation is generally not established (< 10% of cases). Several classification
systems have been proposed, but no single system has been widely adopted, and
periodic updates are required in light of ongoing pharmacologic expansion.
Moreover, infrequently prescribed medications or those available over-thecounter (including herbal and other alternative remedies) are often overlooked as
a potential culprit of acute pancreatitis. Herein, we review the ever-increasing
diversity of DIP and the potential mechanisms of injury with the goal of raising
awareness regarding the nature and magnitude of this entity. We believe this
manuscript will aid in increasing both primary and secondary prevention of DIP,
thus ultimately facilitating more expedient diagnosis and a decrease in DIPrelated morbidity.
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Core tip: Despite living in an era of pharmacologic expansion, our knowledge of druginduced pancreatitis (DIP) is often curtailed by evidence needed to implicate particular
medications. Several causative agent classification systems (with medication lists) have
been reported and their mechanisms proposed. Nonetheless, they require regular updates
and a complete review of this topic is warranted. In addition, infrequently prescribed
medications or those available over-the-counter are often omitted from those
summarized lists. We review the ever-increasing diversity of DIP and their potential
mechanisms of injury to aid in increasing both primary and secondary prevention of DIP.
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INTRODUCTION
Acute pancreatitis is an acute, inflammatory, potentially life-threatening condition of
the pancreas. With over 100000 hospital admissions per annum, acute pancreatitis is
the leading gastrointestinal cause of hospitalization in the United States and the 10th
most common non-malignant cause of death among all gastrointestinal, pancreatic,
and liver diseases[1-3]. It is a major cause of morbidity and healthcare expenditure not
only in the United States, but worldwide. There are numerous established etiologies
of acute pancreatitis, among which gallstones and alcohol are the most common (40%70% and 25%-35%, respectively)[4]. The remaining cases are primarily attributable to
the following etiologic factors: Hypertriglyceridemia, autoimmune, infection,
hyper/hypocalcemia, malignancy, genetics, endoscopic retrograde cholangiopancreatography, and trauma. Despite accounting for approximately only 1%-2%
of cases overall, drug-induced pancreatitis (DIP) has become increasingly recognized
as an additional and vitally important, albeit often inconspicuous, etiology of acute
pancreatitis[5,6].
The World Health Organization database lists 525 different medications associated
with acute pancreatitis (i.e. DIP)[7]. Many of these medications are widely used to treat
highly prevalent medical conditions. Unfortunately, few population-based studies on
the true incidence of DIP exist, limiting knowledge of true incidence and prevalence.
In this setting, we review the ever-increasing diversity of DIP, with emphasis on the
wide range of drug classes reported and their respective pathophysiologic
mechanisms - in an attempt to raise awareness of the true and underestimated
prevalence of DIP. We hope this manuscript will aid in increasing secondary
prevention of DIP ultimately leading to a decrease in overall acute pancreatitis-related
hospitalizations and economic burden on the health care system.

PUBLIC HEALTH IMPORTANCE OF DIP
As there is no standardized approach to stratifying patients to determine their risk of
developing acute pancreatitis, primary prevention for the majority of etiologies
cannot be fully implemented. Secondary prevention of acute pancreatitis, on the other
hand, can more easily be executed. For example, abstinence from alcohol reduces the
risk of alcoholic pancreatitis, cholecystectomy reduces the risk of gallstone
pancreatitis, and tight control of triglycerides reduces the risk of recurrent episodes of
pancreatitis secondary to hypertriglyceridemia. On this notion, unique to DIP, is the
fact that it can be prevented in both the primary and secondary fashion.
Unfortunately, however, most of the available data in reference to DIP is derived from
case reports, case series, or case control studies. In this vein, the causality between
specific medications and acute pancreatitis has been established in only a minority of
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cases (< 10%)[7]. In addition, oftentimes, lack of a known etiology for acute pancreatitis
directly increases length of hospitalization due to delayed diagnosis and subsequent
treatment[8,9]. Moreover, patients unaware of an adverse drug reaction to a prior
medication may continue taking that medication leading to repeat hospitalizations[8,9].
Finally, with the rapid expansion of pharmacologic agents, widespread legalization of
cannabis, increase in recognized medications, supplements, and alternative
medications reported to induce pancreatitis, the need to become familiar with this
esoteric group remains imperative, and knowledge in the form of awareness
regarding certain medications is warranted[10-12].

CHALLENGES IN ESTABLISHING A DIAGNOSIS OF DIP
Numerous factors limit the ability of clinicians to causally link acute pancreatitis with
medications. First, the lack of mandatory adverse drug reporting systems allow many
cases to go unreported[6]. Second, bias exists, in the sense that clinicians tend to forgo
linking unusual medication suspects to a rare adverse event [6] . Third, it is often
difficult to rule out other, more common, causes of drug-induced pancreatitis,
especially in patients who have multiple comorbidities and underlying risk factors[6].
Fourth, many cases lack a re-challenge test or drug latency period to definitively link
acute pancreatitis to a particular drug[13]. Finally, evidence is lacking to support the
use of any serial monitoring technique - namely, imaging or pancreatic enzymes to
help detect cases of drug-induced pancreatitis [14] . Despite these limitations, as
illustrated in Figure 1, following a thorough algorithm can aid in detecting cases of
drug-induced pancreatitis that would otherwise have been difficult to diagnose
(Figure 1).

APPROACH AND AVAILABLE METHODS TO ESTABLISH
DIP
In accordance with the aforementioned limitations, evidence implicating numerous
medications is inconsistent and, at times, even contradictory. Hence, although not
uniform, nor universally accepted, official tier systems exist to help quantify the
likelihood of a drug to be established as a culprit of acute pancreatitis. The earliest
classification system was developed in 1980 and was designed to include three
classes; Class I: Included drugs that were implicated to induce pancreatitis in a
minimum of 20 cases of which at least one case documented drug re-exposure, Class
II: Included drugs that were implicated to induce pancreatitis in 10-20 cases with or
without documented drug re-exposure, and Class III: Included all drugs implicated in
pancreatitis[15] (Table 1). Trivedi et al[16] reviewed the top 100 prescription medications
in the United States for their association with acute pancreatitis using this three-tier
classification system. They noted that, of the top 100 most frequently prescribed
medications, 44 were Class III pancreatitis medications. Additionally, 14 of these
medications were Class I or II[16].
The most recent classification system was developed by Badalov et al[13], in which
the authors categorized implicated drugs into four classes (Table 2). Class I drugs are
medications in which a re-challenge was established in at least one case report. This
class is further divided into whether other causes of acute pancreatitis were ruled out
(Ia) or not (Ib). Class II drugs are medications in which there is a latency period in
75% of at least four reported cases, all with no evidence of re-challenge. Class III
drugs are medications that neither a re-challenge nor a consistent latency period was
established but had two or more case reports published. Class IV drugs are
medications that neither a re-challenge nor a consistent latency period was
established, and only 1 case report had been published[13].
Additionally, the Naranjo adverse drug reaction probability scale can be helpful in
establishing the degree of association between a drug and an adverse reaction[17]. This
tool determines the likelihood of an adverse drug reaction based on the cumulative
score on 10 questions. A score of < 1 signifies a doubtful drug reaction, 1-4 a possible
drug reaction, 5-8 a probable drug reaction, and > 9 a definitive drug reaction (Figure
2).
Finally, and most recently, our proposed specific drug-induced pancreatitis
probability scale (modified from the Naranjo scale to be more pancreatitis-specific)
can serve as a standardized tool for determining the likelihood of drug-induced
pancreatitis based on the aggregate score from a series of 10 questions. A score of < 2
suggests doubtful DIP, 3-5 possible DIP, 6-8 probable DIP, and > 9 highly probable
DIP (Figure 3). We believe this tool, in particular, enhances one’s ability to accurately

WJG

https://www.wjgnet.com

2904

June 14, 2020

Volume 26

Issue 22

Weissman S et al. Ever-increasing diversity of DIP
Figure 1

Figure 1 Flow diagram to help identify the potential cause of acute pancreatitis, including cases of drug-induced pancreatitis. ERCP: Endoscopic retrograde
cholangiopancreatography; FDA: Food and Drug Administration.

identify and implicate potential acute pancreatitis-causing drugs.

DRUGS AND MECHANISMS INVOLVED
While consensus has yet to be reached regarding the cause of drug-induced
pancreatitis in many cases, numerous potential mechanisms have been speculated.
These include, pancreatic/biliary duct constriction, cytotoxic effects, metabolic effects,
accumulation of a toxic metabolite or intermediary, and idiosyncratic and/or
hypersensitivity reaction, with idiosyncratic response or direct toxic effect likely
accounting for the majority of cases[18,19] (Figure 4).
Studies concerning the incidence of drug-induced pancreatitis have established a
range of 0.3% to 1.4% of all acute pancreatitis cases being due to drugs[5,20-22]. Certain
medications such as azathioprine/mercaptopurine and didanosine are well-known
culprits of drug-induced pancreatitis with incidences of 5% and 23% respectively[23].
As illustrated in Table 3, compiling a list of drug classes implicated in pancreatitis
may yield clinical use owning to increased clinician awareness of other medications in
these classes.

Statin-induced pancreatitis
Among the many drugs that have been associated with pancreatitis, statins have been
increasingly reported as a cause of acute pancreatitis [19,24] . In fact, as numerous
members of this class (atorvastatin, fluvastatin, rosuvastatin, simvastatin, and
pravastatin) have been implicated in acute pancreatitis, statin-induced pancreatitis
may indeed be a class-effect [19,24] . Mechanisms of action of statin-induced acute
pancreatitis are associated with rhabdomyolytic and cytochrome P-450 interactions
leading to an immune-mediated inflammatory response, direct cellular toxicity, or
perhaps a metabolic effect[25]. As with many other drugs, its true prevalence in acute
pancreatitis remains unknown, as the onset of statin-induced pancreatitis has been
observed from hours to years after treatment[25]. Interestingly, the degree of P-450
CYPA4 inhibition correlates with individual statin safety profiles[26].
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Table 1 The earliest classification system of drug-induced pancreatitis, as proposed by Trivedi et al[16]
Class I

Class II

Class III

≥ 1 case documenting a positive re-challenge

With or without drug re-challenge

All drugs associated with drug induced pancreatitis

≥ 20 case reports

10-20 case reports

< 10 case reports

5-aminosalicylic acid-induced pancreatitis
Although rare, several 5-aminosalicylic acid (5-ASA)-induced acute pancreatitis cases
have been published in the literature. Interestingly, both oral and enema mesalamine
preparations have been implicated in causing pancreatitis within days [27,28] . In
addition, sulfasalazine has been implicated in inducing pancreatitis perhaps through
an immune-mediated mechanism [29] . In general, however, a hypersensitivity
mechanism seems to be involved and pancreatitis can occur from days to years after
starting mesalamine therapy[27,29].

Antibiotic-induced pancreatitis
Metronidazole has been reported in association with acute pancreatitis, although the
mechanism is not fully known[30,31]. Free-radical production, immune-mediated, direct
toxic affect, and metabolic effects have been suggested as possible pathophysiological
mechanisms[30,31]. Notably, a study showed that patients receiving metronidazole as
part of Helicobacter pylori triple-therapy have an approximate eight-fold increased risk
of acute pancreatitis [32] . The tetracycline class (tetracycline, minocycline, and
oxytetracycline) has also been associated with acute pancreatitis, with the mechanism
believed to be a direct toxic-effect, or hypersensitivity reaction [33-36] . In addition,
numerous cases of erythromycin-induced pancreatitis have been reported to date[37,38].
Although less established, other antibiotics such as ampicillin, ceftriaxone,
clarithromycin, trimethoprim-sulfamethoxazole, and nitrofurantoin have been
implicated in pancreatitis as well[39-43].

Steroid and non-steroidal anti-inflammatory drug-induced pancreatitis
Numerous steroids (dexamethasone, prednisone, prednisolone, cortisone acetate, and
adrenocorticotropic hormone) have been associated with inducing acute pancreatitis
nearly all with a short latency period[44-47]. As a large proportion of these cases resulted
in death, it has been suggested that this drug class may be linked to a more severe
disease course [13,46] . The most common non-steroidal anti-inflammatory drugs
(NSAIDs) that have been reported to cause pancreatitis are sulindac and salicylates,
with latency ranging from weeks to years, however others have been implicated as
well[48-55]. A clear limitation that exists is the fact that NSAIDs may be initiated in
response to early symptoms of unrecognized pancreatitis leading to erroneously
attributing the pancreatitis to this class of medication[56,57]. Interestingly, naproxen has
been recommended as the preferred analgesic in this scenario owning to its limited
risk of inducing acute pancreatitis[58]. The mechanism being, a structural (compression
or obstruction) effect on the sphincter of Oddi leading to acute pancreatitis. Of note,
both diclofenac and indomethacin may significantly reduce the risk of acute
pancreatitis post-endoscopic retrograde cholangiopancreatography[59,60].

Immunotherapy-induced pancreatitis
Immunotherapy agents have long been associated with acute pancreatitis, however
their increased use in recent decades has led to a concomitant increase in immunotherapy-associated pancreatitis. Interleukin-2 immunotherapy-associated
pancreatitis in particular has been reported[61]. The mechanism of injury is believed to
be either immune-mediated or a direct drug toxicity. Newer programmed cell death
protein 1 blockers (i.e. nivolumab) and anti-cytotoxic T-lymphocyte-associated protein
4 agents (i.e. ipilimumab) have been associated with acute-pancreatitis as well[62,63]. The
exact mechanism is currently unknown, but it is speculated to be associated with Tlymphocyte mediated inflammation[62,63].

Angiotensin-converting-enzyme inhibitor-induced pancreatitis
There have been many well-documented case reports of acute pancreatitis due to
Angiotensin-converting-enzyme inhibitors (ACE-Is) [64-70] . One case-control study
suggested a dose-dependent correlation with an odds ratio of 1.5[71]. While enalapril
has been the most extensively reported culprit in this class[64,69], other agents (such as
lisinopril, captopril, ramipril, benazepril, quinapril, and perindopril) have been
described in the literature as well[65-68,70-72]. Similar to ACE-Is, angiotensin receptor
blockers (such as telmisartan and losartan) has also been implicated in acute
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Table 2 The more recent classification system of drug-induced pancreatitis, proposed by Badalov et al[13]
Minimum No. of case reports

Re-challenge required

Latency established

Alternative causes of pancreatitis excluded

Class Ia

1

Yes

N/A

Yes

Class Ib

1

Yes

N/A

No

Class II

4

No

Yes1

N/A

Class III

2

No

No

N/A

Class IV 1

No

No

N/A

1

In greater than 75% of cases. N/A: Not applicable.

pancreatitis[73,74]. Interestingly, the latency period between ACE-I initiation and an
associated pancreatitis event may range from days to years and may be associated
with severe disease[64-66,69]. The proposed mechanism involved is due to decreased
bradykinin degradation, increasing pancreatic vascularity and edema, and pancreatic
enzyme trapping causing local tissue damage secondary to pancreatic duct
obstruction[75].

Anti-glycemic medication-induced pancreatitis
Although proven to be relatively safe for the management of type 2 diabetes mellitus,
numerous classes of oral anti-glycemic agents including biguanides (metformin)[76],
dipeptidyl peptidase-4 inhibitors[77-79], glucagon-like peptide-1 (GLP-1) analogues[80-86],
and sodium glucose co-transporter-2 inhibitors[87,88] have been associated with acute
pancreatitis. The highest incidence is reported with GLP-1 analogues[81,83-85], of which
exenatide has the highest association with an up to 6-fold increase in the rate noted in
post-marketing surveillance[80,82,86]. The proposed mechanism is pancreatic acinar cell
hypertrophy, the subsequent release of proinflammatory cytokines, leading to
increased vascular permeability, resulting in pancreatic inflammation[89]. Another
hypothesis suggests an obstructive type phenomenon, as an increased incidence of
gallstones with the use of GLP-1 analogues has been recorded[90].

Illicit drug-induced pancreatitis
Marijuana (cannabis) is the most common illicit drug globally with over 4% of the
population using it per annum [91,92] . As such, many case reports suggesting the
association between cannabis and pancreatitis have been published in the literature,
and may even suggest a dose-dependent phenomenon [91-95] . While cannabinoid
receptors are found in the islet of Langerhans cells, the exact pathophysiology of
cannabis-induced pancreatitis is currently not well-understood[93-95]. Cocaine-induced
pancreatitis has also been reported, and is believed to be due to splanchnic
vasoconstriction and thrombotic microangiopathy leading to ductal obstruction[96-98].
Similarly, codeine has also been described in the literature with regards to inducing
acute pancreatitis with a mechanism believed to relate to dysfunctional sphincter of
Oddi contraction as well[99-101].

Highly active anti-retroviral therapy-induced pancreatitis
The highly active anti-retroviral therapy therapy drugs have long thought to be
associated with the development of acute pancreatitis [102,103] . The most common
offenders include nucleoside reverse transcriptase inhibitors (NRTIs), non-NRTIs
(NNRTIs), and protease inhibitors (PIs)[104]. In a large retrospective cohort study
including nearly 5000 patients who received antiretroviral therapy, 3.2% developed
AP[103]. Furthermore, 5.2% of patients who received didanosine, 4.2% of patients who
received a PI plus either an NRTI or a NNRTI, and 3.5% of patients who received
NRTIs combined with NNRTIs—developed acute pancreatitis [25,103] . The exact
mechanism by which NRTIs and NNRTIs cause pancreatitis is unidentified, but it is
thought to be related to direct drug toxicity or ductal obstruction leading to
mitochondrial damage resulting in cellular death and organ damage [18] . PIs are
directly related to induction of hypertriglyceridemia which is a well-established cause
of pancreatitis in the literature[105,106].

Diuretic-induced pancreatitis
Diuretics [e.g. furosemide, chlorothiazide, hydrochlorothiazide (HCTZ), and others]
have long been implicated in the development of acute pancreatitis, with the majority
of cases suggesting a short latency period and a more mild disease course[107-113].
Notably, HCTZ has well-established side effects of causing hypercalcemia and
hyperlipidemia, both of which are well known to lead to acute pancreatitis[25,114].
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Figure 2 The Naranjo adverse drug reaction probability scale[17].

HCTZ can further cause hyperparathyroidism, which can also lead to hypercalcemiainduced pancreatitis[25]. It has been postulated that furosemide affects the pancreas by
causing a hyper-stimulation of secretions leading to a direct toxic injury and/or
ischemia[25,114].

Hormone replacement therapy and oral contraceptive-induced pancreatitis
Numerous cases have been reported in which estrogen-containing products were
thought to induce acute pancreatitis [ 1 1 5 - 1 1 9 ] . Hypercoagulability and hypertriglyceridemia have been speculated as the main cause of inducing pancreatitis in
patients taking hormone replacement therapy and oral contraceptives [115-119] .
Nonetheless, patients with existing hypertriglyceridemia and familial hyperlipoproteinemia can have an exacerbation of their underlying condition leading to
pancreatitis[18,25,115,120,121].

Anti-acid-induced pancreatitis
Although both H2-blockers and proton-pump inhibitors have been reported in the
literature to cause acute pancreatitis, the evidence regarding this relationship is
controversial[122]. A retrospective study conducted by Eland et al[56] failed to identify
any association of pancreatitis with the use of ranitidine (RR: 1.3; 95%CI: 0.4-4.1),
cimetidine (RR: 2.1; 95%CI: 0.6-7.2), and/or omeprazole (RR: 1.1; 95%CI: 0.3-4.6). Case
reports in the literature have generally linked pancreatitis in these cases to excessive
consumption of antacids which likely was directly related to hypercalcemia[123,124].

Anti-depressant medication-induced pancreatitis
Many cases have linked antidepressants (e.g. mirtazapine and sertraline) to acute
pancreatitis[125-128]; nonetheless, a population-based study by Nørgaard et al[129] failed to
demonstrate a significant association between selective serotonin reuptake inhibitors
(SSRIs) and acute pancreatitis. Only a mild increase in the risk of pancreatitis was seen
with first-time users of SSRI (aOR: 2.8, 95%CI: 1.1-7.0); however, the results are
limited due to confounding variables[129]. A recent meta-analysis demonstrated a
significant association between SSRIs and acute pancreatitis (aOR: 1.26, 95%CI: 1.131.40)[130]. The risk was much higher in the first 2 weeks of following initiation of
SSRIs[130]. The exact mechanism by which SSRIs can lead to pancreatitis is unknown,
though it is speculated that SSRIs can cause cellular apoptosis, insulin secretion

WJG

https://www.wjgnet.com

2908

June 14, 2020

Volume 26

Issue 22

Weissman S et al. Ever-increasing diversity of DIP
Figure 3

Figure 3 Proposed drug-induced pancreatitis probability assessment scale in which a total summative score of > 9: highly probable, 6-8: probable, 3-5:
possible, and ≤ 2: doubtful. ERCP: Endoscopic retrograde cholangiopancreatography; EUS: Endoscopic ultrasound; MRCP: Magnetic resonance
cholangiopancreatography.

inhibition, and further development of diabetes and chronic pancreatitis as well[130].
Roberge et al [131] additionally reported a case of a patient who developed acute
pancreatitis due to an acute overdose of clomipramine.

Anti-seizure medication-induced pancreatitis
Numerous anti-seizure medications (clozapine, olanzapine, and valproic acid) have
been associated with inducing pancreatitis, especially in the pediatric
population[132-142]. Interestingly, this class seems to be associated with a more severe
disease course that may result in pancreatic necrosis and death [136,138,142] . The
mechanism has been postulated to involve a direct toxic effect on pancreatic cells
causing depletion of superoxide dismutase, catalase, and glutathione peroxidase on a
biochemical level[25,136,142].

Vitamin-induced pancreatitis
To our knowledge, two cases of vitamin-induced acute pancreatitis have been
reported, both involving vitamin D. One involved oral vitamin D, wherein the injury
was seemingly related to the hypercalcemic effect of vitamin D[143]. The other case
involved tacalcitol (a vitamin D-analog) ointment as the inciting agent[144]. In addition,
we recently encountered a second (suspected) case of oral vitamin D-induced acute
pancreatitis (unpublished data), which we are currently examining.

Herbal, supplement, and homeopathic medication-induced pancreatitis
Although seldom in nature, several herbal medications have been reported the in
literature as being associated with DIP. These including: Sambucol (black elderberry
extract), “Immune factors” [combination of Echinacea, Goldenseal (Hydrastis
Canadensis), and Shiitake, Maitake, and Reishi mushrooms], saw palmetto (Serenoa
repens), and mangosteen (Garcinia cambogia)[145-148]. The mechanism of injury underlying
these rare cases is unclear[145,147,148]. Some reports, however, believe these cases to be
due to an induced hypercoagulable state via estrogen receptor activation[6].

CONCLUSION
In the setting of an ever-increasing armamentarium of pharmacological agents, druginduced adverse effects including acute pancreatitis are increasingly encountered. DIP
is a difficult diagnosis to establish and is thus likely underreported, owing in part to
its often unsuspected nature as well as the technical difficulty in causally linking a
drug to acute pancreatitis. Criteria for definite DIP are many and generally include
requiring that the drug cause acute pancreatitis during or predictably after initiating
treatment with the drug, resolution of pancreatitis upon discontinuation of the drug,
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Figure 4 The proposed mechanisms leading to pancreatic insult in drug-induced pancreatitis.

and reoccurrence of pancreatitis upon re-administration of the drug, granted that
other likely causes of acute pancreatitis have been ruled out. With these caveats in
mind, the current list of drugs associated with DIP is by no means complete nor fully
understood, and further research is needed.
As cases of DIP are associated with higher morbidity, extended hospital stays, and
increased healthcare costs, in large part due to delays in diagnosis, patients presenting
with pancreatitis of unknown etiology should be carefully questioned regarding
drugs that could be linked to DIP[8,9]. Notably, as new medications with known severe
side effects are usually more closely monitored, drugs which are infrequently
prescribed, or considered relatively harmless, such as over-the-counter medications
and herbal supplements, may remain illusory and inadequately considered in this
context. Hence, following a streamlined diagnostic approach for cases of possible DIP
(Figure 1-3) and expeditiously identifying early-on the responsible agent are critical.
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Table 3 Classes of medications implicated in drug-induced pancreatitis grouped according to the three-class system of classification
Class I

Class II

Class III

Aminosalicylates

Alkylating antineoplastics

Aminosalicylates

Anticonvulsants

Angiotensin-converting enzyme inhibitors

Antacids

Antimetabolite antineoplastics

Anticonvulsants

Antiarrhythmics

Antimicrobials

Antimicrobials

Antibacterials

Hormone replacement therapies

Antitubercular agents

Anticholinesterases

Loop diuretics

Interferons

Anticonvulsants

Non-biologic immunosuppressives

Nonopioid analgesics

Antidepressants

Nonsteroidal anti-inflammatories

Reverse transcriptase inhibitors

Antifungals

Opiates

Somatostatin analogs

Antihypertensives

Reverse transcriptase inhibitors

Thiazides

Antimetabolite antineoplastics

Steroids

Antineoplastics
Antiplatelets
Antivirals
Atypical antipsychotics
Cholesterol lowering agents
Cyclooxygenase II inhibitors
Estrogens
Immunomodulators
Nonsteroidal anti-inflammatories
Parasympathetic agents
Proton pump inhibitors
Selective serotonin agonists
Somatostatin analogs
Steroids
TNF-alpha inhibitors
Vitamins
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Abstract
Malnutrition encompassing both macro- and micro-nutrient deficiency, remains
one of the most frequent complications of alcohol-related liver disease (ArLD).
Protein-energy malnutrition can cause significant complications including
sarcopenia, frailty and immunodepression in cirrhotic patients. Malnutrition
reduces patient’s survival and negatively affects the quality of life of individuals
with ArLD. Moreover, nutritional deficit increases the likelihood of hepatic
decompensation in cirrhosis. Prompt recognition of at-risk individuals, early
diagnosis and treatment of malnutrition remains a key component of ArLD
management. In this review, we describe the pathophysiology of malnutrition in
ArLD, review the screening tools available for nutritional assessment and discuss
nutritional management strategies relevant to the different stages of ArLD,
ranging from acute alcoholic hepatitis through to decompensated end stage liver
disease.
Key words: Malnutrition; Sarcopenia; Alcohol-related liver disease; Nutritional
assessment; Nutrition support; Micronutrients
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Malnutrition is a common complication of alcohol-related liver disease (ArLD),
which, if untreated, can adversely affect patient outcome and recovery. Prompt
recognition of nutritional depletion may identify those patients who are at higher risk of
clinical decompensation, but there are few guidelines to inform the clinical management
of these complex patients. In this article, we discuss the pathophysiology and treatment
of micro- and macro-nutrient deficiency in ArLD, and provide recommendations for the
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management of patients at different stages of their illness.
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INTRODUCTION
The World Health Organization estimates that alcohol abuse accounts for
approximately 3.3 million deaths every year[1], with a significant proportion due to
liver disease[2]. Forty-one percent of liver deaths in Europe are related to harmful
alcohol consumption[3]. Alcohol-related liver disease (ArLD) refers to a wide spectrum
of liver pathologies, including steatosis (fatty liver), steatohepatitis (characterized by a
combination of hepatic fat accumulation and inflammation), acute alcoholic hepatitis
(AAH) and liver cirrhosis[4]. It is important to understand that whilst alcohol is the
principle mediator of liver injury in many individuals with cirrhosis, it can play a
significant contributory role in the progression of other liver diseases such as
hereditary haemochromatosis and non-alcoholic steatohepatitis. The component of
alcohol relating to conditions developing in such a setting are commonly described as
alcohol-contributory liver disease (AcLD). Alcohol use disorders should be sought in
all individuals presenting with chronic liver disease due to the prevalence of alcohol
abuse across the diagnostic spectrum with both ArLD and AcLD requiring a common
final pathway of management. Whilst targeted pharmaceutical interventions are
lacking in patients with alcohol-related cirrhosis [5] , sustained alcohol avoidance
remains the cornerstone of ArLD and AcLD management and recovery[6].
Several studies have identified a strong relationship between poor nutrition and
adverse outcomes in survival, quality of life and complications of alcohol-related
cirrhosis, such as variceal bleeding, ascites, hepatic encephalopathy (HE), infection
and hepato-renal syndrome[7-9]. Protein-energy malnutrition (PEM: Altered body
composition due to an imbalance of energy, protein and micronutrients)[10,11] is one of
the most frequent complications of harmful alcohol use and can occur at all stages of
ArLD[12,13]. Studies have shown that up to half of outpatients with alcohol-related
cirrhosis, and almost all hospitalized patients with AAH exhibit evidence of clinically
significant nutritional depletion[13-15]. Early diagnosis of malnutrition allows clinicians
to tailor therapeutic strategies to avoid potential adverse outcomes in chronic liver
disease as well as predicting those patients at higher risk of hepatic decompensation
and/or liver-related death[16]. A recent study of 363 patients admitted with AAH
reported a one-year mortality of 14% and 76%, in individuals classified with mild or
severe malnutrition respectively[17]. In contrast, nutritional supplementation has been
shown to be an effective means of improving liver function and patient survival in
AAH[18,19]. In a randomised multicentre trial of severe AAH patients, Cabré et al[20]
compared short and long-term effects of steroids and total enteral nutrition via
nasoduodenal tube (providing 2000 kcal/d for 4 wk). Although short-term mortality
was no different, the study showed improved outcomes at 1 year follow-up for
patients treated with total enteral nutrition (P = 0.04, intention-to-treat analysis), with
8% one-year mortality reported in the enterally fed group, compared to 37% in the
prednisolone-only group during the follow-up period, with most deaths attributed to
sepsis[20].
There can be little doubt that the lack of clinical practice guidelines aimed at
assessing and grading ArLD-related malnutrition accounts for the poor recognition,
diagnosis and treatment of this condition in clinical practice. The aim of this article is
to define the relevant pathophysiology, summarise modes of assessment and discuss
optimal nutritional management in different forms of ArLD.

PATHOPHYSIOLOGY OF MALNUTRITION IN ARLD
Malnutrition in ArLD and AcLD is multifarious and comprised of many
interdependent elements, but simply increasing the availability of energy
supplements is not enough to counteract the powerful forces that drive the catabolic
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state. Here we explore some of the elements that contribute to the condition (Figure
1).

Poor appetite
Loss of appetite and reduced food desire is related to the upregulation of
inflammatory cytokines and appetite regulators in both acute and chronic liver
disease. In patients with alcohol-related cirrhosis, tumour necrosis factor (TNF-α) and
leptin (an appetite-regulating hormone secreted by adipose tissue) levels increase[21-23]
which diminish appetite and cause early satiety. Increased TNF-α levels in AAH and
alcohol-related cirrhosis upregulate secondary inflammatory cytokines such as
interleukin (IL)-1b, IL-6 and IL-8, which increase appetite suppression and cause
selective nutrient avoidance[24,25]. Whilst cytokines may act as a regulatory component
of appetite in health, in disease states their dysregulation is a major contributor to the
cachexia seen in all forms of acute and chronic disease[26]. Cytokines can also mediate
their actions on appetite via neural and humoral effects and TNF-α further modulates
metabolism by directly acting on the central nervous system to alter the release of
neurotransmitters, which slow gut motility and gastric emptying[27]. Anorexia is
worsened by physical symptoms of discomfort (nausea, bloating and fatigue),
dysgeusia and the mechanical effects of large ascites[28]. These factors may impact
upon the food choices of patients and affect both the quality and quantity of nutrition
as a result.

Intestinal dysfunction and malabsorption
Alcohol is absorbed by diffusion in the stomach and, to a lesser degree the duodenum
and jejunum. Whilst acute and excessive alcohol consumption can cause gastric and
duodenal erosions and villous-predominant epithelial loss in the upper jejunum[29], the
effects of chronic alcohol consumption on the intestinal mucosa are poorly
understood. They may include intestinal fibrosis and overgrowth of aerobic and
anaerobic microorganisms which contribute to functional and morphological
abnormalities of the small bowel[30]. Gerova et al[31] reported a higher frequency of
small intestinal bacterial colonisation in patients with ArLD, with the changes
occurring independently of the stage of liver dysfunction suggesting that the direct
effect of alcohol on gut motility and immunity creates a permissive microenvironment
for small bowel overgrowth at these sites.
In addition to changes in the gut microbiome, chronic alcohol ingestion can lead to
a reduction in the adhesion of epithelial cell tight junctions[32] resulting in increased
intestinal permeability, bacterial translocation and consequential increases in proinflammatory cytokines and lipopolysaccharides[33]. Chronic alcohol consumption
impairs gut motility and alcohol-induced chemical gastritis delays gastric emptying,
both of which significantly increase the oro-caecal transit time[34] leading to impaired
absorption of nutrients. Furthermore, alcohol is an important risk factor for chronic
pancreatitis and pancreatic exocrine insufficiency (PEI) which can exacerbate
malabsorption[35].

Impaired energy metabolism
Resting energy expenditure (REE) is the amount of energy an individual uses to
perform vital organ functions free of activity and digestion. REE can be calculated
using the predictive formula of Harris-Benedict[36] however its calculation can be
unreliable in patients with altered body composition (by misconstruing the weight of
extracellular fluid as dry body mass and overestimating the caloric requirements in
cirrhotic patients with ascites). Indirect calorimetry is not subject to this limitation as it
measures REE without reference to body composition by basing its calculation on
oxygen consumption and carbon dioxide production[37]. Hypermetabolic states (REE >
110%) commonly occur in ArLD, where approximately 20% of patients exhibit
features of hyper-metabolism[38] which accelerates calorific expenditure and promotes
a negative nitrogen balance by increasing urinary and faecal nitrogen losses[39]. In
heavy drinkers’, alternative alcohol-metabolic pathways are engaged following
excessive alcohol consumption due to the zero-order kinetics of alcohol metabolism.
The ensuing increase in acetaldehyde production (a toxic metabolite of alcohol) puts
stress on microsomal re-oxidation pathways which utilise more oxygen and ATP[40] to
recover nicotinamide adenine dinucleotide, thereby perpetuating the hyperdynamic
metabolism by increasing energy utilisation.
AAH is a classical example of the alcohol-induced hypermetabolic state[41,42]. The
accelerated catabolism typically seen in these patients is a composite of reduced oral
energy intake with food as the individual becomes dependent on the calorific value of
alcohol to provide their basal metabolic expenditure and subsequently becomes more
protein-calorie deplete. Many patients reduce their alcohol intake before presenting
with clinical manifestations of AAH [43] thus compounding the calorie debt and
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Figure 1

Figure 1 Schematic illustration of causes and mechanisms of malnutrition in alcohol related liver disease. ArLD: Alcohol related liver disease; IL: Interleukin;
TNF: Tumor necrosis factor.

catalysing a chain of events leading to the establishment of a chemical and metabolic
liver injury characterised by hepatitis and the sudden onset of jaundice and synthetic
failure. It is pertinent that the proven treatments for AAH include alcohol cessation
and nutritional therapy with high protein and calorie supplementation. Another
driver of hyper-metabolism is systemic low grade endotoxaemia [44] , driven by
bacterial translocation, which can lead to upregulation of the sympathetic nervous
outflow and worsening of the hypermetabolic state. This results in clinical features
such as fever, tachycardia, hyperglycaemia and muscle wasting[45,46]. In such patients,
the accumulation of ascites further increases REE under indirect colorimetry testing
due to the energy expense required to maintain the large fluid volumes at body
temperature. Improvements in energy expenditure are seen in patients after large
volume paracentesis[47].

EFFECT OF ALCOHOL ON MACRO AND MICRONUTRIENTS
Carbohydrate
Excessive alcohol intake over a prolonged period results in impaired insulin
resistance and increased cardiovascular morbidity and mortality [48,49] . In chronic
alcohol consumption glycogen stores of the liver are depleted, whilst in acute
episodes of heavy alcohol consumption (binge drinking) gluconeogenesis is inhibited
and hepatic glycogenolysis stimulated to prevent hypoglycaemia. Therefore, whilst in
a healthy individual acute alcohol consumption is unlikely to cause changes in the
euglycemic state, in patients with chronic liver disease acute alcohol ingestion may
precipitate hypoglycaemia[50,51].

Proteins and muscle
Low to moderate doses of alcohol have little to no effect on muscle protein balance
but acute ingestion of large doses of alcohol and chronic alcohol abuse causes changes
to both whole-body and tissue-specific protein metabolism by increasing nitrogen
excretion[52]. Myopathy is a common complication of chronic alcoholism and is the
result of a prolonged imbalance between muscle protein growth and breakdown[53,54].

Lipids
The liver plays a central role in lipid metabolism which follows a complex network of
reactions and interplay of hormones, nuclear receptors, intracellular signalling
pathways and transcription factors. Free fatty acids (FAs) are synthesised by the liver
from glycolytic pathways and are directly mobilised from the gut and adipose tissue.
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Alcohol inhibits FA oxidation pathways (by decreasing expression of several PPARαregulated genes) [55] and increases esterification of FAs resulting in an increased
accumulation of intrahepatic triglyceride[56]. Alcohol also affects FA export from the
liver by suppressing microsomal triglyceride transfer protein, as seen in livers of
ethanol fed animals, which is required for the assembly of very low density
lipoprotein prior to export [57] . The result is intrahepatic fat accumulation, which
ultimately progresses to cirrhosis as a result of iterative cycles of injury and cell-death
associated with sustained alcohol excess.

B-Vitamin and folate
Thiamine (vitamin B1) serves as a cofactor for the enzymes involved in glucose
metabolism. Thiamine deficiency results in decreased activities of these pathways
which can result in reduced ATP synthesis leading to cell damage and cell death.
Chronic alcoholism leads to thiamine deficiency as a result of inadequate nutritional
intake and decreased absorption of thiamine from the gastrointestinal tract[58]. Careful
reintroduction of diet may need to be considered if refeeding syndrome is a concern,
as the sudden increase in carbohydrate consumption causes a shift from fats to
carbohydrate for energy production, increasing the demand for thiamine and
compounding any deficiency by further depleting stores[59]. Wernicke encephalopathy
is an acute neurological crisis which results from exhausted thiamine stores and is
characterised by the clinical triad of encephalopathy, oculomotor dysfunction, and
gait ataxia. If left untreated individuals can develop permanent neuropsychiatric
complications such as Korsakoff’s syndrome which is typified by a marked deficit in
anterograde and retrograde memory, apathy, an intact sensorium, but relative
preservation of long-term memory and other cognitive skills. Folate deficiency is also
seen in these patients due to reduced dietary intake, intestinal malabsorption, reduced
liver uptake, storage and increased urinary excretion[60]. Deficiencies in folate can
cause defective DNA synthesis and repair which may manifest as macrocytic anaemia
and muscle dysfunction.

Vitamin A
Chronic alcohol consumption and jaundice cause vitamin A levels to fall[61]. The
metabolism of vitamin A is similar to alcohol metabolism in the human body as they
both involve oxidative pathways and are therefore vulnerable to alterations in the
basal redox-state of the liver[62]. Alcohol dehydrogenase activity and cytochrome 2E1
negatively affect retinoid homeostasis[63] and chronic alcohol consumption leads to
depletion of hepatic and plasma retinoid levels and retinoid binding proteins[64,65].
Alcohol is also believed to inhibit the cleavage of β-carotene, a dietary pro-vitamin A
carotenoid[66]. Vitamin A deficiency can lead to the clinical presentation of night
blindness.

Vitamin C
Various mechanisms, in addition to dietary insufficiency, have been postulated to
account for vitamin C deficiency in the context of chronic alcohol consumption[67].
Alcohol-induced enterocyte toxicity leads to intestinal malabsorption and
hepatotoxicity which inhibit hepatic transformation of various vitamins (including
vitamin C) to their active metabolites[68]. The imbalance in vitamin C is exacerbated by
increased urinary ascorbic acid excretion following episodes of alcohol excess[69]. Some
studies suggest that pre-treatment with vitamin C significantly enhances blood
ethanol clearance, possibly as a result of its ability to supply peroxide and thus
allowing catalase to contribute to ethanol oxidation [70] . Clinical manifestation of
vitamin C deficiency is namely scurvy and can present as poor wound healing,
gingival swelling, gum bleeding, loss of teeth and mucocutaneous petechiae; late
disease may be life-threatening with anasarca, haemolysis and jaundice[71,72].

Zinc
Zinc is absorbed via metal binding transcription factors and plays a key role in the
regulation of gene expression. In alcohol-fed mice, alcohol disrupts gut permeability
and increases oxidative stress, predominantly at the level of distal small bowel which
interferes with zinc homeostasis and leads to reduced ileal zinc concentrations[73].
Animal studies have shown that zinc supplementation preserves intestinal integrity
and prevents endotoxaemia, leading to inhibition of endotoxin-induced TNF-α
production in the liver under both acute and chronic conditions of alcohol exposure[74].
In addition to reduced enteric absorption and increased urinary excretion of zinc,
patients with alcohol-related cirrhosis often have diets lacking in protein and zinc,
with zinc deficiency a common (and easily rectified) cause of dysgeusia. Zinc
deficiency may manifest as acrodermatitis, anorexia, hypogonadism, altered immune
function, poor wound healing, impaired night vision, diarrhoea, impaired mental
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function and portal systemic encephalopathy[75,76].

Magnesium and selenium
Magnesium is the second most abundant micronutrient in the human body and
deficiency is almost universal in individuals with high levels of alcohol consumption
and/or liver disease. It is a critical determinant of metabolism, acting as a co-factor in
more than 300 enzymatic reactions involved in protein and nucleic acid synthesis and
energy metabolism. Alcohol increases the urinary excretion of magnesium and total
body stores of magnesium are depleted in nearly all patients with alcohol-related
cirrhosis[77]. Further insensible losses occur as a result of alcohol-related diarrhoea,
vomiting and concurrent use of drugs such as diuretics and aminoglycosides.
Hypomagnesemia predisposes to metabolic bone disease, cardiovascular comorbidities and is associated with seizure, depression and neuromuscular
abnormalities[78,79] (Table 1).
The interactions of divalent cation deficiencies such as selenium and magnesium
are poorly understood but seem to play a key role in the immune-paresis seen in
alcohol-related cirrhosis. Selenium deficiency is common in alcohol-dependency[80,81]
and proportionate to disease stage and increased levels of pro-inflammatory cytokines
which play a role in liver injury and fibrosis. Current evidence suggests that
micronutrient metabolism is impaired in decompensated liver disease and that by
replacing these elemental deficiencies, clinicians may be able to counteract some of
the immune-paresis and mood disorders commonly seen in these malnourished
states[82,83].

CLINICAL CONSEQUENCES OF MALNUTRITION ON ARLD
Malnutrition and sarcopenia are important determinants of prognosis and survival in
cirrhotic patients[84,85]. A South Korean study of patients with liver cirrhosis (62% with
ArLD) showed that the presence of sarcopenia was associated with increased
mortality [hazard ratio (HR) 2.27, 95% confidence interval (CI): 1.17-4.40, P = 0.015]
and that accelerated loss of skeletal muscle was independently associated with poor
outcome (HR 0.94, 95%CI: 0.90-0.99, P = 0.013)[86]. Poor nutrition increases the risk of
complications and decompensation in liver disease patients[87]. Moreover, because
muscle acts as an alternative site of ammonia detoxification[88] prospective studies in
cirrhotic patients have shown that both overt and minimal HE are increased in
patients with muscle depletion[89]. Nutrition has also been shown to have significant
impact on ascites. Vidot et al[90] demonstrated that aggressive nutritional support in
the form of supplemental tube feeding (for 7 ± 1 wk) significantly reduces ascites
formation and the requirement for paracentesis (P < 0.001) in malnourished patients
who fail to respond to standard oral nutrition.
Cirrhosis and malnutrition produce an acquired state of immune paresis which
negatively impacts upon patient recovery and survival[91,92]. Protein malnutrition is an
independent risk factor for infection and sepsis in hospitalized patients with cirrhosis,
and septic episodes in these individuals are associated with higher in-hospital and
post discharge mortality at six months (50% vs 11% respectively, P < 0.001)[93]. In
patients with ArLD, the presence of sarcopenia (as recorded by the skeletal muscle
index)[94] is independently associated with an increased likelihood of an individual
being removed from the transplant waiting list due to clinical deterioration (HR 1.9,
95%CI: 1.2-3.1, P = 0.01) and a higher likelihood of waiting list death[95]. The impact of
malnutrition and sarcopenia on post-transplant outcomes were reported by Kalafateli
et al[96] using the Royal Free Hospital-Global Assessment (RFHGA) tool and the L3
psoas muscle index (L3PMI) to assess nutritional status. Severe malnutrition, defined
as RFHGA score 3, was associated with a prolonged intensive care stay i.e., > 5 d
(odds ratio=7.46, 95%CI: 1.57-35.43) whilst low L3PMI was an independent predictor
for a hospital stay more than twenty days and higher 12-mo mortality [96] . The
diagnosis and management of sarcopenia is therefore of paramount importance in the
initial (and subsequent) assessment of liver-disease patients receiving clinical care.

NUTRITIONAL SCREENING TOOLS
There is no gold standard for assessment of malnutrition in liver disease and none
specifically designed for patients with ArLD, but there are a number of screening
tools[97] that have been developed to assess malnutrition risk, although most lack
external validation. The Liver Disease Undernutrition Screening Tool[98] is a 6-question
nutrition screening tool which was found to accurately identify malnutrition (93%) in
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Table 1 Effect of alcohol on nutrients
Nutrients

Effect of alcohol intake

Results

Carbohydrate

Acute alcohol intake

Inhibits gluconeogenesis; stimulates
hepatic glycogenolysis

Hypoglycaemic; hyperglycaemic

Chronic alcohol intake

Inhibits lactate stimulated
gluconeogenesis; carbohydrate rich
food taken with alcohol

Hyperlactatemia; delayed
paradoxical hypoglycaemic state

Proteins

Acute and chronic alcohol intake

Increases nitrogen excretion;
imbalance between protein growth
and breakdown

Muscle wasting and myopathy

Lipids

Acute and chronic alcohol intake

Inhibits β-oxidation and increases
esterification of fatty acids

Increased accumulation of
triglycerides in the
hepatocytesFibrosis

Thiamine

Chronic alcohol intake

Inadequate nutritional intake
Decreased absorption

Wernicke Korsakoff syndrome

Folate

Chronic alcohol intake

Reduced dietary intake; intestinal
Macrocytic anaemia; muscle
malabsorption; reduced liver uptake, dysfunction
storage; increased urinary excretion

Vitamin A

Chronic alcohol intake

Inhibit the cleavage of β-carotene, a
dietary pro-vitamin A carotenoid

Xerophthalmia and night blindness

Vitamin C

Chronic alcohol intake

Intestinal malabsorption;
hepatotoxicity inhibits hepatic
transformation to their active
metabolites

Scurvy and poor wound healing

Zinc

Chronic alcohol intake

Disrupts gut permeability; decreases
ileal -zinc concentration; increased
accumulation of reactive oxygen
species and plasma endotoxin levels

Acrodermatitis; anorexia;
hypogonadism; altered immune
function; poor wound healing;
impaired night vision; diarrhoea;
impaired mental function and portal
systemic encephalopathy

Magnesium

Chronic alcohol intake

Increases the urinary excretion of
magnesium

Cardiovascular: Hypertension, stroke
and myocardial infarction;
Neurological: Seizure, depression
and neuromuscular abnormalities

patients with liver cirrhosis although it has not been studied in longer-term outcomes.
Whereas the Royal Free Hospital Nutritional Prioritisation Tool (RFH-NPT)[99] has
been adapted to account for fluid overload. RFH-NPT is user friendly, quick to
complete and is a good predictor of clinical deterioration. Given the high prevalence
of malnutrition and sarcopenia in alcohol-related cirrhosis, all patients should
undergo nutritional screening at the point of presentation, ideally using a
standardised screening tool such as the RFH-NPT[100].
Body mass index (BMI) is often distorted in patients with chronic liver disease by
fluid retention states like anasarca or ascites. Moreover, sarcopenic-obesity is another
entity characterised by excessive fat and poor muscle mass and function[101]. In these
settings, BMI proves to be an inadequate metric by which to predict complications
and should be used in combination with objective measures of muscle mass and
strength.
Muscle function tests are an important component of assessing nutrition risk.
Hand-grip strength (HGS) has been well validated and is commonly used in clinical
practice to record strength and muscle capacity[102]. A dynamometer measures the
strength exerted by a patient’s non-dominant hand, the results of which are compared
to tables of normal values based on sex and age of healthy volunteers. It is an
inexpensive, easily replicated test and can be completed at the bedside or clinic.
Observational studies have shown that HGS is strongly correlated with Child-Pugh
score and can predict the risk of short-term morbidity in patients with alcohol-related
cirrhosis[103]. Moreover, HGS operates as a predictive tool for complications of cirrhosis
and muscle function testing can be used as a predictive determinant of HE[97]. Midarm circumference and triceps skinfold (TSF) are used to calculate skeletal muscle
mass (mid-arm muscle circumference, MAMC) and it has been demonstrated that
MAMC, TSF, HGS are accurate predictors of pre-transplant morbidity[97]. Both HGS
and MAMC should be routinely monitored in clinic as they provide a good indication
of nutritional state and are reliable predictors of clinical deterioration. Muscle strength
(HGS) commonly falls before muscle mass depletes, and strength can reduce without
a change to muscle mass, thus making HGS a useful dynamic predictor of nutritional
decline[102] (Figure 2).
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Figure 2

Figure 2 Assessment of anthropometrics. MAC: Mid-arm circumference; TSF: Triceps skinfold skinfold; MAMC: Mid-arm muscle circumference.

NUTRITIONAL SUPPORT IN SPECIFIC LIVER DISEASE
SETTINGS
AAH
Early introduction of oral nutrition support improves survival for malnourished
individuals with AAH although the data remains conflicted. A meta-analysis[104] of 7
randomized controlled trials demonstrated no mortality benefit with supplemental
nutrition but the studies were under-powered. Cabré et al[20] found that 6-mo mortality
increased in those whose overall calorie intake was lower than 21.5 kcal/kg per day,
suggesting that additional oral nutritional supplementation in such individuals would
improve survival. A daily energy target of 35-40 kcal/kg is recommended, but
refeeding syndrome needs to be considered as it can be encountered in extreme cases.
Intensive pre-supplementation of vitamins B and C with thiamine (e.g., Pabrinex®) is
necessary to prevent acute depletion and the development of Wernicke’ syndrome.
Refeeding syndrome can occur when there are shifts in fluid and electrolytes in
patients who are malnourished after their nutritional intake increases and is more
common with oral nutritional supplements or tube feeding as opposed to oral intake
alone[105]. In advanced liver disease, PEM becomes more prevalent and the main
challenge is to minimise muscle catabolism[106]. If AAH develops on the background of
cirrhosis, energy and protein requirements are likely to increase. In practice a patient’s
estimated energy requirements may increase to 40 kcal/kg per day if body weight is
low and nutritional intake is negligible.

Decompensated alcohol-related cirrhosis
In patients with decompensated cirrhosis due to ArLD additional nutrition support is
almost always indicated, particularly in patients with ascites. It is important to avoid
prolonged fasting periods to minimise the breakdown of muscle and adipose stores
for use as a metabolic fuel, and a regular 2-3 hourly eating pattern including a bedtime snack can support this. Whilst adjustments to the frequency of energy delivery
are an effective means of preventing accelerated loss of skeletal fat mass by inhibiting
gluconeogenesis; patients who graze constantly throughout the day protect muscle
but may not consume enough calories to preserve adipose stores and additional
calories may be required to prevent adipose wasting[106]. Energy requirements in
compensated cirrhosis are therefore estimated at 25-30 kcal/kg per day and 30-35
kcal/kg per day in decompensated cirrhosis. For obese patients (BMI > 30 kg/m2)
energy requirements are estimated at around 25 kcal/kg per day (Figure 3). All
requirements should be based on estimated dry body weight and estimated BMI.
Naso-gastric (NG) or naso-jejunal (NJ) feeding is clinically indicated when energy
and/or protein requirements cannot be met through oral intake alone. Other
indications for initiating NG/NJ feeding in liver cirrhosis include early satiety from
ascites, refractory ascites, optimisation of energy and protein requirements, or chronic
vomiting. Kearns et al [107] assigned a control group with AAH with concomitant
cirrhosis to receive standard oral intake whilst another group received enteral
nutrition in addition to 40 kcal/kg a day and 1.5 g/kg per day protein orally. The
enterally fed group received 200% more energy than the controls and showed an
improvement in nitrogen balance, serum albumin and HE (P ≤ 0.02) after 3 wk. Whilst
this study demonstrated a short-term improvement in nutritional status and
reduction in liver-related adverse events, the small sample size and cross-sectional
nature of this study limited assessment of longer-term outcomes. Other studies have
highlighted the risks of intensive tube feeding in cirrhosis and retaining placement of
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Figure 3

Figure 3 Assessment and management of malnutrition across the stages of alcohol-related liver disease. Summary of recommendations for protein and
energy intake, optimising nutrition intake across different stages of alcohol-related liver disease and in special considerations including ascites, hepatic
encephalopathy, malabsorption and micronutrient deficiency. BMI: Body mass index; MAC: Mid-arm circumference; TSF: Triceps skin fold; MAMC: Mid-arm muscle
circumference; HGS: Hand grip strength; SIBO: Small intestinal bacterial overgrowth.

short-term feeding tubes in situ can be a challenge, particularly in confused
patients[18,108].
Protein requirements in the presence of ascites and/or oedema are particularly
high due to the degree of protein loss encountered, particularly in those patients
requiring frequent or large-volume paracentesis. A minimum protein intake of 1.2-1.5
g/kg of dry body weight/day is recommended for individuals with stable muscle
mass[100] and in these individuals concentrated high protein supplements (60-125 mL
containing 18-20 g protein) are used to support nutritional intake as they are often
better tolerated, particularly in the presence of poor appetite, early satiety and fatigue.
It is important to tailor sip feeds to individual needs (i.e., protein deficit, taste, early
satiety and appetite) and when oral supplements are poorly tolerated, supplementary
tube feeding can be initiated. Patients with high volume recurrent ascites with
evidence of muscle loss commonly require 1.5-2 g/kg protein a day. Guideline
recommendations for dietary salt intake are conflicting; some recommend strict
reduction of sodium intake whilst others acknowledge that over-restriction can
increase the risk of PEM due to food aversion. In practice, aggressive sodium
restriction should be avoided wherever possible as the resulting diet is unpalatable
and leads to avoidance of protein-rich foods. Patients should not be encouraged to
restrict their salt intake below 60 mmol per day and we advocate a “no-added salt”
diet with minimisation of pre-prepared foods such as crisps, tinned soups, microwave
meals etc.[100,109].
HE has been observed to occur more frequently in the presence of sarcopenia and
for this reason protein restriction is not recommended to support management of HE.
There is a well-recognised association between muscle depletion and negative
nitrogen balance with worsening liver decompensation and subsequent complications
such as HE[109,110] and it is vitally important that clinical care plans limit the impact of
PEM and muscle wasting by avoiding catabolism through encouraging small frequent
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meals, eating regularly and optimising protein intake (minimum of 1.2 g/kg per day)
to support muscle mass[110]. Enteral (NG) tube feeding should be considered in the
presence of advanced HE[111] particularly when sufficient oral intake is reduced or not
feasible [100] . Nursing staff must be experienced in the management of tube-feed
systems and aware of the increased risks of aspiration that can occur in
encephalopathic patients. Great care should be taken to ensure that the tube is reinserted correctly when it is displaced and the use of a bridle may be considered (if
there is no risk of bleeding) to prevent the tube from being withdrawn inadvertently.
Varices should not preclude enteral tube placement unless there are signs of active
bleeding[112]. Despite the risks of tube-supported enteral feeding in liver patients,
failure to implement adequate nutritional support in such cases will only lead to
accelerated sarcopenia and a worsening of the patient’s clinical condition. The riskbenefit analysis in such patients needs to be carefully considered and patient choice
always considered.

Alcohol-related malabsorption
Steatorrhea (symptoms and signs including nausea, pale/yellow coloured, oily and
foul-smelling stools) needs to be identified promptly to enable effective management.
PEI should always be considered in patients with ArLD using appropriate testing
such as faecal elastase measurement as there is a high prevalence amongst these
individuals [113] . Treatment with pancreatic enzyme replacement therapies e.g.,
CREON™, PANCREX-V™ must be initiated at an early stage with education about
dose titration to increase compliance. When jaundice is present, biliary malabsorption
needs to be considered as patients can manifest symptoms indistinguishable from PEI.
The choice of feed is crucial in cholestatic patients and low-fat feeds such as
Meritene™ and Renapro Powder™ (orally) and Nutrison Peptisorb™ and Peptamen
HN™ (enterally) should be chosen over high-lipid counterparts (Fortisip Compact
Protein™ and Ensure Twocal™) to reduce the risk of exacerbating nutritional and
trace element depletion. Management primarily involves reducing dietary fat intake
although there is little consensus as to what constitutes a low-fat diet. Food
frequencies should be assessed, and creamy or fried foods discouraged. Fat-soluble
vitamins (vitamins A, D, E and K) must be supplemented. If steatorrhea is left
untreated it can exacerbate malnutrition through reduced food intake (food aversion),
dysgeusia and vitamin and mineral deficiencies.

Small intestinal bacterial overgrowth
The symptoms of small intestinal bacterial overgrowth (SIBO) include diarrhoea,
steatorrhea, chronic abdominal pain, bloating and flatulence although some patients
may be asymptomatic. It is commonly diagnosed via hydrogen or methane breath
testing and treatment usually requires a course of non-absorbed antibiotics such as
rifaximin or neomycin. One meta-analysis[114] identified a potential role for the use of
probiotics, prebiotics and symbiotics - concluding that probiotics were better tolerated
than lactulose, improved SIBO and the management of minimal HE [risk ratio (RR)
0.40, 95%CI: 0.32-0.50, P < 0.001] however lactulose remained the more effective
treatment for overt HE (RR 0.34, 95%CI: 0.24-0.47, P < 0.0001). It is unlikely that the
use of prebiotics could be sustained in decompensated patients, but in compensated
disease this remains an area of interest. Moreover, since non-absorbed rifamycinbased therapies for HE has become widely available, it will be interesting to see how
the use of antibiotic therapies for HE affects the prevalence of both overt and covert
SIBO in cirrhosis.

Alcohol induced glycaemic impairment
Close monitoring of glycaemic control (particularly in patients with HE) is key to
preventing hypo-and hyperglycaemia, especially in the presence of diabetes.
Alongside prescribed oral hypoglycaemic medication or insulin therapies, foods and
fluids high in sugar should be avoided but it is imperative not to remove dietary
carbohydrates altogether as this can provoke further catabolic injury. Avoiding
prolonged fasting with 2-3 hourly eating patterns, modifying the carbohydrate load
and replacing it with higher protein sources is often effective. Tight glycaemic control
can also reduce the risk of delayed-gastric emptying driven by hyperglycaemia which
may cause nausea, vomiting, abdominal pain or discomfort. If suspected, this can be
confirmed with gastric emptying scintigraphy. Diabetes should be routinely screened
if PEI is present, particularly as pancreatic β cell damage in ArLD is common[115] and it
should be noted that the use of haemoglobin as a direct marker of glycaemic control
may be inaccurate in the context of anaemia or recent blood transfusions and must be
interpreted with caution.

Micronutrient supplementation
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It is not known if replacing micronutrients prevents complications in decompensated
cirrhosis or reduces sepsis in ArLD, but vitamins and trace elements must be
corrected at presentation. If vitamin D deficiency is confirmed, this should be
corrected with a vitamin D loading dose followed by maintenance therapy[116,117].
Suspected or confirmed deficiencies of vitamins A, E and/or K should be corrected
using supplements, but in coagulopathic patients vitamin injections should not be
given intramuscularly. Whilst there is no consensus regarding the replacement or
supplementation of zinc, selenium or magnesium in cirrhosis we recommend that in
stable outpatients trace elements are supplemented daily using an oral multi-vitamin
such as forceval with additional folic acid, zinc, vitamin D and glutathione
supplements provided as necessary[118]. In critically ill patients these elements should
be supplemented parenterally where possible and enterally via an NG tube if
possible[119]. Selenium should be given as a loading dose and then provided as a
regular supplement whilst magnesium levels can be supplemented as the biochemical
values demand. Zinc is commonly given as a zinc salt (e.g., zinc acetate) and ArLD
patients with overt HE who are admitted to intensive care can be provided with a 3-5
d course of intravenous L-ornithine L-aspartate to optimise ammonia scavenging[120].

CONCLUSION
Nutritional assessment and management of patients with ArLD is made more
complex by the number of pathogenic mechanisms involved in the clinical
deterioration of patients. Nutritional and trace element depletion is commonly
associated with ArLD and patients may rapidly develop features of severe PEM
unless nutritional management strategies are initiated promptly. Moreover,
complications such as nutritional immuno-paresis, sarcopenia and frailty can be
difficult to reverse once they are established. Malnutrition and sarcopenia are strongly
associated with the development of complications of cirrhosis and poor nutrition
remains a strong predictor of both short and medium-term survival. Notwithstanding
that, reversal of energy and protein deficits in both AAH and alcohol-related cirrhosis
improve patient outcomes by improving function and physical condition and
reducing mortality and morbidity. In that context it is important for clinicians
managing such patients to have a good working knowledge of nutritional therapies
specific for liver disease so treatments can be started swiftly and applied in a scientific
manner.
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Abstract
More than five years ago, the treatment of hepatitis C virus infection was
revolutionized with the introduction of all-oral direct-acting antiviral (DAA)
drugs. They proved highly efficient in curing patients with chronic hepatitis C
(CHC), including patients with cirrhosis. The new DAA treatments were alleged
to induce significant improvements in clinical outcome and prognosis, but the
exact cause of the expected benefit was unclear. Further, little was known about
how the underlying liver disease would be affected during and after viral
clearance. In this review, we describe and discuss the liver-related effects of the
new treatments in regards to both pathophysiological aspects, such as
macrophage activation, and the time-dependent effects of therapy, with specific
emphasis on inflammation, structural liver changes, and liver function, as these
factors are all related to morbidity and mortality in CHC patients. It seems clear
that antiviral therapy, especially the achievement of a sustained virologic
response has several beneficial effects on liver-related parameters in CHC
patients with advanced liver fibrosis or cirrhosis. There seems to be a timedependent effect of DAA therapy with viral clearance and the resolution of liver
inflammation followed by more discrete changes in structural liver lesions. These
improvements lead to favorable effects on liver function, followed by an
improvement in cognitive dysfunction and portal hypertension. Overall, the data
provide knowledge on the several beneficial effects of DAA therapy on liverrelated parameters in CHC patients suggesting short- and long-term
improvements in the underlying disease with the promise of an improved longterm prognosis.
Key words: Chronic hepatitis C; Antiviral treatment; Inflammation; Liver fibrosis; Liver
cirrhosis; Metabolic liver function; Galactose elimination capacity; Urea synthesis
capacity; Portal hypertension; Hepatic encephalopathy
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Antiviral therapy of chronic hepatitis C, especially the achievement of a
sustained virologic response, has several beneficial effects on liver-related parameters in
chronic hepatitis C patients. There seems to be a time-dependent effect of therapy.
Initially, liver inflammation ameliorates, followed by more discrete changes in structural
liver lesions. These improvements are followed by beneficial effects on liver function,
cognitive disturbances, and portal hypertension. Together, this suggests short- and longterm improvements in the underlying liver disease with the promise of an improved
prognosis.
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INTRODUCTION
Hepatitis C virus (HCV) was isolated and named in 1989[1], and in 2015, more than 170
million people were infected worldwide with approximately 70 million chronically
infected [2,3] . The primary mode of virus transmission in Western countries is via
percutaneous exposure to blood, and the major infection route is unsafe drug
injections [4-6] . At transmission, an acute HCV infection occurs, which is often
asymptomatic[7]. In 60%-80% of patients, the infection becomes chronic[8,9], and chronic
hepatitis C (CHC) is defined as positive HCV RNA for at least 6 mo. CHC holds the
potential for inducing fibrosis and 10%-30% of those infected develop cirrhosis over
decades, with the potential risk of complications and early death[10-12].
HCV is a hepatotropic positive single-stranded RNA virus that translates into a
single polyprotein consisting of 3011 amino acids. The HCV genome is highly diverse
and is separated into seven genotypes with several subtypes[13]. HCV circulates as a
lipo-viro-particle consisting of the nucleocapsid surrounded by the envelope proteins
E1 and E2, and several host lipoproteins[14]. HCV is cleaved by viral and host proteases
into 10 proteins with diverse functions: 3 structural proteins (i.e., core, E1, and E2) and
7 nonstructural (NS) proteins (i.e., p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)[15,16].
The two viral proteases, NS2 and NS3/4A, are involved in the process of producing
nonstructural proteins. Replication itself is catalyzed by the RNA polymerase NS5B,
while NS5A and NS3 are important regulatory proteins. NS4B participates in
membrane rearrangements, leading to the formation of a membranous web that
supports continued HCV replication[16,17].
HCV is a major challenge for the immune system, and host factors play important
roles in the potential clearance of HCV and long-term disease progression[18,19]. An
initial vigorous immune response is considered crucial, and both initial and consistent
innate and adaptive immune responses are important determinants of whether the
infection can be cleared or becomes chronic. The innate immune responses include the
activation of proinflammatory pathways[20-23], and adaptive immune factors include
weak or absent HCV-specific T-cell responses[24,25]. If HCV infection is not cleared,
these mechanisms lead to sustained liver inflammation with the activation of
macrophages, which subsequently activate or transdifferentiate hepatic stellate cells
into myofibroblast-like cells with proinflammatory, contractile, and profibrogenic
properties. This may initiate a vicious cycle where inflammatory and fibrogenic cells
consistently stimulate each other [26] , resulting in the accumulation of excessive
extracellular matrix proteins and fibrosis progression[27].

TREATMENT OF CHRONIC HEPATITIS C
The ultimate treatment goal of CHC is a sustained virologic response (SVR), defined
as undetectable HCV RNA 12–24 wk after treatment cessation, corresponding to
“cure” or, in other words, HCV eradication. The treatment has evolved drastically
over the last decades. For years, CHC treatment was based on subcutaneous
interferon treatments that had inadequate efficacy and severe adverse effects, leaving
this type of treatment intolerable for many patients, especially those with
cirrhosis[28-30]. Interferon treatment acts via a direct immune-stimulating mechanism
and has several derivative effects on innate and adaptive immunity [31] . In 2001,
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pegylated interferon was introduced; it has a longer half-life and a more favorable
pharmacokinetic profile, and it improved the SVR rate slightly, while the majority of
the adverse effects remained[32-34]. In addition to interferon treatment, ribavirin was
required. Ribavirin is a nucleoside analog of guanosine that is used to potentiate the
effects of antiviral treatments[35] and is still used as a potential addition to some DAA
regimens.
In 2011, the first DAA treatments were introduced, and as the name infers, the
DAAs are specific inhibitors of the viral proteins. Boceprevir and telaprevir were the
first generation of DAAs; they inhibit the NS3/4A protease, are effective against only
genotype 1, and were approved as an add-on to the established pegylated interferon
and ribavirin treatment. The treatment duration was between 24 and 48 wk, and the
drugs improved the SVR rates[36-39] and held promise for a new era of all-oral DAA
therapy.
In 2014, sofosbuvir was marketed in Europe. Sofosbuvir is a uridine nucleotide
analog that inhibits NS5B RNA polymerase by competing with natural nucleotides
and by inducing viral RNA chain termination. Sofosbuvir is orally administered for
12-24 wk, is pangenotypic, and may be combined with other DAAs that are genotypespecific[40]. With the introduction of sofosbuvir, high SVR rates, in general above 90%,
were reached even in difficult-to-treat patient groups, e.g., patients with cirrhosis and
nonresponders to previous therapy[41-44]. Several other DAAs were introduced starting
in 2013, including ledipasvir (an NS5A inhibitor), daclatasvir (an NS5A inhibitor), and
simeprevir (a second-generation NS3/4A inhibitor), and 3D combination [ombitasvir
(an NS5A inhibitor), paritaprevir (an NS3/4A inhibitor), and ritonavir with the
potential addition of dasabuvir (an NS5B inhibitor)], all of which contributed to
increasing SVR rates, ultimately reaching 100%[43-47].
With the introduction of all-oral DAA therapy, a new era of CHC treatment
commenced. Not only was it possible to successfully treat the “healthiest” patients,
but treatment was suddenly a possibility for all patients with CHC. Rapidly, the
scientific discussions changed focus to special groups such as cirrhosis patients and
non-responders, and to the biological effects of HCV eradication.

ASSESSMENT OF LIVER DISEASE SEVERITY
Assessment of liver disease severity is crucial in CHC as it is related to morbidity and
mortality[48-50]. Several components affect the prognosis of chronic liver disease and the
three major factors are inflammation, fibrosis, and liver function[51]. As described
above, the presence of inflammation drives the process of fibrogenesis, with structural
changes leading to portal hypertension. In addition, liver function may be
compromised, probably due to both ongoing hepatic inflammation and structural
liver changes, with the loss of functional liver mass.

Macrophage activation
In HCV infection, hepatocytes release viral particles and components, which may
bind directly to surface or endosomal macrophage receptors or interfere indirectly
with these receptors[52]. In addition, other factors may act on macrophage receptors,
such as pathogen-associated molecular patterns, including lipopolysaccharide, which
may enter the circulation from the gut due to increased intestinal permeability, and
damage-associated molecular patterns released from damaged hepatocytes. These
factors activate macrophages, causing an altered proinflammatory phenotype and
amplifying hepatic inflammation [53,54] . One way to assess hepatic inflammation
noninvasively is to evaluate the presence of specific macrophage activation markers in
the blood. Two such markers are soluble (s)CD163 and soluble mannose receptor
(sMR)[55-57] (Figure 1). sCD163 and sMR are well-established markers of liver disease
severity, portal hypertension, and prognosis in several liver and infectious
diseases[58-68]. Furthermore, significant associations between macrophage activation
and histological inflammatory activity and fibrosis have been observed in CHC[69-71].
After antiviral therapy of chronic hepatitis B and interferon treatment of CHC,
macrophage activation is diminished in parallel with the amelioration of hepatic
inflammation[72,73].

Fibrosis staging
Fibrosis staging is important in CHC patients, as fibrosis stage is a strong predictor of
complications and mortality[74,75]. Historically, liver biopsy has been the method of
choice as it brings insight into the exact structure of the liver and yields information
on inflammation and fibrosis as well as potential differential diagnoses. Liver
histology from CHC patients covers a wide spectrum of abnormalities, from acute
inflammation to lasting structural changes, often in combination[76,77]. Moreover, a liver
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Figure 1

Figure 1 Release of viral particles, viral proteins, and RNA from hepatocytes in hepatitis C infection, and subsequent shedding of soluble CD163 and
soluble mannose receptor from the surface of macrophages in response to exogenous and endogenous stimuli. PAMP: Pathogen-associated molecular
pattern; DAMP: Damage-associated molecular pattern; MR: Mannose receptor; sMR: Soluble mannose receptor; sCD163: Soluble CD163.

biopsy may be used to assess fibrosis progression over time[11]. However, the biopsy
represents a small portion of the liver, which may be heterogeneous. Some studies
have shown sampling error in up to 30% of biopsies[78,79], with adequate biopsy length
being of primary importance[80]. Liver biopsy may further be limited by inter- and
intraobserver variation in histological assessment[81]; is invasive, with a small but
significant risk of complications (e.g., pain, bleeding, and even mortality)[82]; and is
disliked by many patients, which limits its use in follow-up studies. The lack of
histological verification of structural liver changes is one of the major limitations in
many studies.
Due to the limitations of liver biopsy, noninvasive methods for grading and staging
liver inflammation and fibrosis have become increasingly sought and used.
Noninvasive methods include biomarkers and imaging techniques, many of which
were developed and validated in CHC patients. The biomarkers include scores such
as the aspartate aminotransferase-to-platelet ratio index (APRI) based on aspartate
transaminase (AST) and platelets[83]; the fibrosis-4 (FIB-4) index based on age, AST,
alanine transaminase (ALT), and platelets[84]; the enhanced liver fibrosis test[85]; and the
FibroTest[86], which have all been extensively investigated in CHC patients, yielding
“good or decent” prediction of fibrosis and especially cirrhosis[85,87-92]. In addition, the
APRI and FIB-4 predict HCV liver-related death[93].
The majority of the imaging techniques used for liver fibrosis assessment are based
on the detection of the velocity of a propagating wave through liver tissue, where the
velocity of the shear wave reflects tissue stiffness, with the highest velocity in the
stiffest tissue. Many methods have been developed and tested, including transient
elastography (TE) using the FibroScan® device (Echosens, Paris, France) and shearwave elastographies (SWE), divided into point (p)-SWE, also known as acoustic
radiation force impulse (ARFI) scans, and 2D-, and 3D-SWE. Last, magnetic resonance
imaging elastography has been used in CHC patients[94]. FibroScan TE provides a
measure of liver stiffness by Young’s modulus of elasticity and is expressed in kPa,
whereas the ARFI scans yield the velocity of the shear wave reported in m/s.
The major quality of noninvasive fibrosis assessment inherently lies in the term
noninvasive. In addition, the methods overall have practical advantages, including
high applicability and good reproducibility and availability [94-97] . However, the
methods also have several limitations. The performance of noninvasive methods to
diagnose fibrosis or cirrhosis will depend on the prevalence of the disease stage in the
cohort. This is known as spectrum bias and is especially relevant when comparing
methods between cohorts. In addition, the use of noninvasive methods may be
limited because most are not liver specific, and may be influenced by other
factors[94,98-104].
Currently, the best validated method in CHC patients is TE using the FibroScan
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device. Several studies have shown good concordance between liver stiffness by
FibroScan and histological stage[105,106], with good reproducibility, especially in patients
with higher stages of fibrosis[107]. The ARFI method is becoming widely used and is in
good agreement with liver histology in CHC patients[108,109].

Metabolic liver function
The liver is an extraordinary organ with numerous and highly complex functions,
several of which are exclusive to the liver. In routine clinical practice, standard blood
parameters such as albumin and coagulation factors are often used to assess liver
function. However, a more detailed analysis can be obtained by using other methods.
Some metabolic liver functions are decreased in patients with chronic hepatitis, but
data on improvements after interferon therapy are conflicting[110-113]. Assessment of
these functions can provide insight into CHC by linking pathophysiological events
such as inflammation and fibrosis with changes in liver function and can aid
understanding of how prognosis is affected after antiviral treatment[114-117].
One exclusive liver function is galactose elimination, which depends on the enzyme
galactokinase, primarily located in the hepatocyte cytoplasm[118]. The test evaluates the
total functional capacity of the liver to eliminate galactose from the bloodstream,
reflecting functional liver cell mass; and therefore, is decreased in patients with
cirrhosis[114,119].
Another exclusive, and in addition vital liver function is ureagenesis, which covers
the final and irreversible transformation of amino nitrogen to urea nitrogen [120] .
Ureagenesis plays a key regulatory role in whole-body nitrogen homeostasis, and
disturbances in ureagenesis are associated with hepatic encephalopathy due to
reduced nitrogen clearance[121]. The ureagenesis capacity also depends on functional
liver mass and is compromised in cirrhosis patients[122,123].
In addition, several other methods may be used to investigate diverse liver
functions. The 13C-aminopyrine breath test assesses microsomal cytochrome P450
activity of the liver[124], whereas excretory liver function may be assessed through the
measurement of plasma elimination of indocyanine green (ICG)[125].

Complications of CHC infection
Complications of CHC infection include cirrhosis development with esophageal
varices that may bleed, ascites and hepatorenal syndrome, hepatic encephalopathy
(HE), and hepatocellular carcinoma (HCC). Portal hypertension is a major risk factor
for an unfavorable disease course[126]. Portal hypertension may be assessed by liver
vein catheterization, where wedged hepatic venous pressure is obtained in a hepatic
vein and free hepatic venous pressure is measured in the right hepatic vein close to
the inferior vena cava. The hepatic venous pressure gradient (HVPG) is thus
determined as the difference between wedged hepatic venous pressure and free
hepatic venous pressure[127]. Portal hypertension is then defined as HVPG > 5 mmHg
and clinically significant portal hypertension by HVPG > 10 mmHg, which comes
with a significantly increased risk of varices[128].
The presence of even minimal HE affects the quality of life, poses an increased risk
of developing clinically manifest HE and is associated with a more unfavorable
prognosis[129,130]. It should be noted that CHC in itself may affect cognition irrespective
of HE[131]. The detection of minimal HE relies on psychometric testing, and to evaluate
cognitive function in a quantitative way, several methods may be applied. The major
limitation of any test to assess HE is the fact that it is only one test. Minimal HE
represents complex cognitive disturbances with no single manifestation, and one test
will not be able to encompass the entire spectrum of deficits in patients with HE. This
is mirrored in studies showing low concordance between the continuous reaction time
test and the psychometric hepatic encephalopathy score or critical-flicker
frequency[132,133].

HEPATIC EFFECTS OF ANTIVIRAL TREATMENT
Amelioration of inflammation
Amelioration of inflammation is the first critical step in stopping the vicious cycle of
fibrosis progression in any chronic liver disease. With viral clearance, inflammation
diminishes, and this is probably required before the reversal of fibrosis and improved
function can occur. Currently, it is well established that antiviral therapies, interferonor DAA-based resolve inflammation, as indicated by biomarkers [43,44,73] and liver
biopsies[33,134-137]. In addition, liver damage diminishes with reductions in ALT levels
following DAA therapy, but liver-specific enhanced macrophage activation resolves
rapidly with treatment [138] (Figure 2). This is supported by results from chronic
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hepatitis B patients, where a treatment-induced decrease in circulating sCD163
parallels diminished CD163 expression in liver biopsies[72]. In addition, it is not the
effect of the treatment per se or the different mechanisms of action of the respective
treatments but the clearance of the virus that reduces inflammation, as only patients
who achieve an SVR have a decrease in sCD163 [139] and achieve inflammation
resolution in liver biopsies[134,136].

Subtle changes in liver fibrosis
To date, many studies have assessed changes in noninvasive measures after DAA
therapy; improvements in several biomarker-based fibrosis panels have been shown,
including APRI and FIB-4[140,141]. Several studies have also shown decreasing liver
stiffness with DAA therapy[138,140,142,143]. In a 2018 review and meta-analysis of liver
stiffness changes after interferon or DAA therapy, the authors showed a mean
decrease of 2.4 kPa at the end of treatment, 3.1 kPa within the first 6 mo after the end
of treatment, and 4.1 kPa more than 1 year after treatment. The authors speculate that
the initial decrease is due partly to the resolution of inflammation and that the
subsequent decrease pertains to fibrosis regression, which is supported by a larger
decrease in patients with high baseline inflammation [144] . However, a consistent
decrease from the end of treatment to the 1-year follow-up may represent fibrosis
regression (Figure 2).
After the introduction of DAA therapy, there are only limited data from paired
biopsies assessing fibrosis regression. In one study, cirrhosis resolved in seven of 14
patients[137]. In another study evaluating 10 patients with paired biopsies and liver
stiffness measurements after DAA therapy, the results indicated that fibrosis
regression occurs but is not as prominent as liver stiffness measurements might
indicate[145]. Thus, data on changes in liver fibrosis after DAA therapy are scarce, and
follow-up is still relatively short. Therefore, one can only speculate on the real effect
based on the relevant literature from interferon-based studies and those using
noninvasive measures. As shown by data from the interferon era, fibrosis regression
or resolution takes place but is a slow process taking years [33,134-136,146] , and the
regression of cirrhosis is less common[136,147,148]. Additionally, it is known that fibrosis
will progress without treatment[149], and progression holds an increased risk of clinical
decompensation and HCC[150].

Improved metabolic liver function
Data on the effects of interferon treatment on galactose metabolism are conflicting. In
one study where disease severity at baseline was unclear, the galactose elimination
capacity (GEC) improved 3 mo after the initiation of interferon therapy[151]. This was
paralleled by findings in another study with GEC improvement after 3 mo of
interferon treatment, although only in responders to treatment[110], whereas others
have found no effect of treatment response on the GEC[112,152].
Data on the GEC after successful DAA therapy are limited but the GEC seems to
improve 12 wk post-treatment[138] (Figure 2). In these patients, GEC reflects liver
disease severity and fibrosis but not inflammation[111,153].
Conversely, the amelioration of inflammation seems to improve the capacity for
ureagenesis, as has also been shown in acute alcoholic hepatitis[117], which also seems
to be the case in CHC patients after DAA therapy (Authors’ unpublished data). Other
data concerning treatment effects on functional hepatic nitrogen clearance (FHNC) are
limited, but the acceleration of the urea cycle after successful interferon therapy was
demonstrated in a metabolomics study[154].
Regarding the aminopyrine breath test and ICG, no data are available after DAA
therapy. However, some studies have shown improvements after interferon therapy,
while others could not detect any differences[110,151].

IMPLICATIONS FOR CLINICAL OUTCOME AND PROGNOSIS
Treatment-naïve CHC patients have a higher risk of death compared with the
background population[155,156], and the risk may be even higher in patients consuming
moderate or excessive amounts of alcohol [157] . The achievement of an SVR with
interferon-based treatments was associated with reduced mortality [158] , in some
studies, to a level comparable to the background population[159,160]; however, others
find that it is still significantly higher[161]. Some have suggested that any potential
outcome advantage wanes when patients are matched for liver function at baseline[162].
However, in one study in patients matched for liver function at baseline, the SVR was
still associated with better survival[163]. After the development of cirrhosis, mortality is
increased, and in one study of patients with CHC cirrhosis who achieved an SVR by
interferon treatment, the authors showed a substantial remaining risk of HCC and
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Figure 2

Figure 2 Proposed time-line for liver-related effects of direct-acting antiviral therapy. DAA: Direct-acting antiviral; EOT: End of treatment; SVR12: Sustained
virologic response at 12 wk post-treatment; SVR52: Sustained virologic response 1 year after treatment.

clinical disease progression[164]. DAA therapy is still “new” on the market, and longterm follow-up studies are limited. Based on the first studies, it seems that DAA
therapy leads to an improved prognosis with decreased mortality[165-167], potentially
with a significant survival benefit as soon as 18 mo post-treatment[168]. Interestingly,
patients without advanced liver disease also experience reduced mortality after DAA
therapy[169], while potential issues including increases in MELD scores were observed
after treatment of, e.g., decompensated cirrhosis patients[170]. From these studies, there
seems to be a prognostic benefit in CHC patients following an SVR induced by DAA
therapy, although the reasons for the benefit are not entirely clear. The available data
do not provide causality; however, there are some indices suggesting that the
beneficial effects of treatment on different aspects of liver disease and function may in
fact lead to improved outcome.
First, low liver stiffness is a predictor of a good prognosis in patients with CHC, at
least prior to therapy[171,172], but studies of noninvasive measures and associations with
prognosis after DAA therapy are lacking.
Second, several studies have indicated that metabolic liver function is associated
with prognosis. In one study, patients with a severely compromised GEC had a high
risk of liver-related clinical outcomes[152]. Others have shown that the GEC is a strong
predictor of mortality[114,173] and has prognostic value additive to the use of the ChildPugh score[174]. Conversely, the GEC does not outperform established scores for the
prediction of prognosis[175], even though the GEC was shown to be significantly higher
in survivors of acute liver failure [176] . Disturbances in the urea cycle and related
enzymes are associated with the severity of liver disease and potentially precede
histological deterioration in chronic hepatitis[177-179]. On the basis of these results and
the higher FHNC in survivors of alcoholic hepatitis [ 1 1 7 ] , we speculate that
improvements in metabolic liver functions may be succeeded by a better outcome in
CHC patients.
Third, improvements of neurocognitive dysfunction are observed after interferonbased SVR[180]. This finding is corroborated by DAA-induced improvements in brain
MR spectroscopy[181] and continuous reaction time (CRT)[138] but is not corroborated by
the findings of others[182]. These discrepancies may reflect the different modalities used
to assess cognitive dysfunction and the timing of the tests, e.g., the CRT was not
significantly improved until 1 year after treatment cessation (Figure 2). Another factor
in favor of improvement in cognitive functions is self-reported mood outcomes, which
are indeed improved after antiviral therapy[183].
Fourth, one of the strong predictors of adverse outcomes in cirrhosis patients is
portal hypertension, and thus, its reduction is warranted. In a small study of eight
patients treated with pegylated interferon, ribavirin, and boceprevir, there was a
significant improvement in HVPG at 24 wk of follow-up after treatment[184]. Whereas
some did not observe an improvement in HVPG at the end of DAA treatment[185],
other studies indicate that DAA therapies ameliorate portal hypertension at least in
long-term follow-up[186,187] (Figure 2). In addition, follow-up HVPG measurements may
predict the risk of hepatic decompensation[188].
Last, the development of HCC is a risk in CHC patients, especially in those with
cirrhosis [189] , and the risk increases in parallel with cirrhosis severity and portal
hypertension [190] . In recent years, an intense debate regarding HCC risk after
successful DAA therapy has flourished. In 2016, a study showed a greatly increased
risk of HCC after DAA therapy, especially HCC recurrence[191]. This was followed by
other studies with similar results[192,193]. However, over recent years, more data have
appeared, and the general consensus is that DAA therapy does not increase the risk of
HCC[194,195], but probably decreases the risk similar to interferon-based treatments[158].
At the same time, it seems clear that the risk of HCC does not disappear after
treatment and that continued and probably life-long surveillance is needed at least in
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cirrhosis patients or until studies have defined which patients remain at risk[196,197].
Taken together, the evidence suggests a health benefit in patients who achieve an
SVR. In our opinion, causality between the improvements and improved prognosis
cannot be established from the available literature. However, as reviewed above,
several studies indicate such associations. The magnitude and timing of the benefit, as
well as its mechanisms, remain elusive, but the data indicate that there is an
association between improvements in liver inflammation, fibrosis, and metabolic
function and improved outcome after an SVR.

FUTURE ASPECTS
Several questions to be addressed in future studies can be raised. A major question
discussed in this review is whether the beneficial effects of DAA therapy on the liver
in fact lead to improvements in prognosis. We speculate that liver-related
improvements precede clinical benefits and improve prognosis, but confirmation is
needed. Such studies require long-term follow-up and large cohorts for high enough
power in terms of achieving “enough” events.
Next, one could ask: how good does it get? It would be very interesting to evaluate
metabolic liver function after longer follow-up to see, first, whether the improvements
are sustained and second, whether further improvement occurs. Such a study would
also be useful in terms of the associations between improvements in liver function
and liver-related events/clinical benefit.
In addition, it is not entirely clear what happens with structural liver damage. A
large study with liver biopsies after DAA therapy is warranted. In addition, such a
study should include a noninvasive method to determine the degree of fibrosis. The
results might enable clinicians to predict the severity of liver fibrosis after DAA
therapy without the need for liver biopsies.
Another very interesting aspect is the determination of cirrhosis severity without
the use of invasive methods. There is a large gap between the mere presence of
cirrhosis (compensated cirrhosis) and the more severe decompensated cirrhosis, with
the occurrence of clinical events. These two groups may respond differently to
treatment in regard to the amelioration of liver-related effects. This needs further
clarification in a study including decompensated cirrhosis patients.
Portal hypertension is a good predictor of liver-related events in cirrhosis, and a
large study with liver vein catheterizations before and at long-term follow-up after
DAA therapy to assess the timing and extent of improvement in portal hypertension
is also in high demand.
Future studies should be designed with the usual major limitations in mind,
thereby trying to minimize these limitations. They include lack of histological
verification of the disease severity before treatment but especially after treatment, and
in addition, the metabolic studies are often limited by sample size, as this study type
is often logistically comprehensive and time-consuming.

CONCLUSION
From the literature, it seems clear that antiviral therapy, especially the achievement of
an SVR, has several beneficial effects on liver-related parameters in CHC patients.
There seems to be a time-dependent effect of DAA therapy. Initially, liver
inflammation ameliorates, followed by more discrete changes in structural liver
lesions. These improvements are followed by beneficial effects on metabolic liver
function, cognitive disturbances, and portal hypertension (Figure 2).
In conclusion, the published data suggest short- and long-term improvements in
the underlying liver disease with the promise of an improved prognosis after DAA
therapy in patients with CHC and advanced liver disease.
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Abstract
The pancreas became one of the first objects of regenerative medicine, since other
possibilities of dealing with the pancreatic endocrine insufficiency were clearly
exhausted. The number of people living with diabetes mellitus is currently
approaching half a billion, hence the crucial relevance of new methods to
stimulate regeneration of the insulin-secreting β-cells of the islets of Langerhans.
Natural restrictions on the islet regeneration are very tight; nevertheless, the islets
are capable of physiological regeneration via β-cell self-replication, direct
differentiation of multipotent progenitor cells and spontaneous α- to β- or δ- to βcell conversion (trans-differentiation). The existing preclinical models of β-cell
dysfunction or ablation (induced surgically, chemically or genetically) have
significantly expanded our understanding of reparative regeneration of the islets
and possible ways of its stimulation. The ultimate goal, sufficient level of
functional activity of β-cells or their substitutes can be achieved by two
prospective broad strategies: β-cell replacement and β-cell regeneration. The
“regeneration” strategy aims to maintain a preserved population of β-cells
through in situ exposure to biologically active substances that improve β-cell
survival, replication and insulin secretion, or to evoke the intrinsic adaptive
mechanisms triggering the spontaneous non-β- to β-cell conversion. The
“replacement” strategy implies transplantation of β-cells (as non-disintegrated
pancreatic material or isolated donor islets) or β-like cells obtained ex vivo from
progenitors or mature somatic cells (for example, hepatocytes or α-cells) under
the action of small-molecule inducers or by genetic modification. We believe that
the huge volume of experimental and clinical studies will finally allow a safe and
effective solution to a seemingly simple goal-restoration of the functionally active
β-cells, the innermost hope of millions of people globally.
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Core tip: The review discusses the most promising strategies for regenerative medicine to
stimulate the regeneration or replacement of the islet of the pancreas. The “regeneration”
strategy aims to maintain a preserved population of β-cells through replication, or evoke
the intrinsic adaptive mechanisms. The “replacement” strategy implies transplantation of
β-cells or β-like cells obtained ex vivo from progenitors or mature somatic cells
(hepatocytes or α-cells). We believe that the huge volume of experimental and clinical
studies currently under way will finally allow a safe and effective solution to simple
goal-restoration of the active β-cells.

Citation: Arutyunyan IV, Fatkhudinov TK, Makarov AV, Elchaninov AV, Sukhikh GT.
Regenerative medicine of pancreatic islets. World J Gastroenterol 2020; 26(22): 2948-2966
URL: https://www.wjgnet.com/1007-9327/full/v26/i22/2948.htm
DOI: https://dx.doi.org/10.3748/wjg.v26.i22.2948

INTRODUCTION
Development of methods and tools to stimulate regeneration of damaged tissues and
organs has always been a prominent theme in medical science. However, only
recently, in connection with the unprecedented development of biotech, regenerative
medicine has acquired independent significance. Our ideas about reparative
regeneration (restoration of the structure and function of tissues and organs damaged
by pathology or trauma) are constantly expanding and replenishing the existing
clinical strategies.
The pancreas historically became one of the first objects of regenerative medicine,
apparently in connection with notable inconsistency of other approaches in relation to
this organ. The first transplantation of pancreatic material to a patient took place at
the University of Minnesota in 1966. Since then, > 50000 diabetic patients received the
transplants in > 200 of medical centers; the global lead is held by the United States[1].
Despite the continuous technological upgrade, cadaveric donations are obviously a
“dead end”. The general shortage of donor organs, as well as the complexity and high
costs of the procedure, will never meet the demand for such operations.
The pancreas consists of exocrine and endocrine portions. The exocrine function of
the organ is to produce and excrete digestive enzymes in the form of inactive
precursors into the duodenum, thus ensuring the luminal digestion of basic nutrients
(proteins, fats and carbohydrates). The exocrine pancreatic deficiencies (up to
complete dysfunction) can be effectively treated with advanced enzyme formulations
to provide acceptable life quality for the patients[2]. Extremely serious problems arise
with the endocrine failure caused by abnormal functioning of the hormone-producing
cells of the Langerhans islets. Each islet comprises at least five types of endocrine
cells, including insulin-producing β-cells (65%-80%), glucagon-producing α-cells
(15%-20%), somatostatin-producing δ-cells (3%-10%), pancreatic polypeptideproducing PP-cells (1%) and ghrelin-producing ε-cells[3]. Some of the related hormonal
deficiencies can be partially counteracted by enhanced function of the amineprecursor-uptake-and-decarboxylation endocrine cells distributed in the lamina
propria mucosae of the gut. The amine-precursor-uptake-and-decarboxylation cells
are capable of producing all pancreatic hormones except insulin [4] . Insufficient
production of insulin by pancreatic β-cells, which cannot be relieved endogenously,
results in the development of the insulin-dependent diabetes mellitus (DM). At the
same time, it is obvious that not only insulin but the entire hormonal complex
released by sum total of the functionally united Langerhans islet cell types are
involved in regulation of the nutrient and glucose homeostasis[5]. Nevertheless, it is
functional assessment of β-cells (by evaluation of the insulin and C-peptide levels)
that serves an integral diagnostic indicator of DM development. The insulindependent DM commonly develops without any surgical, infectious or traumatic
damage to the pancreas, but as a hereditary autoimmune damage to the islet cells
(DM type 1). However, many insulin-independent forms of diabetes (DM type 2)
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proceed with progressive depletion of β-cells, which in some cases leads to insulin
dependence. In the new-onset DM type 2, β-cell population of the pancreas has been
estimated to decrease by 24%-65%, whereas in DM type 1 it is decreased by over 80%
(Table 1)[6]. A number of studies indicate that hormonal dysfunctions are typical for
both types of diabetes and are not limited to insulin deficiency[7].
According to the International Diabetes Federation[8], about 425 million adults (20to 79-year-olds) globally were living with diabetes in 2017; by 2045 the number will
increase to 629 million. This dramatic prognosis is predominantly associated with DM
type 2, which partly belittles the problem of insulin-dependent diabetes. Meanwhile,
the delayed diagnosis and poor control of glucose levels in DM type 1 cause severe
complications including nephro-, retino- and neuropathies, cardiac and vascular
diseases. Administration of short- and long-acting exogenous insulins, smart selection
of administration regimens, and even the use of insulin pumps are insufficient for the
proper control of glucose levels in some patients; effective means for stimulating
regeneration of the pancreas are therefore extremely relevant.

DEVELOPMENT OF THE PANCREAS
Mature pancreas is comprised of acinar cells, connected to the intestine via the highly
branched ductal tree; the islets, which constitute about 1%–2% of the organ mass, are
scattered throughout its central regions. Both portions of the pancreas (exocrine and
endocrine) arise as thickenings (buds) at the dorsal and ventral surfaces of the
posterior foregut, in the close vicinity of prospective hepatic endoderm. Specification
of the hepatic and pancreatic domains in the endodermal epithelium proceeds under
the influence of inducing stimuli from the adjacent mesoderm: Extensive suppression
of the mesodermal Wnt and Fgf4 signaling in the foregut allows the hepatic and
pancreatic induction. The newly defined pancreatic endoderm specifically expresses
transcription factor-encoding genes pdx1 and ptf1a; the pdx1 + ptf1a + cells are
progenitors of all parenchymal cell types in the mature pancreas, including the duct,
islet and acinar cells. The proper balance of endocrine and exocrine cells, descending
from pancreatic progenitor cells within the pancreatic buds, is dependent on Notch
signaling. The arrest of Notch signaling disinhibits ngn3, a transcription factorencoding gene, master regulator of the endocrine-type development in the pancreatic
endoderm. The ngn3+ endocrine precursors rapidly develop a specific expression
signature of transcription factor-encoding genes, including neuroD, ia1, isl1 and pax6,
and differentiate into the five cell types of the islets (α, β, δ, ε and PP cells)[9-11].
After birth, the total volume of the islets of Langerhans increases 20-fold. The islets
are capable of compensatory growth in response to physiological demands (e.g., in
pregnancy, obesity or after partial pancreatectomy)[11]. The decreased demand for
exogenous insulin, observed during the period of partial clinical remission in DM
patients, is explained by partial functional recovery of β-cells[12,13]. These observations
indicate the considerable physiological regeneration capacity of the endocrine
pancreas and suggest the principal feasibility of its substantive repair. In medical
literature, the term “islets” most frequently refers to β-cells as the major
subpopulation of the islets that prevails in number and clinical significance;
“regeneration of the islets”, therefore, specifically means “the insulin-producing cell
recovery” (unless otherwise stated) and designates the most clinically desirable
process in the endocrine portion of the pancreas.
Physiological regeneration of the islets by means of proliferation of the pre-existing
β-cells occurs in response to certain factors, e.g., insulin-like growth factor-1 (IGF1),
hepatocyte growth factor (HGF), incretins and prolactin[5,14,15]. In the perinatal period,
β-cells actively proliferate; a multiple increase in the mass of β-cells after birth occurs
due to an increase in their number inside the islets, rather than an increase in the
number of islets[16]. In humans, similarly with rodents, proliferative activity of β-cells
in pancreatic islets declines with age. The most rapid reduction occurs in juveniles; by
the age of 6 mo, the proportion of dividing β-cells drops from 3% in fetuses to less
than 0.5% and continues to decrease thereafter[17]. As has been demonstrated in animal
models, the residual proliferative activity of β-cells is insufficient to compensate for
massive losses in adulthood. For instance, by 4 wk after 90% partial pancreatectomy
in adult rats (leaving a 10% remnant pancreas), the weight of the pancreatic remnant
reaches only 27% of the initial weight of the organ[18]. The proliferative activity of βcells is controlled epigenetically; in particular, it depends on histone modifications
regulated by trithorax group (TrxG) and polycomb group (PcG) complexes. TrxG and
PcG proteins are the evolutionarily conserved transcription factors that act as
heteromeric complexes and modulate gene expression by modifying the structure of
chromatin. TrxG and PcG complexes repress a set of cell cycle-inhibiting genes in β-
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Table 1 Comparison of type 1, type 2 and surgically induced diabetes mellitus
Type 1 DM

Type 2 DM

Type 3 DM

Pathogenesis

Chronic autoimmune disorder; the
immune system attacks endogenous
pancreatic β-cells

Progressive metabolic disorder
characterized by insulin resistance

Chronic disorder induced by partial
or total pancreatectomy

Prevalence

5% to 10% of diagnosed diabetics

90% to 95% percent of diagnosed
diabetics

1% of diagnosed diabetics

Onset

Abrupt

Gradual

Shortly after surgery

Age of onset

Varies (commonly in childhood or
puberty)

Commonly over 35 yr

Commonly over 50 yr

Genetic predisposition

Moderate

Very strong

Moderate

Body habitus

Thin or normal

Often obese

Normal, overweight or obese

Ketoacidosis

Common

Rare

Rare

β-cell depletion

Severe (over 80%)

Mild (24% to 65%)

Mild to total (up to 100%)

Plasma insulin

Low to absent

Normal or increased

Low to absent

DM: Diabetes mellitus.

cells, thereby facilitating physiological and adaptive β-cell expansion[19,20].

MODELING THE ENDOCRINE PANCREAS REGENERATION
Several experimental models for studying the endocrine pancreas regeneration are
available. The first of them, wirsung duct ligation, was introduced as early as in 1920
by F. Banting as a possible treatment for DM. The procedure, indeed, led to an
increase in the mass and number of the islets[21,22]; it used to be applied widely for DM
treatment in children, but provided only short-term results [23] . Nowadays, the
pancreatic duct ligation model is still employed in animal studies; it is considered an
acceptable representation of the adult pancreatic tissue remodeling. The pancreatic
duct ligation predominantly affects the tail region of the pancreas, resulting in acute
pancreatitis followed by regeneration of ductal complexes from the surviving
metaplastic acinar cells[24].
Two other surgical models, cellophane wrapping and partial pancreatectomy,
similarly result in the partial obstruction of the pancreatic products drainage. In the
partial pancreatectomy, the extent of tissue removal is variable; in rodents, 60%–70%
pancreatic resections are non-diabetogenic, while 90% resections are diabetogenic.
Both types of intervention induce a transient wave of β-cell proliferation[24]; however,
the usability of these approaches is limited, as they are critically non-selective and
exert major influence on the exocrine portion of the pancreas.
Experimental models of selective ablation of β-cells with cytotoxic agents have
emerged later on. Streptozotocin, originally developed as antimicrobial, is one of the
most harsh diabetogenic drugs; it is notably toxic to β-cells and used routinely for the
induction of DM in animals. Depending on the animal strain, dose and route of
delivery, streptozotocin causes severe or mild diabetes (blood glucose levels above
200/300 mg/dL and 120–200/300 mg/dL, respectively)[3]. Alloxan, a pyrimidine
derivative, is comparable to streptozotocin in its ability to induce diabetes in pregnant
animals; the mechanism involves formation of reactive oxygen species in cytosol,
which leads to β-cell necrosis and consequent failure of the normal glucose
homeostasis; the effective dosage depends on the rodent species, term of pregnancy,
age and diet [25] . In vitro study on the isolated pancreatic islets of C57BL/6 mice
revealed differential influence of streptozotocin and alloxan on the transport and
metabolism of glucose in β-cells: Glucose transporter 2 protein is the main target of
streptozotocin, whereas alloxan targets glucose transporter 2 and glucokinase mRNA
molecules[26].
In addition to surgical and pharmacological interventions, dysfunction or ablation
of β-сells can be achieved by genetic manipulations. In this case, main strategies are
switching of particular gene(s) or selective genetic labeling of β-cells. The first strategy
implies creation of genetically engineered mice, in which the studied gene (e.g., Ins1)
is knocked out, e.g., with the use of tetracycline- or doxycycline-dependent system or
Cre-Lox recombinase technology [24,27-29] . The second strategy implies creation of
transgenic mice with specific expression of cognate receptors for toxins in β-cells. For
example, in mice, transgenic expression of the diphtheria toxin receptor followed by
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systemic administration of diphtheria toxin permits an exquisite, specific β-cell
ablation by apoptosis[30]. The third strategy is the inducible ablation of pancreatic βcells by conditional targeted activation of genes. For example, regulated expression
and activation of c-myc in transgenic mice after administration of synthetic reagent
tamoxifen promotes controlled temporal loss of β-cells without the general cellular
toxicity caused by chemicals such as alloxan or streptozotocin[31]. In another transgenic
model, the pancreatic islet β-cell apoptosis through targeted activation of caspase
8)mouse, β-cell death is induced in a specific and well-defined manner through the
treatment with a commercially available dimerizer[32].

THE SOURCES OF ISLET REGENERATION
Thus, intrinsic potential of the pancreas for the replication of β-cells is limited. Studies
of pancreatic regeneration in experimental models indicate low proliferative capacity
of the functionally mature β-cells. An alternative regeneration pathway, neogenesis of
islets, apparently involves non-endocrine components of the pancreas (acinar and
ductal cells, vascular and neuronal structures) in complex microenvironments, which
surround and penetrate the islets [24] . The islet neogenesis, aimed at the in situ
expansion of the insulin-producing cells, may proceed by two main routesmobilization of putative precursors present in the adult pancreas (direct
differentiation) and reprogramming of other mature cell types into insulin-producing
cells (trans-differentiation)[17,33].
Pancreatic stem cells apparently reside in the ductal epithelium and provide the
renewal of both exocrine and endocrine parts of the organ[34,35]. The phenotype of
multipotent pancreatic progenitor cells (MPCs) is defined as pdx1+ptf1a+
sox9+foxa2+nkx6.1+hnf6+; these cells form a highly proliferative pool which
differentiates into distinct cell types including exocrine, ductal and islet cells[36,37]. The
total mass of the adult pancreas is thought to correspond to proliferative capacity of
the embryonic MPC pool[38]; however, any traceable presence of embryonic MPCs in
the adult mammalian pancreas is highly doubtful[39].
In adult mammals, the trans-differentiation scenario is more plausible.
Interestingly, the chief candidate cell source resides in the islets themselves, as β-cells
share developmental characteristics and implement similar gene expression programs
with the neighboring α-cells. Knockout of pax4 in mice leads to the loss of β-cells and
concomitant increase in the number of α-cells[17]. Subtotal ablation of β-cells may
trigger reprogramming in α-cells; for instance, under the selective induction of β-cell
apoptosis with diphtheria anatoxin, α-cells start to produce insulin and co-express the
adult β-cell markers pdx1 and nkx6.1[30]. Similar results were obtained in the RIP-B7.1
transgenic mouse model of autoimmune diabetes; the observed increases in the size of
α-cells and the levels of α-cell proliferation and ductal neogenesis were accompanied
by an increase in the content of the glucagon-producing cells positive for insulin or βcell-specific transcription factor pdx1[40]. As indicated by ChIP sequencing and RNA
sequencing analysis of differentiated α-cells, thousands of genes are bivalently
marked with activating and repressing histone modifications (respectively, H3K4me3
and H3K27me3) in α-cells, while exhibiting the monovalent state in β cells (i.e.
showing the signs of either activation or repression). These epigenomic findings
suggest that the α-to-β cell reprogramming may result from alterations in the histone
methylation signature of the islet cells [41] . It has been suggested that in mature
individuals, from puberty to old age, α-cells can be reprogrammed to produce insulin,
even after the complete loss of β-cells, whereas before puberty, β-cells are replenished
by spontaneous en masse reprogramming of the somatostatin-producing δ-cells while
the α-cell conversion is negligible[42].
Trans-differentiation of the non-islet cell types into functional β-cells is also
possible. In certain settings, exocrine cells of the pancreas spontaneously (in the
absence of specific inductive stimuli) differentiate towards β-cell phenotype, although
it is hard to exclude replication or fusion of β-cells per se in this case[11].
Participation of other, non-endodermal, stem cell niches in regeneration of the
pancreas is another disputable issue. According to modern concepts, multipotent
stromal/stem cells (MSCs) are mobilized from the red bone marrow (and probably
from other stromal sources) in response to organ damage, migrate to the damaged
area and contribute to its regeneration [43,44] . The vast majority of the studies on
participation of MSCs in regeneration of the pancreatic islets have been using donor
MSCs. For instance, in mice, upon transplantation of bone marrow cells from male
donors into lethally irradiated female recipients, a small percentage of donor cells that
expressed insulin and pdx1 was found among the Langerhans islet cells; notably, the
design of the experiment excluded the possibility of fusion of the donor bone marrow
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cells with β-cells of the host [45] . However, other studies failed to reproduce this
phenomenon in models of pancreatic damage: The transplanted labeled cells either
were not detected in the pancreas at all, or only solitary labeled cells expressed
insulin, while most of the cells participated in angiogenesis and restoration of the
pancreatic stroma[46-48]. In the experiments with transplantation of the GFP-labeled
bone marrow-derived MSCs to newborn mice, solitary cells that co-expressed GFP
and insulin were found within the islets, whereas up to 40% of the ducts (median
4.6%) contained the epithelial cells derived from the transplanted bone marrow MSCs
of the donor. The authors conclude that a lineage of stem cells (or epithelial
precursors) can migrate from bone marrow to the pancreas and differentiate into
complex organ-specific structures, at least in neonatal period[49].
Thus, the hypothetical sources of β-cells during physiological or reparative
regeneration of the endocrine pancreas include mitotic expansion of mature
functional β-cells, direct differentiation of the multipotent pancreatic progenitors (or
developmentally related progenitor cells of the intestine and the liver) and transdifferentiation of mature cell types inside the islets (α-cells) or outside of them (in the
exocrine pancreas or elsewhere). Despite the diverse possibilities, reparative potential
of the endocrine pancreas is extremely limited, and its damage still invariably leads to
insulin deficiency.

THE METHODS FOR STIMULATING REPARATIVE
REGENERATION OF THE PANCREAS
The main goal of any attempt to stimulate pancreatic repair is to restore the number of
functionally active β-cells to ensure the maintenance of sufficient insulin production.
This goal can be achieved in two ways: The reduction in the death rates of β-cells or
the production of new β-cells. The methods of regenerative medicine relevant to these
tasks can be listed as follows: (1) The use of biologically active substances, especially
peptide or protein growth and differentiation factors, that regulate cell cycle,
apoptosis, inflammation and repair; (2) Transplantation of donor β-cells or progenitor
cells to replace the damaged islets; (3) Transplantation of the tissue-engineered
bioartificial pancreatic constructs; and (4) Reprogramming of cells into insulinproducing phenotypes (in situ or prior to transplantation).

APPLICATION OF BIOLOGICALLY ACTIVE SUBSTANCES
FOR THE REGULATION OF CELL CYCLE IN -CELLS
Many experimental studies have been aimed at the regulation of β-cell growth and
regeneration [14,50] . It is well known that IGF1, HGF, growth hormone, prolactin,
incretin hormones [glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1)], insulin, and even certain metabolites including
glucose, are mitogens for β-cells[5,15]. Complex effects of biologically active molecules
on β-cells include stimulation of cell growth and protection against apoptotic death.
For instance, IGF1 protects β-cells against the cytokine-induced apoptosis[51]. The
incretin hormone GLP-1 exerts similar action by amplifying the efficiency of the
autocrine loop of IGF-2/IGF-1 receptor[52] and regulating cholecystokinin production
in β-сells in a paracrine manner[53].
The Reg (“regenerating”) protein family was reported independently by research
groups studying pancreatitis and pancreatic islet regeneration. The family includes
several small protein molecules named “pancreatic stone protein”, “pancreatic thread
protein”, “islet neogenesis-associated protein” and С-type lectin-like protein, which
exhibit anti-inflammatory, anti-apoptotic and mitogen properties[54]. The action of Reg
proteins (as acute phase reactants, lectins, antiapoptotic factors, growth factors) has
wider specificity than has been supposed initially, as their targets include not only βcells, but also neural and epithelial cells in the intestine[55]. The islet neogenesisassociated protein peptide molecule successfully stimulated recovery of β-cell mass in
animal models and showed some promising results in clinical trials[56].
The list of chemicals that stimulate β-cell proliferation and reduce β-cell apoptosis,
thus protecting the insulin-producing cell reserve, includes small molecules
(glucokinase activators, inducers of calcium and adenosine signaling, diarylamide
WS6), growth factors and hormones [platelet-derived growth factor, insulin-like
growth factors, epidermal growth factor (EGF), HGF, parathyroid hormone-related
protein, insulin, placental lactogen, estrogen, incretins, betatrophin, triiodothyronine]
and phytochemicals (resveratrol, phenylpropenoic acid glucoside, flavonoids,
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glutathione peroxidase mimetics)[57] and is likely to be expanded further. Applied
significance of these studies is in utilization of modern synthethic approaches for the
production of regulatory molecules that stimulate proliferation of β-cells. A number
of pharmaceuticals that exert their action by stimulating β-cell mitosis have already
been developed. These include incretin mimetics exenatide [the Food and Drug
Administration (FDA) approved 2005], liraglutide, semaglutide and other GLP-1
receptor agonists, incretin enhancers sitagliptin (FDA approved 2006), vildagliptin,
saxagliptin and other selective inhibitors of dipeptidyl peptidase-4 (DPP-4, the
enzyme responsible for the rapid degradation of the incretin hormones GLP-1 and
GIP)[58,59]. These drugs are considered suitable for the treatment of DM type 2, because
the level of functional preservation of β-cells in DM type 2 is much higher than in DM
type 1[60,61]. According to patient-reported outcomes from eight clinical trials, the DM
type 2 patients are more satisfied with the modern incretin-based therapies in
comparison with the traditional therapies due to the higher glucose-lowering efficacy
of the former and also their ability to facilitate weight loss[62]. The drugs of this group
were initially used with caution due to their suspected side effects on the exocrine
pancreas associated with the risks of adenocarcinoma development[63]. However,
clinical data accumulated over the years of its use indicate that the incretin-based
therapy is not associated with increased risks of pancreatic cancer[64,65], pancreatitis[66,67]
or all-cause mortality[68] in DM type 2 patients.
The effectiveness of other classes of biologically active substances requires
verification. Clinical trials of phytochemicals, e.g., green tea, herbal tisanes rooibos
and honeybush and their polyphenols, resveratrol (phytoalexin from vitis vinifera),
yielded contraversary results, which prevents considering these substances as
effective stimulators of islet regeneration [69-71] . Another example is glucokinase
activators (GKAs). In animal models, GKAs promote insulin release from β-cells and
stimulate β-cell proliferation. However, the results of recent phase II trials indicate
that GKA efficacy drops within few months of use for as yet unclear reasons[72].
It should be noted that a considerable reduction of DM symptoms observed upon
transplantation of MSCs (one of the most widespread therapeutic tools of regenerative
medicine) cannot be attributed to the alleged capacity of MSCs to trans-differentiate
into β-cells[73,74]. The data from preclinical experimental studies and clinical trials
indicate that MSCs promote β-cell regeneration by protecting the endogenous β-cells
from apoptosis, as well as attenuating the autoimmune processes that destroy β-cells.
In addition, the transplanted MSCs ameliorate the insulin resistance of peripheral
tissues by providing supportive niche microenvironments via the paracrine factors
secretion and the extracellular matrix deposition[75,76]. In this aspect, MSCs may be
considered as short-lived “mobile factories”, or “pharmacies”, which, during their
survival in the recipient’s body, manage to synthesize a wholesome pool of
biologically active substances that stimulate regeneration. The recent studies indicate
that the anti-diabetic effect of transplantation of the MSC-derived exosomes is similar
to the effects of MSC transplantation[77,78].

ALLOGENEIC ISLET TRANSPLANTATION
The idea of pancreatic islets transplantation has a long history; the first experimental
study in rodents was published in 1970s. The first experimental reversal of diabetes
by a pancreas transplant in rats was achieved in 1972. Delivery of the transplant by
infusion to the liver via portal vein was found more effective than intraperitoneal
infusion; to date, the site still remains a primary choice for the clinical islet infusion[79].
In 1979, allogeneic pancreatic fragments were successfully transplanted for the first
time, in conjunction with a kidney transplant in a patient with DM type 1[80].
In 1980–1990s, the priorities of most experts were in favor of pancreatic transplants
from cadaveric donors, because the ways of isolation of the endocrine portion from
the bulk of pancreatic tissue were not effective enough and the amount of donor
tissue was critical. A total of 267 allogeneic pancreas transplants accomplished in
1990–1999 had very moderate success: Only 12.4% of the patients had a remission
without insulin therapy lasting longer than a wk, and only in 8.2% of the patients the
effect lasted for more than a year[81]. This apparently negative result is explained by
ineffective techniques of islet isolation in combination with aggressive and inadequate
immunosuppression regimens.
In 2000, a principal breakthrough in the field of allogeneic transplantation of the
islets was done by Shapiro et al[82] at the University of Alberta (Edmonton, Canada).
The surgeons succeeded in developing a protocol surpassing all the previous attempts
in its effectiveness. The protocol was tested in seven DM type 1 patients with critically
reduced responses to exogenous insulin. The brain-dead donors were selected by
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multifactorial analysis of the donor choice for the optimal pancreatic islets isolation,
the criteria for which were developed back in 1996 by Lackey at al[83]. The donor
pancreas was perfused via the excretory ducts with a cold mixture of enzymes, after
which the islets of Langerhans were isolated by passing the tissue through ficolldiatrizoic acid gradients as described elsewhere [84] , with the difference that 25%
human albumin was used instead of the xenogeneic serum. Over 4000 isletequivalents per kg of body weight of a recipient were infused via the portal vein; the
required quantity of transplant was normally obtained from 2-3 donors. The resulting
therapeutic effects exceeded all previous achievements; the positive indicators
included the increased C-peptide levels, improved glucose tolerance, decreased
glycosylated hemoglobin levels and cessation of the acute hypoglycemia episodes. In
2006, the team published the outcome of a clinical trial (FDA NCT00014911) with
participation of 36 DM type 1 patients. In particular, in 21 patients (58%),
independence from exogenous insulin lasted for a year; of this number, 16 patients
maintained this effect through the second year, and 5 of the patients maintained it for
more than 2 years[85].
In opinion of the authors of the protocol, the success was largely due to the correct
immunosuppression scheme, which included sirolimus, low-dose tacrolimus and the
anti-interleukin-2 receptor monoclonal antibody under the complete exclusion of
glucocorticoids. The authors also concluded that, to ensure getting off exogenous
insulin, the minimum amount of islet-equivalents per kg of body weight should be
10000. The developed protocol, known as “the Edmonton protocol”, became the gold
standard for allogeneic transplantation of the pancreatic islets. As of 12/2019, FDA
has registered about a hundred clinical trials using the Edmonton protocol or its
modifications (mainly in the United States and Canada).
The achievements contributed to the spread of the pancreas transplants technology
with the establishment of specialized medical centers worldwide. Back in 2001, the
National Institute of Diabetes and Digestive and Kidney Diseases created the
Collaborative Islet Transplant Registry (CITR) which collects and summarizes
information on this technology[86].
According to CITR, during the period from 1999 to 2015, 1086 diabetic patients
underwent the donor islet transplantation, with 81% of the patients receiving the islet
transplant alone (ITA) and 19% of the patients receiving the islet-after-kidney,
simultaneous-islet-kidney or kidney-after-islet transplants. The largest number of
operations occurred between 2002 and 2005[87]; the activity reflected the enthusiasm
raised by implementation of the Edmonton protocol and the prolonged (up to 3 years)
islet transplantation effect.
The islet isolation and transplantation procedures in different settings were similar,
but the immunosuppression scheme evolved significantly, which explains the
observed increase in the transplantation efficiency. The Edmonton protocol was
considered the gold standard until the middle of 2000s, when the anti-interleukin-2
receptor-specific antibodies-based immunosuppression was replaced with a scheme
involving the induction with T-cell depletion and/or TNF-alpha inhibitor and
maintenance with mTOR and calcineurin inhibitors. Immunosuppression regimens of
this type have minimal diabetogenic side effects and low toxicity against the
transplanted islet cells. In 2008, the Edmonton protocol was succeeded by clinical islet
transplantation (CIT)-protocol developed by the CIT consortium[88]. Based on the
Edmonton protocol, CIT-protocol accumulates modifications and technical tips
directed primarily towards the increase in survival and secretory activity of the
transplanted allogeneic β-cells. Recent amendments to CIT-protocol (besides minor
corrections to the immunosuppression scheme) were as follows: The islets for a
transplant were obtained from a single donor; the islets were cultured for 36–72 h
prior to transplantation to get rid of the dead and non-viable cells in order to
attenuate the inflammatory response to the procedure; large doses of heparin were
added to the transplant, and additionally pentoxifylline and anticoagulants were
administered for one wk after the procedure, in order to decrease the risks of portal
vein thrombosis and to enhance the graft vascularization; the intense insulin therapy
was carried on for two mo after the procedure[89].
The effectiveness of allogeneic islet transplantation is continuously increasing. In
2017, according to CITR, the proportions of patients who maintained insulin
independence for 1 year and 5 years after ITA were, respectively, 76.9% and 47.0%. A
recent comparison of the outcomes of ITA and solitary pancreas transplantation alone
for DM type 1 shows similar safety, graft function and cost indicators for these
procedures [90] . Thus, allogeneic transplantation of the pancreatic islets holds its
position as a safe and effective way to treat insulin-dependent DM, especially in cases
when administration of exogenous insulin is useless and transplantation of the whole
pancreas is unadvisable due to the severity of the patient’s condition.
Moreover, the use of donor islets for the replacement therapy in DM has certain
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potential for further development. The efficiency of β-cell isolation, cultivation and
survival is subject to upgrades, e.g., by promoting the interactions of β-cells with
MSCs. Co-culturing with MSCs is likely to protect the islets from injury in cell culture
prior to infusion[91]. Multiple experimental studies show that co-transplantation of
MSCs with the islets improves the graft survival and the overall outcome; apparently,
the MSC secretome enhances survival of the donor islet cell against immune response,
hypoxia, oxidative stress and the host niche inconsistency[75,92,93].
A number of currently registered clinical trials employ new strategies aimed at
increasing the efficacy of allogeneic transplantation for the restoration of the islets of
Langerhans in the following aspects: (1) Modification of the immunosuppression
scheme by various formulations including Infliximab (chimeric monoclonal antibody
to TNF alpha; NCT00021788), Reparixin (non-competitive allosteric inhibitor of
CXCL8; NCT01220856, NCT01817959), Basiliximab (chimeric mouse-human
monoclonal antibody to CD25 which acts as alpha subunit of the IL-2 receptor on the
surface of T cells; NCT01049633), immunosuppressant chemical Deoxyspergualin
(NCT00434850), ex vivo selected and ex vivo expanded autologous regulatory T cells
(NCT03444064); (2) The search for alternative transplant site(s) instead of the
intraportal infusion prescribed by the Edmonton protocol, for instance,
transplantation of the islets into the gastric submucosa (NCT02402439, NCT01571817),
the omentum (NCT02213003, NCT02821026), the bone marrow (NCT01722682,
NCT01345227), the arm muscles (NCT01967186), the anterior chamber of a severely
impaired diabetic eye (NCT02916680); (3) Visual monitoring of the β-cell engraftment
by introducing radiolabeled tracer (NCT03785236) or MRI contrast agent
(NCT00453817, NCT01050166); and (4) Increasing the transplant survival by cotransplantation of the islets with other cells, e.g., allogeneic CD34+ bone marrow cells
(NCT00315614, NCT00021801), autologous MSCs (NC 00646724, NCT02384018),
allogeneic parathyroid glands (NCT 03977662).

AUTOLOGOUS ISLET TRANSPLANTATION
Autologous transplantations of the islets are only used for chronic pancreatitis of
various etiologies, specifically in the cases of total pancreatectomy and the
concomitant surgically induced DM (Table 1). The first transplantation of autologous
islets after pancreatectomy was implemented back in 1979[94]. Since 1995, an increasing
number of centers have reported total pancreatectomy with islet autotransplantation.
The procedure involves isolation of the patient’s own islets and their infusion to the
liver via the portal vein; the material effectively engrafts within hepatic parenchyma
without the need for immunosuppression, which is one of the huge advantages of
autologous transplantation[95].
The yields of viable islets from the resected pancreases are poor because of the
advanced damage to the pancreatic parenchyma caused by chronic inflammation and
fibrosis [95] . However, the efficiency of transplantation for autologous cells is
significantly higher than for allogeneic. In a large clinical trial, which included 173
pancreatectomized participants with autologous transplants and 262 DM patients
with allogeneic transplants, 85% of the recipients with autologous transplants were
maintained without exogenous insulin for two years after surgery, as compared with
only 66% of the recipients with allogeneic transplants, whereas five-year therapeutic
effects were achieved in 69% and 47% of the patients, respectively[96]. The protocol for
isolation of the islets for autologous transplantations [97] and the method of their
infusion via the portal system [ 9 8 ] are principally the same as for allogeneic
transplantations. However, autologous transplantations of the islets are less common
because of the difficulty or sheer impossibility of isolating the required amount of the
robust islet material from the patient’s tissues.

TISSUE ENGINEERING OF THE PANCREAS
The idea of tissue-engineered (bioartificial) pancreas arose as one of the possible
strategies for enhancing the allogeneic β-cell grafting. Major challenges associated
with bioartificial pancreas transplantations are the efficient delivery of β-cells and the
efficient promotion of conditions for the long (preferably lifetime) functioning of the
transplanted β-cells without the use of massive immunosuppression. The ultimate
goal is creation of an artificial immune-privileged site effectively separated from the
host immune system[99].
The technical requirements for bioartificial pancreas are exacting and very hard to
solve. The critical issues are: (1) Avoiding the foreign-body response; (2) Enabling
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oxygen permeability of the device; (3) Assembling the device without damaging the
islets; and (4) Positioning the device in close proximity to microcirculatory blood
vessels to ensure the delivery of oxygen and nutrients to the islets and the delivery of
secreted insulin to the rest of the body[99,100]. Development of new protocols for the
production of microencapsulated (“individually wrapped”) or macroencapsulated
(“packaged”) islets with the use of advanced biological and synthetic materials
(alginate, poly-L-lysine, poly-L-ornithine, chitosan-polyvinylpyrrolidone), which
would provide survival of cells within the construct while contributing to its
immunoisolation properties[101].
The first transplantation of the alginate-encapsulated neonatal porcine islets dates
back to 1996. The transplant was infused intraperitoneally to a 41-year-old DM type 1
Caucasian male patient at a dose of 15000 islet-equivalents per kg of body weight. The
detectable and distinctly glucose-responsive blood levels of porcine insulin and Cpeptide were observed for 11 mo after the procedure. However, the overall effect was
rather weak, especially against the success of the Edmonton protocol; the patient
failed to get off the exogenous insulin[102]. Nevertheless, the research in this direction
was continued. An Open-label Investigation of the Safety and Efficacy of DIABECELL
in Patients With Type 1 Diabetes Mellitus (NCT01736228, Phase 2) started in 2012;
DIABECELL stands for the alginate-encapsulated porcine islets for xenotransplantation by Diatranz Otsuka Ltd. The study exposed multiple pitfalls of the
alginate-encapsulated islets including immunogenic alginate impurities triggering the
immune-mediated destruction, unfavorable surface properties of the transplant, the
release of membrane-permeating antigens and the lack of proper standards for
encapsulation, cell grafting and alginate composition modifications[103].
A different type of bioartificial pancreas, the βAir device (Beta-O2 Technologies
Ltd) comprises a composite membrane (includes two hydrophilized 25 μm PTFE
membranes comprising 0.45 μm pores, with the highly viscous high-mannuronic-acid
alginate impregnated into the pores). The membrane is impermeable to
macromolecules (e.g., antibodies and the complement) and prevents cell-cell contacts,
while allowing the free passage of glucose, low molecular weight nutrients, glucagon
and insulin[101]. At the end of 2014, four patients were recruited to An Open Label,
Pilot Investigation, to Assess the Safety and Efficacy of Transplantation of Macroencapsulated Human Islets Within the Bioartificial Pancreas Beta-Air in Patients With
Type 1 Diabetes Mellitus (NCT02064309, Phase 1/2) with the results as yet
unpublished.
Another clinical study, A Safety, Tolerability, and Efficacy Study of VC-01™
Combination Product in Subjects With Type I Diabetes Mellitus (NCT02239354, Phase
1/2), started in 2014. By contrast with related products, VC-01™ (also known as PECEncap™, ViaCyte Inc.) is based on PEC-01 cells, a proprietary pancreatic endoderm
cell product derived through directed differentiation of an inexhaustible human
embryonic stem cell line, delivered in the immune-protecting and retrievable
encapsulation medical device. Cohort 1 of the study, designed to test sub-therapeutic
doses of PEC-01 cells, enrolled 19 patients with the established but stable DM type 1.
The patients were implanted subcutaneously with two different PEC-Encap unit sizes:
The larger VC-01-250 units were used primarily to evaluate the safety and tolerability,
and eventually the efficacy, while the smaller VC-01-20 units were used as “sentinels”
removed for analysis (histology, etc.) at different time-points; the efficacy will be
evaluated in Cohort 2.
A Safety, Tolerability and Efficacy Study of Sernova's Cell Pouch™ (Sernova Corp)
for Clinical Islet Transplantation (NCT03513939, Phase 1/2) has been launched quite
recently. The Cell Pouch™ device has been designed as a scaffold made of nondegradable polymers, molded into small cylindrical parts. Placed subcutaneously, the
device is overgrown by connective tissue and microvessels to form the living tissue
chambers around the removable non-degradable plugs. The process takes about 2 wk;
the plugs are eventually removed, leaving the fully formed empty tissue chambers for
the transplant. The Cell Pouch™ forms a natural environment rich in microvessels,
which provides the islets with core microcirculatory bed thus facilitating the
engraftment.
Conceptually, bioartificial pancreases are superior to the conventional suspension
transplants of insulin-releasing cells in a number of ways and certainly have the
potential. For instance, they enable protection of the islet grafts under minimized
immunosuppression and provide a choice of the implantation site. Besides, the
retrievable encapsulated devices allow straightaway removal of the transplant in
cases when transplanted cells (e.g., the iPSC/ESC-derived β-like cells) proceed to
uncontrolled proliferation and tumorigenesis.
The mentioned clinical trials are aimed at preventing glucose variability and
hypo/hyper glycemia as assessed by using a continuous glucose monitoring system.
In 2018, FDA approved the first implantable continuous glucose monitoring device
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(the Eversense Continuous Glucose Monitoring (CGM) System, Senseonics) for adults
(18 years and older) with type 1 and type 2 DM. It is the first fully implantable device
that can be used for 90 d without changing the sensor. The Eversense CGM System
uses a fluorescent chemical that produces a flash of light when exposed to blood
sugar. The light intensity is measured, and every 5 min the measurements are sent via
Bluetooth to a mobile app that displays readings while identifying trends and alerts.
It should be noticed that the term “artificial pancreas” is sometimes used to refer to
the implantable insulin pumps. Medtronic’s MiniMed 670G, a hybrid closed loop
system, became the first implantable insulin pump approved by FDA in 2016 for the
patients over 14 years old. The system includes a sensor attached to the body to
measure glucose levels every 5 min, an insulin pump, and an infusion patch
connected with the pump by a catheter that delivers insulin. The implantable insulin
pumps still lack in perfection, as the patients need to calibrate the device by
themselves, to reload it with insulin, to make manual adjustments for the physical
activity, etc. Besides, under extreme conditions or with a slightest manufacturing
defect, the device may deliver a critically inaccurate dose of insulin, the possibility
totally excluded when using “artificial pancreas” with insulin-producing β-cells.
Nevertheless, we hope that continuous upgrade of insulin pumps will significantly
improve the life quality of DM patients in the future.

STEM/PROGENITOR CELL REPROGRAMMING
The transplantation of the islets of Langerhans has proven to be an effective interim
solution for the treatment of insulin-dependent DM. Further improvements in this
therapy face two major unresolved issues: The shortage of donor β-cells and the
gradual rejection of allogeneic β-cells despite immunosuppression. Both problems can
be possibly solved by using alternative cell sources, particularly the autologous
stem/progenitor cells that can be effectively expanded and reprogrammed into
insulin-producing phenotypes.
Three types of stem/progenitor cells can be effectively reprogrammed into
functional β-cells: Adult/somatic stem cells, embryonic stem cells and the induced
pluripotent cells. Two major strategies of stem cells reprogramming are the use of
specific cell differentiation media and the use of genetic modification.
Adult stem cells are undifferentiated cells located at various sites in the adult body
(hemopoietic organs, epithelial tissues, periosteum, perichondrium, etc.). The adult
mammalian pancreas is believed to contain a small population of the pancreasderived multipotent precursors (PMPs). PMPs were derived from human pancreas
with an efficiency of about 2.6 generated spheres/10000 isolated cells; they distinctly
expressed the neural and endocrine progenitor markers. After the Matrigel-induced
differentiation, the PMP colonies contained 11.6% of the insulin+/pdx1+ β-like cells
and 3.3 ng of insulin, whereas a human islet contains -55% β cells and 45.5 ng of
insulin on the average[104]. Another study suggests that β-cell metabolic stress and
hyperglycemia enhance proliferation capacity of PMPs and bias differentiation of
their progeny toward β-cells in mice and humans [105] . The possibility of PMP
expansion would have major implications for regenerative therapy; a weak spot in
this concept is the very low cell turnover in the islets[33].
Multipotent stromal cells (mesenchymal stem cells, MSCs) are often considered as
the most promising type of adult stem cells for regenerative medicine. MSCs can be
effectively obtained from bone marrow, adipose tissue, dental pulp, mobilized
peripheral blood and birth tissues. According to the International Society for Cellular
Therapy, MSCs must meet three criteria: Adherent growth on raw plastic in
conventional culture flasks; surface expression of CD105, CD73 and CD90 and the
lack of surface expression of CD45, CD34, CD14/CD11b, CD79α/CD19 and human
leukocyte antigen (HLA) class II by ≥ 95% and ≤ 2% of the cells, respectively; the
ability to differentiate into osteoblasts, chondroblasts or adipocytes. In addition,
under specific culture conditions, MSCs can differentiate into multiple mesenchymal
derivatives (endothelial cells, fibroblasts, tenocytes, vascular smooth muscle cells,
sarcomere muscular cells) and non-mesodermal lineages (hepatocytes, neurons,
cardiac muscle cells, astrocytes, pancreatic cells)[106,107].
The ability of bone marrow-derived MSCs to differentiate into β-cells in selective
culture media was reported over 10 years ago [ 1 0 8 ] . Convincing results on
differentiation of β-cells from MSCs derived from other sources (umbilical cord,
umbilical cord blood, placenta, adipose tissue, urine, dental pulp) were published
later on. The possible formulations of inducers included EGF, betacellulin (a member
of the EGF family), HGF, retinoic acid, GLP-1, exendin-4 (a long-acting GLP-1
receptor agonist), activin A (a member of transforming growth factor-β family),
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nicotinamide, L-Taurin, β-mercaptoethanol, plant-derived alkaloid conophylline, high
glucose concentrations, etc.[108-112]. However, the use of differentiation media frequently
resulted in non-homogeneous or unstable cell cultures[113]. Despite the large number of
available protocols, very few of them succeeded in producing glucose-responsive
insulin-secreting cells from MSCs. Moreover, the multistage exposure to complex
mixtures (cocktails) of inducers occasionally results in destabilized or mixed
expression of pancreatic markers (e.g., β and δ genes co-expressed in one cell)[112].
The first experiments on differentiation of MSCs into insulin-producing cells by
genetic modification were published around the same time. By using a retroviral
vector, the cells were compelled to express the pdx1, which activated the expression of
all four hormones of the islets; however, the cells lacked expression of Neurod1, a key
transcription factor in differentiated β-cells. Transplantation of the cells to
immunodeficient mice with experimental streptozotocin-induced DM resulted in
further differentiation of the transplant to the point of the induction of Neurod1 and
consequent reduction of hyperglycemia [114] . Trans-differentiation of MSCs into
insulin-producing cells can be triggered by induction of several genes, the key of
which are pdx1, neurog3, pax4 and mafA [115] . The nucleic acid transfer-mediated
switching of these major regulatory genes is a powerful albeit unsafe tool of
reprogramming; the use of genetically modified MSCs is still limited to experimental
studies[116].
We have already mentioned that, according to the latest findings, the observed
therapeutic effect of MSC transplantation in DM can hardly be considered a
consequence of grafting of the in vitro pre-differentiated β-like cells; instead, it is
almost entirely due to the production of various immunomodulatory and tissue repair
molecules by transplanted MSCs. The term “medicinal signaling cells” has been
proposed to reconcile the new concept of the “pharmacy for injured tissues” with the
established knowledge about MSCs and their clinical classification[117].
An alternative source of stem cells for the reprogramming are embryonic stem cells
(ESCs) derived from the inner cell mass of the blastocyst. These cells are pluripotent,
that is, capable of differentiation into any cell type. The first attempt of obtaining βcells from ESCs dates back to 2001: The cells self-assembled to form three-dimensional
clusters similar to normal pancreatic islets in topology and showing glucoseresponsiveness (glucose triggered the release of insulin from these clusters)[118]. ESCs
can be readily differentiated into insulin-producing cells; the protocols are similar to
the protocols used for MSCs[119,120]. However, by contrast with MSCs which can be
expanded from the recipient’s own material, the differentiated cells derived from
ESCs are invariably allogeneic to recipients, and one of the critical problems facing the
in vivo maturation of ESC-derived β-cells is their low survival in host environments. A
possible route for obtaining autologous β-cells from ESCs is to use the “therapeutic
cloning” strategy, which involves the transfer of the patient’s somatic cell nucleus to
the donor ESC cytoplasm. The “therapeutic cloning” technologies have not been
recognized primarily due to the ethical and religious restrictions; in most countries,
research in this area is prohibited[121]. The clinical use of ESCs is a long-term prospect
also because the transplantation of ESCs and their derivatives, including those predifferentiated into β-cells, carries a possible risk of teratomas and embryocarcinomas[122].
In 2006, the prospective Nobel laureate Shinya Yamanaka published the procedure
for reprogramming of somatic cells (exemplified by murine dermal fibroblasts) into
pluripotent cells by transferring only four genes, oct3/4, sox2, c-myc and klf4. The
reprogrammed cells, designated as induced pluripotent stem cells (iPSCs), exhibited
morphological and growth properties of ESCs and expressed the ESC marker
genes[123]. The iPSCs can be differentiated into cells of all three germinal layers, e.g.,
into β-cells[124]. However, these studies are not yet out of the fundamental stage, and
many problems continuously emerge, e.g., the means for eventual substitution of the
defective resident β-cells, standardization of the treatment protocol, quality control
and safety issues. Nevertheless, a number of experts believe that eventual
standardization of iPSCs will bring the autologous cell therapy of DM to the fore[125].

MATURE SOMATIC CELL REPROGRAMMING
Mature somatic cells of the body are increasingly being considered as a source for βcell population renewal: The insulin-producing cells have been successfully obtained
from keratinocytes[126], pancreatic exocrine cells[127], hepatocytes[128], gastrointestinal
epithelium [129] , thyroid neuroendocrine cells [130] and non-β-cells of the islets,
particularly the glucagon-producing α-cells and the pancreatic polypeptide (PPY)producing γ-cells[131]. In the majority of cases, the reprogramming was accomplished
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by viral delivery of coding sequences for transcription factors pdx1, ngn3, mafA or
hnf6, less commonly – by using small molecules (5-aza-2'-deoxycytidine, trichostatin
A, retinoic acid, insulin-transferrin-selenium, nicotinamide). The reprogrammed cells
successfully produce and secrete insulin in glucose-responsive manner in vitro and
successfully reverse diabetes by sustained production of insulin in vivo, upon
transplantation in a streptozotocin-induced murine DM model.
More specifically, the viral delivery of ngn3, pdx1 and mafA constructs to adult
immunodeficient Rag1-/- mice allowed in vivo reprogramming of the differentiated
pancreatic exocrine cells into insulin-secreting β-cells; replacement of ngn3 with
neuroD reduced the induction efficiency[132]. Specific combination of transcription
factors ngn3, pdx1 and mafA is apparently essential for the β-cell development and
maturation[115]. Introducing adenoviral pdx1, ngn3 and mafA constructs to AR42j-B13
rat exocrine pancreatic cells in vitro caused a dramatic alteration of the cell identity,
manifested by inhibited expression of the exocrine markers and up-regulated
expression of both insulin genes. The cells secreted insulin and were capable of
relieving diabetes in streptozotocin-treated NOD-SCID mice. At the same time, the
lack of glucose responsiveness indicated incompleteness of the reprogramming[133],
which might be due to the poorly defined culture conditions for the maintenance of βcell function and identity in vitro[17].
Hepatic cells reportedly acquire the capability of insulin synthesis upon
transduction with pdx1 alone[134] or pdx1 in combination with neuroD[135] or ngn3[136].
Some of the authors consider trans-differentiation of hepatic cells into β-cells possible
(given that the pancreas, intestinal epithelium and the liver originate from a single
source – the foregut endoderm), although comprehensive evidence is missing[137]. On
the other hand, the residual presence of extra-organ endodermal stem cells in
peribiliary glands, hepato-pancreatic common duct, cystic duct, hilum is conceivable
as well; these multipotent progenitors may participate in pancreatic and hepatic
regeneration by differentiating into hepatocytes or pancreatic cells (exocrine or
endocrine)[138]. This view is supported by the fact that overexpression of pdx1 (possibly
in combination with mafA and ngn3) affords the insulin-secreting β-like cells not only
from hepatic cells, but also from intestinal epithelia[139,140].
The reprogramming efficiency may vary depending on the cell type. For instance,
although all gastrointestinal insulin-positive cells can respond to high glucose,
responsiveness of the antral insulin-positive cells is about 2-fold higher than that of
duodenal and colonic insulin-positive cells[129], while secretion of insulin by the γ-cellderived pseudo-islets upon glucose stimulation is 4.5-fold stronger than that of the
converted α-cells[131].
However, some experts consider α-cells as optimal trans-differentiation targets for
β-cell regeneration; the reasons are as follows: (1) α-cells are the closest to β-cells in
origin; (2) The pancreatic islets are their native niche; (3) Sufficient numbers of α-cells
are preserved in the islets in DM type 1 and 2, which makes their in situ
reprogramming conceivable; (4) α-cells are apparently committed to β-cell
differentiation, as under certain conditions they produce insulin and co-express the
adult β-cell markers pdx1 and nkx6.1; (5) The life-long capability of α-to-β conversion
in mammals; and (6) Loss of even a significant portion of α-cells has no major
physiological effect[131,141]. As has been mentioned above, α-cells and β-cells descend
from common ngn3+ endocrine precursors; their destiny as α-cells or β-cells is
specified by activation of certain transcription factors. Thus, the α-to-β conversion
may proceed via either up-regulation of β-cell-specific factors (pdx1, mafA, nkx6.1 or
pax4) or down-regulation of α-cell-specific factor (arx). Both of these options have
been successfully implemented: Ectopic expression of pdx1, mafA, nkx6.1 or pax4 in αcells induces β-cell features in fetal or adult α-cells [115,131,142] , whereas selective
inhibition of the arx gene in α-cells promotes conversion of the adult α-cells into β-like
cells through an intermediate bihormonal state[143,144]. However, the sufficiency of the
arx inactivation in α-cells for the direct α-to-β conversion is questionable [145] .
Epigenetic mechanisms (DNA methylation, histone modifications, non-coding RNA
expression) have been reported to contribute to the control of islet cell development
including differentiation and maturation of α- and β-cells[41,146]; therefore, to increase
the efficiency of reprogramming, it was proposed to modulate the arx axis in
combination with epigenetic factors. Simultaneous inactivation of arx and dnmt1
(DNA methyltransferase 1) in murine α-cells promoted efficient conversion of α-cells
into β-like progeny; the functional hallmarks included characteristic gene expression
signatures, electrophysiological responses and notably the glucose-dependent
production and secretion of insulin [145] . Although the reprogramming of mature
somatic cells into β-cells is still in its infancy, the pioneering studies support the
feasibility of the directed trans-differentiation for repair purposes.
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CONCLUSION
According to ClinicalTrials.gov, a database of privately and publicly funded clinical
studies, more than 10000 interventional studies of diabetes mellitus treatment have
been registered since 2000, which indicates the complexity, global significance and
enormous scale of the problem. The ultimate goal, which is to provide an acceptable
level of functional activity of the insulin-secreting β-cells, is pursued by two
prospective broad strategies of regenerative medicine: β-cell replacement and β-cell
regeneration.
The “regeneration” strategy is aimed at either maintenance of a preserved
population of β-cells (through in situ exposure to a wide range of biologically active
substances that improve β-cell survival, replication and insulin secretion), or
stimulation of the intrinsic adaptive mechanisms triggering the spontaneous non-β- to
β-cell conversion. In our opinion, transplantations of undifferentiated
stem/progenitor cells should be also included in this group, as the therapeutic
activity of the transplant is this case is determined not by cell replacement, but by the
paracrine and immunomodulatory mechanisms.
The “replacement” strategy implies the transplantation of β-cells or β-like cells after
certain ex vivo pretreatments. Most straightforwardly, it can be implemented as a
transplantation of the natural mature β-cells in the form of donor pancreas or
cadaveric/xenogeneic islets, necessarily accompanied by a heavy immunosuppression regimen. An advanced alternative, artificial pancreas transplants, is
essentially the same donor islets placed in a medical device ensuring their isolation
from the immune system of the recipient. A much more complicated approach is the
obtaining of β-like cells ex vivo from progenitors (MSCs, ESCs, iPSCs) or differentiated
somatic cells (e.g., hepatocytes or α-cells) by exposure to small-molecule inducers or
genetic modifications. Such reprogrammed cells are similar to β-cells in many
respects, including expression of specific genes and insulin secretion in response to
glucose stimulation, but still partially retain their original properties (genetic and
epigenetic determinants, secretome, plasticity), which requires additional studies on
their safety.
In summary, great progress in expanding our knowledge of the origin, growth, and
physiological or stimulated regeneration of the pancreatic islets, their isolation and
transplantation, and the production of reprogrammed β-like cells is evident. We
believe that the huge volume of experimental and clinical studies currently under way
will finally allow a safe and effective solution to a seemingly simple goal-restoration
of the functionally active β-cells, the innermost hope of millions of people globally.
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Abstract
Benign gallbladder diseases usually present with intraluminal lesions and
localized or diffuse wall thickening. Intraluminal lesions of the gallbladder
include gallstones, cholesterol polyps, adenomas, or sludge and polypoid type of
gallbladder cancer must subsequently be excluded. Polyp size, stalk width, and
enhancement intensity on contrast-enhanced ultrasound and degree of diffusion
restriction may help differentiate cholesterol polyps and adenomas from
gallbladder cancer. Localized gallbladder wall thickening is largely due to
segmental or focal gallbladder adenomyomatosis, although infiltrative cancer
may present similarly. Identification of Rokitansky-Aschoff sinuses is pivotal in
diagnosing adenomyomatosis. The layered pattern, degree of enhancement, and
integrity of the wall are imaging clues that help discriminate innocuous
thickening from gallbladder cancer. High-resolution ultrasound is especially
useful for analyzing the layering of gallbladder wall. A diffusely thickened wall
is frequently seen in inflammatory processes of the gallbladder. Nevertheless, it is
important to check for coexistent cancer in instances of acute cholecystitis.
Ultrasound used alone is limited in evaluating complicated cholecystitis and
often requires complementary computed tomography. In chronic cholecystitis,
preservation of a two-layered wall and weak wall enhancement are diagnostic
clues for excluding malignancy. Magnetic resonance imaging in conjunction with
diffusion-weighted imaging helps to differentiate xathogranulomatous
cholecystitis from gallbladder cancer by identifying the presence of fat and
degree of diffusion restriction. Such distinctions require a familiarity with typical
imaging features of various gallbladder diseases and an understanding of the
roles that assorted imaging modalities play in gallbladder evaluations.
Key words: Cholesterol polyp; Gallbladder adenoma; Adenomyomatosis; Cholecystitis;
Xathogranulomatous cholecystitis; Gallbladder cancer; Imaging techniques
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Core tip: Benign gallbladder diseases generally present with intraluminal lesions and
localized or diffuse wall thickening. To rule out gallbladder cancer, familiarity with
typical imaging features of benign disorders is essential, as is an understanding of the
roles that assorted imaging modalities play in gallbladder evaluations. Advanced
imaging techniques, such as contrast-enhanced ultrasound, high-resolution ultrasound,
and diffusion-weighted imaging, may be especially helpful in distinguishing benign and
malignant gallbladder diseases.
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INTRODUCTION
Gallbladder disease is common in clinical practice. Gallstones and gallbladder cancer
are the two most prevalent benign and malignant disorders, respectively [1] . The
benign conditions, which also include polyps, adenomyomatosis, acute cholecystitis,
and more [2] , show a range of clinical signs and symptoms. Patients may be
asymptomatic or stricken with acute biliary colic, jaundice, and fever. Required
treatments and management strategies vary accordingly. In addition, the benign
gallbladder diseases present with various imaging appearances and may mimic those
of gallbladder malignancies [1-4] . Therefore, it is imperative to differentiate such
diseases for treatment and prognostic purposes.
In evaluating the gallbladder, a variety of imaging modalities are useful.
Traditionally, ultrasound (US) has been the preferred first-line imaging technique for
suspected gallbladder disease. Given its rapid ascendancy, computed tomography
(CT) has also become a mainstay in evaluating gallbladder disease, whereas magnetic
resonance imaging (MRI) is generally considered a problem-solving tool[5]. Recent
technologic advancements have now prompted the use of contrast-enhanced US
(CEUS), high-resolution ultrasound (HRUS), and advanced MRI sequences for
gallbladder evaluations, enabling greater diagnostic precision and facilitating the
distinction between benign and malignant gallbladder disease[6-10].
Herein, we have classified various benign gallbladder diseases by imaging
appearance and briefly reviewed the respective clinical manifestations. In addition,
diagnostic tips are offered with respect to the roles that pertinent imaging techniques
may play in delineating benign conditions and ruling out malignancy.

IMAGING TECHNIQUES FOR GALLBLADDER DISEASE
Conventional imaging modalities
US is widely used as a primary imaging modality for evaluating suspected
gallbladder disease in patients with right upper quadrant pain or jaundice. It is a safe,
non-invasive, real-time imaging modality that is cost effective, offers superior spatial
resolution, and is easy to perform[3,7]. Despite its inherent sensitivity, US is limited by
operator subjectivity, restricted field of view, and inexorable beam interruption by
patient body habitus and contiguous bowel gas[11]. Therefore, although US can make
definitive diagnoses of most gallbladder diseases, complex conditions may
occasionally prove elusive[12]. For example, differentiating chronic cholecystitis from
cancer in a thick-walled gallbladder or distinguishing motionless sludge from
gallbladder cancer may be difficult[11,12].
Endoscopic US (EUS) is usually performed for gastrointestinal diseases, but it is
also used to evaluate polyps or wall thickening of the gallbladder[13,14]. EUS-enabled
gallbladder assessments are more accurate, because a high-frequency transducer (5-12
MHz) is closely applied, without interposition of other anatomic structures [14,15] .
However, the invasiveness of EUS procedures, their low tolerability, high cost, longer
duration, and need for sedation are all drawbacks and it is not routinely used for
evaluation of the gallbladder[16].
Given the increasing global usage and improved imaging quality of CT, it has also
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become a primary imaging modality for gallbladder disease. CT studies are rapid,
easy to perform, and offer extra-biliary duct information simultaneously. However,
radiolucent stones and radiation exposure are clear limitations.
MRI is considered a problem-solving tool, reserved for unclear gallbladder cases at
US or CT [3] . As a multiparametric imaging technique, it provides high-contrast
resolution of tissue and permits both anatomic and functional assessments of
gallbladder/biliary tract, using contrast excreted preferentially in the bile[5]. However,
MRI is still expensive and time-consuming.

Advanced imaging modalities
CEUS is an emerging imaging modality widely used to evaluate various abdominal
organs. Using microbubble contrast, tissue microvascularity is thereby explored,
overcoming limitations of conventional US through clearer and more accurate
evaluation[11]. Microbubble contrast is safe and has a low risk of adverse effects,
compared with CT or MRI contrast; and it is applicable to either transabdominal US
or EUS. A real-time dynamic evaluation of CEUS has become possible due to technical
advances of the contrast-specific mode with a low-mechanical index in US machine
and development of second-generation US contrast agents such as SonoVue (Bracco,
Milan, Italy), Definity (Lantheus Medical Imaging, North Billerica, MA, USA) and
Sonazoid (GE healthcare, Oslo, Norway). Since Sonazoid is able to obtain both
vascular phase and Kupffer phase images, which are usually obtained 10-15 minutes
after injection of US contrast agent, it is widely used for evaluation of hepatic focal
lesion[17]. On the other hand, any kinds of US contrast agent can be used for dynamic
evaluation of gallbladder. In recent years, CEUS use for gallbladder disease has
brought encouraging results, especially in differentiating benign and malignant
gallbladder diseases[6,7,12,15].
HRUS is a technology that uses both low- and high- frequency transducers during
the gallbladder evaluation[9]. Whereas conventional transabdominal US usually only
uses a low-frequency transducer from 2 to 5 MHz, HRUS can be simply applied by
addition of a high-frequency transducer after routine transabdominal US. Therefore,
HRUS harnesses the combined strengths of low- and high-frequency transducers.
High-frequency transducer offers higher image resolution, providing clearer
multilayer pattern of gallbladder wall and better internal echo change of polyps than
conventional US[18,19]. This improved resolution heightens the accuracy of gallbladder
assessments. It has performed successfully in characterizing gallbladder polyps and in
differentiating gallbladder cancer from adenomyomatosis[9,20].
Diffusion-weighted imaging (DWI) is now accepted in clinical practice as one of the
advanced MRI sequences. It reflects the degree of microscopic movement by water
protons, which represents the tissue characteristics and pathologic process [10] .
Generally, malignant tumors tend to show higher signal intensities on DWI, with
lower apparent diffusion coefficient (ADC) values, given their intense cellularity.
Thus, DWI has been used in clinical practice for detecting cancer and monitoring early
treatment responses of cancer[21]. In the gallbladder disease, DWI also advances our
diagnostic capability in distinguishing benign and malignant diseases[10,22-24].

IMAGING APPEARANCES OF BENIGN GALLBLADDER
DISEASES
Benign gallbladder diseases may be categorized according to imaging appearances as
intraluminal lesions, localized or diffuse wall thickening, and miscellaneous
appearances.

Intraluminal lesions of gallbladder
Intraluminal lesions of the gallbladder are typically detected by US, the first and
second most common being gallstones and polyps [25] . Such lesions must be
differentiated from polypoid type of the gallbladder cancer. Tumefactive sludge may
also be mistaken for a gallbladder polyp or mass.
Gallstones: Gallstones are not uncommon with a prevalence of approximately 10% in
the general population and are twice as likely to develop in women[5]. Increasing age,
obesity, rapid weight loss, pregnancy, and estrogen are known risk factors for
gallstones[2]. Most individuals affected (approximately 80%) remain asymptomatic
throughout life, whereas 20% will experience symptoms of biliary colic[26]. They are
classified as cholesterol or pigment stones according to composition of cholesterol,
and the composition also affects their imaging features on CT or MRI[3].
The accuracy of US in diagnosing gallstones is high up to 95%. They are usually
seen as echogenic foci, with posterior acoustic shadowing, displaying gravitational
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dependence upon movement (Figure 1A and B)[2]. However, CT imaging of gallstones
may vary. Calcified gallstones are best depicted by CT (Figure 1C), although those
with high cholesterol content are iso-dense with bile and thus are difficult to detect[3].
Gallstones appear as signal voids on both T1- and T2-weighted MRI and are best
appreciated on T2-weighted image, given the brightness of bile (Figure 1D)[2].
In most instances, gallstones are easily distinguished from tumorous conditions.
Movability on US and lack of contrast-enhancement on CT and MRI are the chief
imaging features of gallstones that rule out polyps or cancer.
Gallbladder polyp: In the gallbladder, polyps are defined as elevated (mucosal)
luminal projections. The reported prevalence by transabdominal US is 3%-7%,
compared with 2%-12% in cholecystectomy specimens[1,25]. They are categorized as
neoplastic or non-neoplastic, based on histopathologic characteristics[27].
The most common non-neoplastic polyps are cholesterol polyps, accounting for
approximately 60% of gallbladder polyps overall [27] . It is characterized by the
cholesterol deposition within macrophages of the lamina propria in the gallbladder
wall[1]. Multiple, small (usually 1-2 mm, < 10 mm) and rounded intraluminal lesions
with smooth contours are generally identifiable by US (Figure 2). Posterior acoustic
shadowing is absent, and the polyps retain fixed mural positions, despite positional
change[2]. Their stalks are rarely visible, a trait affably dubbed the “ball on the wall”
sign[25]. Cholesterol polyps are difficult to distinguish from surrounding bile by CT or
MRI.
Adenomas are true neoplastic polyps, with a well-established potential for
progression to carcinoma. They are rare, constituting only 4%-7% of all gallbladder
polyps[27]. Adenomas usually occur singly and vary in size (1.0-2.5 cm)[2]. They present
as sessile or pedunculated hypoechoic polyps with internal vascularity on color
Doppler US and no posterior acoustic shadowing on US (Figure 3A and B) [1,25] .
However, benign and malignant gallbladder polyps are not easily differentiated
because they have similar echogenicity and morphology.
A polyp > 1 cm in size is highly associated with a neoplastic polyp. Because benign
gallbladder polyps are typically < 1 cm, those that are large-sized (> 1 cm) or rapidly
growing must be regarded as potentially malignant[2]. However, considering the
moderate diagnostic accuracy entailed, polyp size of 1cm is insufficient to indicate
cholecystectomy for gallbladder polyps[28].
In evaluating gallbladder polyps, HRUS is more beneficial than conventional US,
depicting more clearly the internal echoes[9]. Neoplastic polyps appear as single,
sizeable (> 1 cm) hypoechoic polyps with sessile/lobulated contours, internal
hypoechoic foci, and vascularized core on color Doppler US. Non-neoplastic polyps
are instead multiple, small (< 1 cm), and smooth-surfaced iso-to hyperechoic
proliferations, with internal hyperechoic foci[9,29].
CEUS also provides useful information with enhancement intensity and pattern in
the characterization of cholesterol polyps, adenomas, and gallbladder cancers. Benign
gallbladder polyps generally show homogeneous enhancement, and the gallbladder
wall is intact, without evidence of nearby invasion[7,11]. Enhancement intensity and
stalk width aid in differentiating adenomas and cholesterol polyps. Adenomas are apt
to have broader stalks and show hyperenhancement during arterial phase (Figure 3C),
compared with the iso-enhancement that cholesterol polyps tend to display (Figure
4)[30]. On CEUS, the appearance of gallbladder cancer varies. Hyperenhancement and
rapid washout of contrast within 35 s have been reported as highly suspicious of
malignancy[12].
On CT and MRI, adenomas are seen as small enhancing polypoid lesion in the
gallbladder, similar to polypoid type of gallbladder cancer[1]. Still, adenomas tend to
be more homogeneous in texture, retaining space between themselves and
gallbladder wall and affording a relatively normal gallbladder configuration,
compared with gallbladder cancer[31]. The signal intensities of gallbladder cancers on
DWI are also higher than that of benign gallbladder polyps[23,32].
Sludge: Biliary debris or sludge is composed of particulate cholesterol monohydrate
or calcium bilirubinate suspended in mucous[3]. It often develops in conditions of
prolonged fasting or total parenteral nutrition, because bile is subject to concentration
during fasting. Sludge has a fluctuating course over time and may disappear or
redevelop.
On US, sludge is typified as low echoes, without acoustic shadowing or internal
vascularity, tending to layer within the gallbladder dependently, slowly shifting in
accord with positional change (Figure 5)[2,3]. Aggregated sludge may appear as a
mobile, echogenic, intraluminal mass (sludge ball) or as a polypoid mass (tumefactive
sludge) in dependent areas of the gallbladder [3] . Sludge may show iso- or mild
hyperintensity in T2-weighted MR image, displaying hyperintensity in T1-weighted
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Figure 1

Figure 1 Gallstones. A, B: Typical echogenic lesions of gallbladder with posterior acoustic shadowing (arrows), that
move in dependent manner during supine (A) to lateral decubitus (B) positional shift on ultrasound; C, D: Calcified
lesions visible on precontrast computed tomography scan (C), appearing as low signal intensity on T2-weighted
image (D).

image (Figure 6)[5].
Occasionally, tumefactive sludge may simulate a gallbladder polyp or a polypoid
gallbladder cancer. The absence of vascularity on color Doppler US is pivotal in ruling
out cancer (Figure 5B)[1]. However, 14% of tumefactive sludge diagnosed on US may
coexist with gallbladder malignancy[33]. Hence, repeat US examination should be done
to ensure its resolution, or further evaluation by CT or MRI should be pursued to
exclude an underlying mass. On MRI, the absence of dynamic enhancement and lack
of diffusion restriction help differentiate tumefactive sludge from gallbladder
cancer[34].

Localized thickening of gallbladder wall
A thickened gallbladder wall is a frequently encountered imaging feature in clinical
practice. It is seen in various benign conditions, as well as in gallbladder cancer[16,35].
Although notorious for its poor prognosis, the 5-year survival rate of gallbladder
cancer is as high as 90% if detected and treated at an early stage such as when the
tumor is confined to gallbladder wall [36,37] . Superficial or infiltrating type of
gallbladder cancer typically presents as gallbladder wall thickening. Consequently,
early and accurate differentiation of gallbladder cancer from other benign gallbladder
diseases that present with wall thickening is critical.
In this section, the focus is on benign diseases of gallbladder in which the wall is
partly thickened, especially segmental or focal (rather than diffuse) adenomyomatosis.
Adenomyomatosis: This common and benign condition, representative of gallbladder
wall thickening, has been reported in 2.0%-8.7% of cholecystectomy specimens and is
more frequently identified in women than in men[5,38]. By definition, the gallbladder
shows epithelial proliferation and muscular hypertrophy, with intramural mucosal
invaginations through the thickened muscular layer known as Rokitansky-Aschoff
sinuses[39]. There are three or four morphologic types of adenomyomatosis according
to the gross features and areas affected: Diffuse, annular or segmental, and focal[38].
Annular or segmental adenomyomatosis appears as a ring of circumferential
gallbladder body involvement with luminal narrowing, creating an hourglass
appearance[5,35]. The focal type is the most common and usually involves fundus. Focal
adenomyomatosis presents as focal wall thickening or frequently a semilunar or
crescentic solid mass[40]. These two types of adenomyomatosis are often confused with
gallbladder cancer.
Identification of Rokitansky-Aschoff sinuses is crucial for an imaging diagnosis of
adenomyomatosis. On US, a thickened wall with small anechoic intramural cystic
spaces is seen (Figure 7)[14]. Sinuses that contain cholesterol crystals, calculi, or sludge,
appear as intramural echogenic spots and show comet-tail artifact or twinkling
artifact on color Doppler US (Figure 7)[38,41]. Twinkling artifact is more noticeable when
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Figure 2

Figure 2 Cholesterol polyps. A-C: Multiple, tiny, smooth, and hyperechoic intraluminal polypoid lesions attached to gallbladder wall, without posterior acoustic
shadowing on ultrasound; internal vascularity of largest cholesterol polyp not evident by color Doppler ultrasound (C).

using low-frequency probes [42] . On CT, adenomyomatosis also presents with
thickened gallbladder wall or a mass-like lesion harboring small cystic-appearing
spaces, corresponding with bile-filled Rokitansky-Aschoff sinuses (Figure 7D)[43,44].
The recently described “cotton ball sign” refers to fuzzy grey enhancing dots in a
thickened gallbladder wall or the dotted outer border of an enhancing inner wall layer
on CT, showing high sensitivity in differentiating adenomyomatosis from gallbladder
malignancy[45]. The “pearl necklace sign” is the hallmark of adenomyomatosis on MRI,
denoting high signal-intensity foci of gallbladder wall on T2-weighted image (Figure
7E and Figure 8)[5,39]. Although it is highly specific for adenomyomatosis, it is not
identified in 28% of cases due to small sized Rokitansky-Aschoff sinuses, intramural
calcification, duodenal gas, or thick bile[39].
Occasionally, focal or segmental wall thickening on CT creates diagnostic dilemmas
in clinical practice. Analysis of layered patterns may then be helpful. If a thickened
wall shows a thicker inner enhancing layer than a hypodense outer layer or a thick
enhancing single layer, gallbladder cancer is a strong possibility (Figure 9) [46] .
Likewise, heterogeneous or full-thickness wall enhancement should raise suspicions
of malignancy, whereas oval contours, inner layer enhancement, and intralesional
cystic areas in a focally thickened wall suggest fundal adenomyomatosis (Figure 8 and
10)[47,48]. It is difficult to differentiate adenomyomatosis from gallbladder cancer on CT,
because analysis of gallbladder wall layers and demonstration of intramural cysts is
limited[49,50].
Relative to CT, HRUS and MRI perform well in differentiating these two
entities [20,50,51] . HRUS offers a detailed analysis of gallbladder wall, revealing the
symmetric thickening, intramural cystic spaces, and intramural echogenic foci
characteristic of adenomyomatosis (Figure 7). In gallbladder cancer, there is wall
discontinuity or irregular thickening of the innermost layer, irregular thickening of
the outermost layer, or loss of a multilayer pattern [20,50] . DWI is helpful as well,
showing higher signal intensity in malignant wall thickening than in benign wall
thickening (Figure 9-11)[10,32,51]. On CEUS, early hyperenhancement, destruction of
gallbladder wall, and infiltration of adjacent organs are readily suggestive of
gallbladder cancer[16,52,53]. On the hand, comet-tail artifact in this setting is viewed as a
reliable sign of benign gallbladder disease[54].

Diffuse thickening of gallbladder wall
Diffuse thickening of the gallbladder wall is frequently accompanied in inflammatory
processes. This section addresses various types of cholecystitis, as well as gallbladder
edema.
Acute cholecystitis: Acute inflammation is the most common gallbladder disorder.
Typical clinical manifestations are right upper quadrant tenderness, pain, fever, and
leukocytosis. It is usually due to gallbladder neck or cystic duct obstruction by
gallstones[55]. Uncomplicated acute cholecystitis is more common and typically less
dire than complicated cholecystitis or xathogranulomatous cholecystitis.
The sonographic hallmarks of acute cholecystitis are gallstones, diffuse mural
edematous thickening (> 3 mm), a layered appearance of gallbladder wall,
pericholecystic fluid accumulation, and gallbladder distension[3,55]. A positive Murphy
sign is highly specific for acute cholecystitis.
CT and MRI findings include gallbladder distension, gallstones, mural
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Figure 3 Gallbladder adenoma. A: Single, echogenic, intraluminal polypoid lesion within distal body of gallbladder on ultrasound (US); B: Internal vascular core
(arrow) demonstrable by color Doppler US; C: Homogeneous hyperenhancement of polypoid lesion on contrast-enhanced US using Sonovue, with intact gallbladder
wall and no evidence of invasion [cholecystectomy performed due to size (> 2.5 cm) and adenoma confirmed].

edema/thickening, pericholecystic fluid accumulation, inflammatory pericholecystic
fat stranding, and increased enhancement of adjacent liver parenchyma (Figure 12)[2,3].
The latter is transient, reflecting a hyperemic hepatic response to inflamed gallbladder
and it is a highly specific sign, found in most instances (70%) of acute cholecystitis[5].
MRI is helpful in detecting radiolucent gallstones.
The clinical signs and symptoms of acute cholecystitis are fairly pathognomonic,
facilitating the diagnosis. Even so, acute cholecystitis may mimic gallbladder cancer
by virtue of diffuse mural thickening. The more important issue in clinical practice is
coexistence of cholecystitis and cancer. The reported incidence of gallbladder cancer
that is masked by acute cholecystitis ranges from 1%-9%[56]. Acute cholecystitis may
thus be the initial presentation of an underlying gallbladder cancer. Careful
investigation is necessary for evaluation of a focally enhanced wall thickening or a
polypoid mass at gallbladder outlet especially in older patients with acute
cholecystitis.
Complicated cholecystitis: This designation incorporates gangrenous cholecystitis,
emphysematous cholecystitis, gallbladder perforation, and pericholecystic abscess.
Severe mucosal ulceration or perforation may be a diagnostic challenge by US alone,
often requiring complementary CT.
Gangrenous cholecystitis is an ominous disease, associated with high mortality and
morbidity[3]. It occurs in 2%-30% of acute cholecystitis and the risk for gangrenous
cholecystitis is known to increase in male patient with diabetes and leukocytosis[57-59].
Gangrenous cholecystitis is characterized by intramural hemorrhage, mucosal ulcer,
and purulent debris. The US hallmarks of gangrenous cholecystitis are asymmetric
gallbladder wall thickening, intraluminal membranes formed by desquamated
mucosa, and complex pericholecystic fluid collections (Figure 13A and B)[2,5]. CT
findings of gangrenous cholecystitis include irregular or absent of gallbladder wall,
intraluminal membranes, pericholecystic abscess, lack of mural enhancement, and a
greater degree of gallbladder distension with wall thickening (Figure 13C and D)[60-62].
Among them, discontinuous and/or irregular mucosal enhancement, marked
gallbladder distension with decreased mural enhancement can be reliable criteria for
differentiating gangrenous cholecystitis from uncomplicated acute cholecystitis[61,62].
The “interrupted rim sign” on MRI, marked by patchy enhancement of gallbladder
mucosa, is useful to identify the gangrenous cholecystitis[63].
Emphysematous cholecystitis is caused by gas-forming bacteria such as Clostridium
perfringens, Escherichia coli, and Klebsiella and is more likely to occur in diabetic
patients[64]. The presence of gas within gallbladder wall or lumen is key for radiologic
diagnosis (Figure 14A). Intraluminal gas produces dirty acoustic shadowing with
comet-tail or ring-down artifact on US (Figure 14B). This may resemble a contracted
gallbladder filled with gallstones or porcelain gallbladder[65]. CT is the most sensitive
modality for emphysematous cholecystitis, capable of pinpointing the precise location
of gas.
Gallbladder perforation is usually related to gangrenous cholecystitis. Owing to
poor blood supply, the fundus is predisposed to perforation. On CT or MRI, the
gallbladder wall is disrupted, with rim-enhancing complex fluid collections nearby
(Figure 15)[2,5]. Thus, perforation results in pericholecystic abscess formation, which if
confined to the liver may be mistaken for invasive gallbladder cancer, as frequently
happens.
Chronic cholecystitis: Chronic cholecystitis is a common form of clinically
symptomatic gallbladder disease. It is almost always associated with gallstones. The
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Figure 4 Cholesterol polyp. A: Single, echogenic, broad-based, mass-like lesion in proximal body of gallbladder on ultrasound; B: Internal vascularity not evident by
color Doppler ultrasound; C: Small enhancing intraluminal lesion of gallbladder on computed tomography; D: no broad base, and mosaic pattern of weak
enhancement revealed by contrast-enhanced endoscopic ultrasound using Sonovue (lesion confirmed as cholesterol polyp).

gallbladder is small and contracted, with irregularly thickened walls due to fibrotic
changes. US reveals a contracted stone-filled gallbladder with posterior acoustic
shadowing (Figure 16A), sharing features of gangrenous cholecystitis or porcelain
gallbladder. The collapsed gallbladder has a two-layered wall, which supports a
diagnosis of chronic cholecystitis[44,46]. On CT, there is usually a weakly enhancing
inner layer, with fuzzy margins, and a thin hypodense outer layer (Figure 16B),
whereas gallbladder cancer exhibits a two-layered wall with a strongly enhancing,
thick inner layer or a thick, one-layer heterogeneously enhancing wall[37,46]. In chronic
cholecystitis, the wall enhancement on MRI is smooth, slow, and prolonged, as
opposed to the irregular, early, and prolonged enhancement of gallbladder cancer
(Figures 16 and 17)[5].
Xanthogranulomatous cholecystitis: This uncommon chronic inflammatory disorder
of the gallbladder is characterized by accumulation of lipid-laden macrophages and
mixed inflammatory cell infiltrates of gallbladder wall[66]. There is a male predilection
(2:1 ratio), and 80% of cases are associated with gallstones[67].
Common imaging features are diffuse thickening of gallbladder wall, presence of
gallstones, continuous mucosal linearity, and intramural hypodense nodules or bands
on US or CT (Figure 18 and 19) [68-71] . Intramural nodules within a thickened
gallbladder wall indicative of abscess or xanthogranuloma formation, is an important
imaging sign [68] . However, the diffuse wall thickening of xanthogranulomatous
cholecystitis is easily confused with that of gallbladder cancer. If there is severe
proliferative fibrosis of the gallbladder and surrounding structures, it is especially
difficult to differentiate between the two diseases based on CT alone[71,72].
MRI shows continuity of the enhancing mucosal line and high intramural signal
intensity on T2-weighted image, corresponding with the hypodense intramural
nodules detectable on CT (Figure 18 and 19)[5,22,66,73]. In-phase and opposed-phase
chemical shift imaging also helps delineate fat content within the thickened wall
(Figure 18C and D, Figure 19C and D), confirming infiltration of cholesterol-bearing
foam cells[69,73]. Xanthogranulomatous cholecystitis shows less diffusion restriction as
well, displaying a higher mean ADC value than gallbladder cancer (Figure 18E and
F)[22].
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Figure 5

Figure 5 Sludge ball. A, B: Ultrasound imaging of movable intraluminal echogenic mass-like gallbladder lesion,
without posterior acoustic shadowing, internal vascularity absent by color Doppler ultrasound (B); C, D: highattenuated intraluminal mass on precontrast computed tomography (C), with no enhancement on post-contrast
computed tomography (D).

Gallbladder edema: A diffusely thickened, edematous gallbladder wall is easily
misdiagnosed as acute cholecystitis. Various pathologic conditions and systemic
diseases, such as cirrhosis, acute hepatitis, renal failure, hypoproteinemia, congestive
heart failure, and sepsis, are frequent causes of gallbladder edema [ 3 5 , 7 4 ] . A
multilayered, meshwork pattern is the distinctive feature on US (Figure 20A)[75]. CT
typically show hypodense thickening of subserosal layer (Figure 20). Compared with
acute cholecystitis, gallbladder distension, mucosal thickening, and adjacent
inflammatory changes in the surrounding tissue are lacking.

Miscellaneous appearances
Porcelain gallbladder: Mural calcifications are the hallmark of porcelain gallbladder,
which is thought to result from chronic inflammation[76]. This condition has received
considerable attention, based on a heightened risk (up to 60%) of gallbladder cancer.
However, recent studies have indicated a much lower rate (6%)[76-78].
The calcifications vary, ranging from focal plaques within the mucosal layer to fullthickness involvement that replaces the muscular layer [2,3] . By US, a curvilinear
echogenic lesion with posterior shadowing is evident in gallbladder fossa. As already
mentioned, chronic calculous cholecystitis and emphysematous cholecystitis must be
excluded. CT is the preferred modality, depicting the mural calcification and perhaps
helping to directly visualize an associated cancer (Figure 21). A large encased stone
with calcific rim and attenuated bile centrally may simulate porcelain gallbladder[3].
Gallbladder varices: Such venous collaterals are relatively rare in patients with portal
vein hypertension, arising more often in those with extrahepatic portal vein
occlusion[79]. Spontaneous rupture is unusual but may prove fatal, especially during
hepatobiliary operations [80] . Both cholecystic and pericholecystic collaterals are
involved. They appear as anechoic, serpentine areas within the wall or abutting the
gallbladder and show corresponding venous flow on Doppler US[81]. On CT, nodular
mural enhancement or numerous enhancing small vessels surrounding gallbladder
wall or in the pericholecystic bed are present and show signal voids on MRI (Figure
22)[79,82].

CONCLUSION
The appearances of various benign gallbladder diseases overlap with those of
gallbladder cancer. To ensure diagnostic accuracy, familiarity with typical imaging
features of benign conditions is essential, as is an understanding of the roles that
assorted imaging modalities play in gallbladder evaluations. Advanced imaging
techniques, such as CEUS, HRUS, and DWI, may be especially helpful in
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Figure 6

Figure 6 Tumefactive sludge. A, B: Heterogeneous mixed echogenic mass occupying gallbladder on ultrasound; C:
Hyperintensity (arrow) on T1-weighted image; D: Mild hyperintensity (arrow) on T2-weighted image. This lesion
disappeared in follow-up images (not shown).

differentiating benign and malignant gallbladder diseases.
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Figure 7

Figure 7 Segmental adenomyomatosis. A: Mild segmental thickening of fundal gallbladder wall, with comet-tail artifacts on conventional ultrasound (US); B, C:
High-resolution US (using high-frequency probe) showing small anechoic cystic inclusions (arrows) of thickened gallbladder wall (Rokitansky-Aschoff sinuses) and
comet-tail artifacts, superior to conventional US (B); twinkling artifacts observed on color Doppler US (C); D, E: Same intramural cystic spaces (arrows) and wall
thickening of adenomyomatosis seen by computed tomography (C) and magnetic resonance imaging (D).
Figure 8

Figure 8 Fundal adenomyomatosis. A, B: Oval-shaped nodular enhancing mural thickening (arrow) of fundus, with no observable cystic invaginations in axial and
coronal computed tomography scans; C, D: Tiny intramural cysts clearly demonstrated within focally thickened fundal wall (arrowhead) on T2-weighted image (C) and
magnetic resonance cholangiopancreatography (D), so-called “pearl necklace sign” of adenomyomatosis.
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Figure 9

Figure 9 Cancer of gallbladder body. A: Flat, thickened wall (arrow) with single enhancing layer of gallbladder body on computed tomography; B: No observable
intramural cysts on T2-weighted image; C: Strongly enhanced lesion (arterial phase), with mild thickening of adjacent fundal wall (arrowhead) on magnetic resonance
imaging; D, E: Obvious diffusion restriction on diffusion-weighted imaging (D) and apparent diffusion coefficient map (E); F: Adenocarcinoma confirmed on
hematoxylin and eosin staining (×100) after cholecystectomy.
Figure 10

Figure 10 Fundal adenomyomatosis. A: Oval-shaped enhanced wall thickening (arrow) of gallbladder fundus on computed tomography; B: “Pearl necklace sign”
unclear but suspicious intralesional hyperintensity (arrowhead) noted on T2-weighted image; C, D: No apparent diffusion restriction (arrow) on diffusion-weighted
imaging (C) or apparent diffusion coefficient map (D) (diagnosed as adenomyomatosis after cholecystectomy).

WJG

https://www.wjgnet.com

2978

June 14, 2020

Volume 26

Issue 22

Yu MH et al. Benign gallbladder diseases
Figure 11

Figure 11 Fundal gallbladder cancer. A: Segmental mass-like enhanced wall thickening (arrow) of gallbladder fundus on computed tomography; B, C: Intralesional
cystic area absent at fundal wall thickening (arrows) on T2-weighted image (B) and magnetic resonance cholangiopancreatography (C); D, E: Mass-like fundal
thickening (arrow) showing strong diffusion restriction on diffusion-weighted imaging (D) and apparent diffusion coefficient map (E); F: Adenocarcinoma confirmed on
hematoxylin and eosin staining (×100) after cholecystectomy.
Figure 12

Figure 12 Acute cholecystitis. A, B: Axial (A) and coronal (B) computed tomography scans of gallbladder showing tensile distension, diffuse mural
thickening/edema, and pericholecystic fat stranding (arrows); impacted stone of cystic duct and gallstones present.
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Figure 13

Figure 13 Gangrenous cholecystitis. A, B: Gallbladder distension, gallstones showing posterior acoustic shadowing at the neck, and irregular mucosa detachment
(arrows) on ultrasound; C, D: Arterial and portal phase computed tomography scans showing tensile gallbladder distension, diffuse mural thickening, pericholecystic
fat stranding, and increased arterial enhancement of adjacent hepatic parenchyma (asterisk); irregular or partly absent gallbladder mucosal enhancement (arrows)
suggesting gangrenous cholecystitis.
Figure 14

Figure 14 Emphysematous cholecystitis. A: Readily identifiable intraluminal air (arrow) in gallbladder on computed tomography; small gallstones and
pericholecystic fluid (arrowhead) present; B: Curvilinear echogenic line at gallbladder fossa, with posterior acoustic shadowing on ultrasound. GB: Gallbladder.
Figure 15

Figure 15 Gallbladder perforation. A, B: Axial (A) and coronal (B) computed tomography scans of distended gallbladder showing diffuse, enhanced wall thickening,
pericholecystic fat stranding, and irregular mucosal enhancement of acute gangrenous cholecystitis; a small rim-enhancing cystic protuberance (arrows) of nearby
liver, connected to gallbladder, suggesting pericholecystic abscess due to perforation.
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Figure 16

Figure 16 Chronic cholecystitis. A: Contracted gallbladder filled with multiple echogenic gallstones, showing posterior acoustic shadowing on ultrasound, the twolayered wall (arrows) still preserved; B: Collapsed gallbladder with tiny radiopaque gallstones and diffusely thickened wall, marked by weakly enhancing inner layer
with fuzzy margins and thin hypodense outer layer on computed tomography; C-E: Smooth, slow, and prolonged enhancement of gallbladder wall during dynamicenhanced magnetic resonance imaging.
Figure 17

Figure 17 Gallbladder cancer. A, B: Fundal chamber of bicameral gallbladder, with segmental enhanced wall thickening (arrow) on computed tomography; no
observable intramural cysts on T2-weighted image; C, D: Obvious diffusion restriction (arrow) on diffusion-weighted imaging (C) and apparent diffusion coefficient map
(D); E-G: Irregular, early, and prolonged strong enhancement (arrow) during dynamic-enhanced magnetic resonance imaging.
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Figure 18

Figure 18 Xanthogranulomatous cholecystitis. A: Computed tomography scan of distended gallbladder with impacted gallstone at neck, showing segmental wall
thickening of neck and proximal body and small hypodense intramural nodules (arrowheads); B: High signal intensity (arrowheads) of such abscesses or
xanthogranulomas on T2-weighted image; C and D: Easily identifiable fat (arrow) within thickened wall by in-phase and opposed-phase chemical shift imaging; E and
F: Mild diffusion restriction of wall thickening on diffusion-weighted imaging (E) and apparent diffusion coefficient map (F), less obvious than in gallbladder cancer.
Figure 19

Figure 19 Xanthogranulomatous cholecystitis. A, B: Diffuse, severe wall thickening, continuous mucosal line, and small gallstone (asterisk) on computed
tomography (A) and T2-weighted image (B) of gallbladder, with small intramural abscesses (arrowheads) of thickened wall; C, D: Signal drop in fat component (arrow)
on opposed-phase (C) rather than in-phase (D) imaging.
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Figure 20

Figure 20 Gallbladder edema. A: Distention and diffuse mural thickening of gallbladder with mesh-like multilayered wall pattern (arrows) on ultrasound; B: Intact
inner mucosal layer and diffusely thickened, low-attenuated subserosal layer on computed tomography; C: Diffusely edematous, thickened gallbladder showing
hyperintensity on T2-weighted image.
Figure 21

Figure 21 Porcelain gallbladder. A: Segmental, irregular wall thickening of gallbladder fundus on contrast-enhanced computed tomography; B: Curvilinear
calcification (arrow) of fundal wall on precontrast computed tomography.
Figure 22

Figure 22 Gallbladder varices. A: tortuous enhancing vascular structures (arrows) encircling gallbladder wall on computed tomography, caused by portal vein
thrombosis (not shown); B: Signal voids of varices (arrows) on T2-weighted image.
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Abstract
Severe pulmonary disease caused by the novel coronavirus [severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)], has devastated many
countries around the world. It has overwhelmed the medical system. The
priorities of many institutions have changed to manage critically ill corona virus
infectious disease-2019 (COVID-19) patients, which affected the working style of
many departments. Hepatologists and transplant surgeons look after a very
sensitive patient group. Patients with liver disease need special attention and
continuous follow-up. Similarly, transplant candidates also need special care.
Healthcare professionals in the field of hepatology face the overwhelming task of
taking care of COVID-19 patients with hepatic complications, liver disease or
transplant patients who are SARS-CoV-2 positive, and the patients on routine
surveillance who do not have COVID-19. This review will evaluate COVID-19
from the perspective of its effect on the liver and its possible effects on patients
with liver disease. Furthermore, the level of care for liver transplant recipients
during the pandemic will be discussed.
Key words: SARS-Cov-2; COVID-19; Acute liver injury; Chronic liver disease; Liver
transplantation; Risk factors
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Core tip: Data regarding the effect of the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection on liver transplant (LT) recipients are very limited. We have
performed 35 living donor liver transplantations since the first corona virus infectious
disease-2019 (COVID-19) case was observed in Turkey. We routinely test living liver
donors and recipients for SARS-CoV-2 with nasopharyngeal swabs before the liver
transplantation procedure. Furthermore, we repeated this test before discharging the
patients. We have not found any SARS-CoV-2-positive LT recipients or donors, nor
have we found any patients with COVID-19-like pneumonia. We have limited the
number of patients going to the outpatient clinic, and only performed LT when it was
urgently needed. We took the necessary precautions to protect the healthcare personnel
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by limiting the duration of work and providing protective equipment to all, including
inpatients.
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INTRODUCTION
A new strain of coronavirus that caused severe respiratory disease in infected
individuals was initially identified in China’s Wuhan City in December 2019[1]. The
International Committee on Taxonomy of Viruses named the new virus: Severe acute
respiratory distress syndrome coronavirus-2 (SARS-CoV-2), which was responsible
for the corona virus infectious disease-2019 (COVID-19)[2]. It soon spread to almost
every country around in the world, and the World Health Organization declared that
COVID-19 was a Public Health Emergency of International Concern on January 30,
2020. To date, there are 5061476 confirmed cases and 311475 deaths globally[1]. In
Turkey, the first case was declared on March 11, 2020, and as this review article was
written, there are 154500 confirmed cases and 4276 deaths due to COVID-19 (total test:
1767495)[3].
The mortality rate of the disease is thought to be 2%-5% in the general population.
However, patients who were older, or had underlying diseases, such as hypertension,
diabetes, and chronic obstructive pulmonary disease, are considered high-risk with a
mortality rate of > 50%[4]. To date, there is no definitive treatment for COVID-19.
However, agents such as remdesivir are effective in decreasing the duration to
recovery and the incidence of the respiratory disease and seems promising [5] .
Although respiratory symptoms dominate the clinical picture in COVID-19, it is
unclear whether the virus causes infections in multiple organs. The present study
aimed to evaluate the pathophysiology of COVID-19 and to analyze the implications
of this disease for medical centers that facilitate and manage liver transplantation and
acute and chronic liver disease.

PATHOGENESIS OF SARS-COV-2 INFECTION
SARS-CoV-2 is a new virus belonging to the beta coronavirus genus [6] , and is a
positive-strand RNA virus that has a glycolipid envelope[7]. The virus recognizes the
angiotensin-converting enzyme 2 (ACE-2) receptor to infect host cells[8]. This section
will attempt to delineate the viral entry and replication process. ACE-2 is present in
cardiomyocytes and most endothelial cells except for those lining the liver sinusoids,
lungs, bile ducts, intestines, and kidneys[9]. Through the infection of these tissues, the
virus can be isolated from blood, feces, urine, and secretions of the upper and lower
respiratory tract. Although the main route of entry into the body is through inhalation
of respiratory microparticles, the oral-fecal route cannot be dismissed because viral
RNA has been found in fecal samples[10].
The spike protein (S protein) is a ligand on the SARS-CoV-2 surface that binds to
ACE-2. Potential targets for this protein include ACE-2 and C-type lectin (L-SIGN or
CD209L)[11]. After attaching to the cell membrane, the virus is internalized when the
viral envelope fuses with the host membrane [12] . The viral genome enters the
cytoplasm and is translated to form new virions. There are two open reading frames
(ORFs) in the viral genome (ORF1 and ORF2)[13]. Translation of ORF1 yields structural
and nonstructural proteins, which facilitates viral genome replication[14,15].
Once the structural proteins are formed, massive copies of the viral genome are
synthesized. The structural proteins are incorporated into the membrane of the
endoplasmic reticulum (ER) and Golgi complex [14] . Once the viral genome is
replicated, it interacts with and becomes attached to the structural proteins and this
complex enters the lumen of the ER-Golgi intermediary compartment (ERGIC) to
form a nucleocapsid[16]. Once this process is completed, mature virions are transported
to the cell membrane inside ERGIC vesicles and released into the extracellular space
upon vesicles-membrane fusion[16].
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THE INTERACTION OF SARS-COV-2 AND THE IMMUNE
SYSTEM
The role of the major histocompatibility antigens
The viral nucleocapsid proteins remain on the surface of the cell membrane after the
virus has entered the cell via fusion with the host membrane; these are recognized by
antigen-presenting cells, which initiate an antiviral immune response[7]. The common
antigen presenting cells in humans are dendritic cells, monocytes, plasma cells, etc.
Viral antigens are presented to cytotoxic (CD8+) and regulatory (CD4+) T
lymphocytes by the major histocompatibility complexes, which are also called human
leukocyte antigens (HLAs). In particular, HLA class I antigens play an important role
during this process[17].
We know very little about SARS-CoV-2 and the antigens involved in the immune
response to this virus. However, our experience with the 2003 SARS pandemic has
provided important information regarding the role of HLA class I and II antigens.
From the SARS pandemic, we know that certain HLA class I and II alleles, such as
HLA IB4601, IB07033, and IIDRB1-1202[18,19], increase an individual’s susceptibility to
coronavirus. In contrast, the HLA II DR0301, Cw1502, and IA 0201 alleles confer
resistance to SARS and Middle-East respiratory syndrome (MERS) infections[20].

Interaction of SARS-CoV-2 with components of the host immune system
Our current SARS-CoV-2 knowledge is based on our experiences from previous
pandemics (SARS and MERS). Unfortunately, the host-viral interactions for SARSCoV-2 have not been clearly defined. However, we can follow its immunopathogenesis based on our observations of patient symptoms[21,22]. People become infected
when they breathe in the respiratory secretions (droplets and microdroplets) from
infected individuals come into contact with their respiratory tract. The median
interval between the exposure to the development of the symptoms is 6 d (range: 2-14
d)[2,11,23]. The main features in infected patients were lymphopenia and elevated serum
levels of pro-inflammatory cytokines [11,23,24] . Chronologically, these phenotypes
coincide with the appearance of bilateral “ground glass” opacities in the lungs[21]. Lin
and colleagues hypothesized that the viral cycle has three phases: (1) Viral entry and
viremia; (2) Pneumonia; and (3) Recovery phase[21]. The first two phases occur in all
patients when SARS-CoV-2 somehow evades the immune system. If the immune
system is strong and the virus is cleared away, the patient recovers. However, if the
immune system is dysfunctional, such as in individuals with hypertension,
cardiovascular disease, or diabetes, there will be a late inflammatory response that
results in a cytokine storm. In this scenario, the patient’s condition deteriorates to a
critical level[21,25]. In the present section, we summarize the interactions between the
virus and the components of the innate and adaptive immune system.
The main mechanism for viral immune evasion begins at the innate immune
response level. Viral defense against the host immune system involves: (1) Infection of
a limited number of cells over a large surface area; and (2) Blockage of the main host
immune defense, such as the interferon (IFN) type I response and its downstream
pathways[25]. As we have stated earlier, the main receptor for SARS-CoV-2 cellular
entry is ACE-2, and the main entry route to the body is via inhalation of microdroplets
into the lower respiratory tract. The ACE-2-positive alveolar cells comprise only a
fraction of the cells of the respiratory tract[9,26]. Therefore, only a limited number of
cells across a large surface area are initially infected, which may “dilute” the initial
viral load. As a result, density of infected cells are initially low and virus replicating
and disseminating without evoking a major response in the host immune system. The
IFN type I pathway plays a key role in the initial defense against viral infection.
Pathogen-associated molecular patterns, which constitute the viral RNA and the
intermediate double-stranded RNAs that are formed during viral replication, are
recognized by certain receptors on the ER, which initiates an internal signal for the
IFN type I response. Downstream of this pathway, the Janus kinases and signal
transducer and activator of transcription proteins are phosphorylated and activated,
and the IFN-stimulated genes are transcribed. The IFN related genes are comprised of
vast number of chemokines and cytokines that stimulate both the innate and the
adoptive immune system. All these result in apoptosis of the infected cells and
immune cell recruitment[16]. Both SARS and MERS coronaviruses block the IFN type I
response by either dephosphorylating or ubiquitinating the intracellular receptors and
effectors in this pathway[27]. SARS-CoV-2 could also inhibit this pathway via the same
mechanism because it is genomically similar to the SARS (80%) and MERS (nearly
50%) viruses[28]. Furthermore, our experiences with SARS and MERS showed us that
coronaviruses could infect local macrophages and T cells[29]. The innate immune
system plays an important role in the clearance of the virus. If the innate immune
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system is successful in clearance of the virus in the early stages then the infection
resolves without any problem. However, if the viral clearance is unsuccessful, the late
IFN type I response results in the release of a variety of proinflammatory cytokines
are synthesized and released which results in a hyperinflammatory state which is
called the cytokine storm. Therefore, the efficiency of the function of the innate
immune system determines the prognosis of the[7,25]. In individuals with an intact
innate immune system, the virus is cleared during the initial phase, and this is the
reason why children and healthy young adults who contract the disease have mild
symptoms. However, the elderly and individuals with underlying chronic diseases
have an altered innate immune response and the viral clearance is not sufficient
leading to cytokine storm and which has devastating effects[24].
In certain patient groups with poorer prognostic outcomes, the discharge of cascade
of pro-inflammatory cytokines (cytokine storm syndrome) results in a hyperinflammatory state, which exacerbates pulmonary dysfunction and may lead to multiorgan failure [29] . Cardinal feature of the cytokine storm syndrome resemble
hemophagocytic lymphocytosis. Both entities manifest as persistent fever, cytopenia,
and hyperferritinemia. Pulmonary dysfunction is also a prominent feature of this
disease, affecting more than 50% of patients[30]. Huang and colleagues[24] showed that
the levels of pro-inflammatory cytokines, such as interleukin (IL)-2, IL-7, granulocyte
colony-stimulating factor (GM-CSF), IFN-γ inducible protein (IP)-1, monocyte
chemoattractant protein (MCP), macrophage inflammatory protein (MIP)-1α, and
tumor necrosis factor (TNF)-α are increased in COVID-19 patients. Yang et al [31]
analyzed 53 COVID-19 cases (34 severe versus 19 moderate). They showed that
patients with moderate disease were generally younger (63.2% were between 16-59
years of age in moderate cases; 73.5% of severe cases were over 60 years old). Both
pro- and anti-inflammatory cytokines were elevated in the COVID-19 cases. In
particular, IP-10, MCP-3, and IL-1ra levels predicted the disease severity and
mortality of patients because these cytokines were persistently elevated in a majority
of severe cases (for up to 15 d from admission) and 14 fatal cases [31] . Therefore,
cytokine storm syndrome is a potential target for developing new therapeutic
modalities to treat critical cases and to reduce mortality. Monteleone et al[32] published
an editorial proposing that patients should be treated with anti-IL-6 therapy, normally
used to treat hyperactive immune diseases, such as rheumatoid arthritis, as it may
protect patients from the pulmonary complications observed in COVID-19 patients.
This may be due to the fact that IL-6 lies at the center of the cytokine cascade involved
in cytokine storm syndrome.
The type 1 T helper response to viral infections is extremely important because it
provides a memory response against the virus. It is important to orchestrate humoral
and cytotoxic T cell responses during viral infections[25,33]. This adaptive immune
response targets certain viral antigens, such as the S, N, M, and E proteins. While
there are insufficient data on the adaptive immune response to SARS-CoV-2; our
experience from SARS patients tells us that the immunoglobulin (Ig)M response
begins 9 d post-infection, and continues for 12 wk[25,34]. In the second week following
viral entry, IgG response kicks in. The IgG response can be observed for up to two
years after the initial viral infection[34]. The number of peripheral blood CD4+ and
CD8+ lymphocytes is reduced in COVID-19 patients and we do not know the
implications of this observation[7,35]. However, during the SARS pandemic, the CD4+ T
cell activity is overwhelmed by the CD8+ T cell response. Furthermore, a type 2 T
helper response was observed in patients with severe disease, and elevation of IL-4,
IL-5, and IL-10 cytokines was the dominant immune response in critically ill
patients[36]. In addition, early cytotoxic T cell responses predicted disease severity and
mortality in patients[37]. Cumulatively, these results suggest that we should focus on
promoting the type 1 T helper responses and preventing excessive cytotoxic T cell
responses in patients when developing treatment and vaccination for COVID-19.

ACUTE LIVER INJURY IN PATIENTS WITH COVID-19
The SARS-CoV-2 S protein is expressed in tissues during the viral replication cycle
and causes inflammation in most tissues, including the liver. This inflammatory
response facilitates viral clearance from the tissues and promotes an adaptive immune
response to viral infection[38]. CD4+ lymphocytes promote the transformation of B cells
into plasma cells and enhance antibody production. Cytotoxic T lymphocytes are
active in most tissues, which reflects an effective antiviral response, but may also
cause extensive tissue injury. Therefore, as previously mentioned, events that lead to a
hyper-inflammatory state cause tissue immunopathogenesis, which may result in
tissue injury during COVID-19 [39] . However, the exact mechanisms by which an
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extrapulmonary organ, such as the liver, is affected by SARS-CoV-2 infection is not
known. In this section, we will summarize the current cases and outline the liverrelated pathologies in these patients.
One of the points of discussion for this subject is whether viral liver injury occurred
as a direct or indirect consequence of COVID-19 [ 3 8 ] . ACE-2 is expressed by
cholangiocytes but not by Kupffer cells, hepatocytes, or sinusoidal endothelial
cells[9,40]. In animal models, ACE-2 expression was elevated after partial hepatectomy,
which was maintained until the end of the regenerative process[41]. This elevated
expression was attributed to an increase in cholangiocyte activity, including its own
proliferation and differentiation to hepatocyte differentiation[38,42]. Therefore, ACE-2 is
a surrogate marker for hepatic regeneration. We hypothesized that in living donor
liver transplantation (LDLT), the ACE-2 protein is also upregulated in the tissue and
serum. Therefore, during the early postoperative phase, both the liver transplant (LT)
recipients and donor tissues are more susceptible to SARS-CoV-2 infection because
they have an elevated ACE-2 protein expression as a consequence of hepatic
regeneration.
Gamma-glutamyltransferase and alkaline phosphatase are known surrogate
markers of cholangiocyte and bile duct damage[38]. Patient data accumulated since the
beginning of the pandemic in Wuhan, China, have shown that the level of
aminotransferase had increased, whereas, that of cholestatic enzymes had not (Table
1)[4,24,42-50]. Approximately 20% of cases in descriptive and phase IV clinical trials of new
therapeutic approaches had elevated aminotransferase[48]. Furthermore, the duration
and severity of this disease affected aminotransferases levels, which peaked at around
the second and third week following the onset of symptoms[44,49]. This observation
suggests that the mechanistic basis of tissue injury may not be directly related to the
viral infection.
The liver is a highly intricate filtration machine that detoxifies portal blood of the
xenobiotics that originate from the intestines. This liver function can be disrupted by
extreme physiological stress. Cytokine storm is one of the most potent physiological
stresses that result in a hyper-inflammatory condition and leads to organ damage[51,52].
High levels of IL-2, IL-6, IL-7, IL-10, TNF-α, GM-CSF, IP-10, MCP-1, and MIP-1α were
observed in patients with severe COVID-19[51,52]. Furthermore, acute liver injury was
more prominent in these patients[47]. For this reason, there must be a correlation
between acute liver injury and cytokine storm, both of which were observed in the
severe form of COVID-19.
Sepsis is a common clinical condition in COVID-19 patients and is also a major
physiological stress[38,53]. Many mechanisms can cause end-organ damage during
sepsis. Reactive oxygen species, ischemia-reperfusion injury, sepsis-induced
cholestasis, and drug toxicity injury are some of the mechanisms that could cause
sepsis-induced liver injury. Furthermore, hypo-perfusion and a hyper-inflammatory
state result in an unfavorable microenvironment that leads to liver injury[54,55]. The
main COVID-19 liver damages are moderate microvesicular steatosis and mild
inflammation at the lobules and portal region, which reflects drug toxicity [35,56] .
COVID-19 patients consume certain drugs, such as paracetamol, oseltamivir, abidol,
and lopinavir/ritonavir, which are known to be hepatotoxic [57,58] . Therefore, a
combination of virus-mediated hyper-inflammatory state and drug hepatotoxic result
in the acute liver injury observed in COVID-19 patients. However, the effects of
SARS-CoV-2 infection on patients with underlying liver diseases, such as hepatitis B
virus (HBV) and hepatitis C virus infections, non-alcoholic steatohepatitis, and
ethanol toxicity, are not known. The following sections will evaluate the effect of
SARS-CoV-2 in patients with chronic liver disease and those who have undergone
liver transplantation.

COVID-19 IN PATIENTS WITH UNDERLYING LIVER
DISEASE
Although evidence is lacking, patients with chronic liver diseases may be more
susceptible to SARS-CoV-2 infection. Biologic drugs used to treat COVID-19, such as
tocilizumab and baricitinib, can result in the reactivation of diseases, such as HBV
infections[56]. There are two points to be considered. The first is SARS-CoV-2’s effect on
patients with underlying liver disease, and the second is how this virus changes the
standard of care for patients with liver disease.
While we do not have enough clinical evidence to properly dissect the first point,
an early postmortem study has shown that the virus was found in the liver tissue of a
patient who had died from COVID-19[59]. In the same study, one patient had cirrhosis,
but the liver histopathologic examination result was inconclusive. However, three
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Table 1 The summary of the clinical studies about acute liver injury in coronavirus infectious disease-2019
Ref.

Total patients No. of ALI, n (%)

No. of severe disease among ALI, n
(%)

Number of dismal prognosis among ALI, n
(%)

Zhou et al[4]

191

59 (38.8)

NS

26 (44.1)

Huang et al[24]

41

15 (36.6)

8 (53.3)

NS

Guan et al[41]

1099

326 (29.7)

94 (28.8)

46 (14.1)

Hu et al

323

265 (82)

134 (50.6)

58 (21.9)

Zhang et al[45]

115

28 (24.3)

20 (71.4)

NS

Yang et al[44]

149

45 (30.2)

NS

NS

Fu et al[46]

350

101 (28.8)

NS

14 (13.9)

Cai et al

298

44 (14.7)

21 (47.7)

NS

Cao et al[48]1

199

120 (60.3)

NS

NS

Shi et al[49]

81

43 (53.1)

26 (83.7)

NS

93

27 (29.2)

NS

NS

[43]

[47]

[50]

Omrani-Nava et al

It was considered acute liver injury if the patients had elevated alanine aminotransferase, aspartate aminotransferase, or both or if acute liver injury is
reported by the authors.
1
All were severe cases. ALI: Acute liver injury; No.: Number of individuals dismal prognosis: progression of the disease despite suitable therapy of
occurrence of mortality in the patients; NS: Not specified.

other patients who did not have a history of liver disease exhibited signs of hepatic
damage, such as nuclear glycogen deposition, microvesicular steatosis, zone 3
sinusoidal dilatation, patchy hepatic necrosis, and minimal lymphocytic infiltration[59].
Therefore, in terms of its role in the liver, COVID-19 may worsen liver disease by
attacking the remaining parenchyma. Our hypothesis is supported by several Chinese
clinical studies that showed that 2% of patients with severe COVID-19 also had HBV
infection, in comparison to 0.6% with non-severe SARS-CoV-2 pneumonia[42,60]. This
suggests that patients infected by HBV tend to have a more severe form of SARS-CoV2. Furthermore, the drugs used to treat COVID-19 are hepatotoxic, which complicates
the clinical situation of liver disease patients[60]. A literature search has not identified
any association between fulminant hepatic failure and COVID-19 or that this virus
could synergize with factors, such as drugs and viral agents that induce acute liver
failure. However, this is due to a paucity of data rather than the effect of the virus.
Table 2 summarizes the clinical data of patients with chronic liver disease that were
infected by SARS-CoV-2[24,42,43,47,48,61,62]. In brief, 2543 COVID-19 patients with a complete
medical history (including the severity of disease and outcome) were reported in the
literature. Among these patients, 103 had either cirrhosis or HBV-related diseases
(4%). Among the patients with cirrhosis, the incidence of severe disease varied
between 4.3% to 71.4% in various studies[24,42,43,47,49,61,62]. Luo and colleagues reported
that the mortality rate for COVID-19 patients with pre-existing liver disease was
approximately 30%-36%[61,62]. Therefore, although the incidence of patients with both
pre-existing liver disease and COVID-19 is low, their mortality rate is high (close to
40%), which necessitates taking extra precautions for this patient group.
Various societies have recommended that patients with pre-existing liver disease
should be managed as follows during the pandemic to reduce the health risks: (1)
Postpone outpatient visits for chronic liver diseases that were not hepatocellular
carcinoma (HCC) and promote online consultation for these patients; (2) Non-urgent
procedures, including elective endoscopy and biopsies, should be postponed; (3)
Caring for decompensated cirrhosis, HCC, or transplant patients should continue
with the same standards; (4) Always provide protective equipment to protect patients
and healthcare workers; and (5) Screen for SARS-CoV-2 when necessary[63-69]. Special
care should be taken when treating SARS-CoV-2 positive patients because the
antivirals used to treat COVID-19 are hepatotoxic and interfere with molecules
important for liver functions (e.g., cytochrome P450, family 3, subfamily A, CYP A3).
Therefore, treatment doses should be reduced for patients with liver disease[69].

THE IMPORTANCE OF COVID-19 TO LIVER
TRANSPLANTATION CENTERS
In this section, we summarize the studies on COVID-19 infection in LT recipients and
a living liver donor (LLD)-to-recipient transmission of this virus. D’Antiga [70]

WJG

https://www.wjgnet.com

2992

June 14, 2020

Volume 26

Issue 22

Sahin TT et al. SARS-Cov-2 vs immunocompromised liver transplant patients

Table 2 The summary of the clinical studies about coronavirus infectious disease-2019 infection in patients with pre-existing liver
disease

Total number of Patients

Number of cirrhosis, n (%)

Number severe disease
among cirrhosis, n (%)

Number of dismal
prognosis among
cirrhosis, n (%)

41

1 (2.4)

0

0

Guan et al

1099

23 (2.1)

1 (4.3)

1 (4.3)

Hu et al[43]

323

3 (0.9)

0

0

Cai et al[47]

298

28 (9.4)

8 (28.6)

NS

Shi et al

81

7 (8.9)

5 (71.4)

NS

Luo et al[61]

403

25 (6.2)

NS

9 (36)

Luo et al[62]

298

16 (5.4)

NS

5 (31.3)

Ref.
Huang et al[24]
[41]

[49]

Dismal prognosis states death (n = 14) or progression of the disease (n = 1) despite suitable treatment. NS: Not specified.

(Bergamo, Italy), who is from one of the biggest pediatric LT facilities in Europe,
commented that, based on his experience with SARS and MERS, LT recipients were
not specifically at increased risk from COVID-19. In our opinion, this is a very
unfortunate statement based on very premature data. Interestingly, they also showed
that of the 700 children treated for various liver diseases, 200 were LT recipients, 3 of
these were infected with SARS-CoV-2, and none of them had pneumonia-related
symptoms. However, we do not know what happened to these three LT recipients[70].
We are very interested in their current situation because Italy is now the country with
the most COVID-19-related deaths in Europe.
Bhoori et al[71] followed 151 patients who had received LT (111 long-term and 40
short-term LT recipients). In their study, three long-term LT recipients (2.7%) had
died from severe COVID-19, and three short-term LT recipients (7.5%) were SARSCoV-2 positive but had survived the disease. The long-term LT recipients were
significantly older (50% of long-term LT recipients and 30% of short-term LT
recipients were ≥ 65 years), and were more likely to be obese (80% long-term and 60%
short-term), diabetic (60% long-term and 23% short-term), and hypertensive (100%
long-term and 68% short-term)[71]. These pathologies can be attributed to the longterm use of immunosuppressant medications. In a report by Huang et al[72], a 59 years
old male patient, who had LT in 2017 to treat HBV-related HCC, was transmitted
SARS-CoV-2 by his wife. The clinical picture was complicated by chronic graft
rejection, and the patient passed away 26 d later from polymicrobial sepsis. The
patient initially developed severe pneumonia, empyema, and pneumothorax, which
rapidly progressed to multi-organ failure[72]. Liu et al[73] reported on a 50 years old
male patient who had received a deceased donor LT in 2017 for HBV-related liver
failure. The patient developed severe COVID-19 pneumonia 6 d after the onset of
symptoms and fully recovered after 2-mo of treatment[73]. Qin et al[74] reported on a 37
years old male patient who had LT for HBV-related HCC and had traveled to an
endemic area and contracted severe COVID-19 during the perioperative period.
Fortunately, the patient recovered; however, he was found to be shedding the virus 53
d post-“recovery”[74]. We believe that LT patients are specifically at risk from COVID19 and may also be a public health burden because the virus clears at a slower rate
from these patients, potentially due to the chronic use of immunosuppressants and
therefore these patients may become long-term carriers.
Contrary to D’Antiga[70]’s report, Lagana et al[75] reported that a 6-mo old infant with
biliary atresia, who had received LDLT from her COVID-19-positive mother, was
infected via this transplant and developed severe pneumonia and hepatitis. A core
biopsy obtained on the postoperative seventh day showed infiltration of the portal
tracts inflammatory and plasma cells and mild interlobular cholangitis and portal
perivenulitis. She was initially treated for T-cell-mediated rejection; however, her
illness was aggravated upon increase use of immunosuppressant and subsided once
immunosuppression was tapered off. Fortunately, the patient fully recovered[75], and
she did not need intubation.
According to the current literature, a total of 13 COVID-19 patients had undergone
LT (assuming that the patients reported by D’Antiga[70] were post-transplant when
they had contracted COVID-19), 7 developed severe pneumonia (53.8%), and 4 died
(30.7%) from severe pulmonary infection leading to multi-organ failure[70-75]. In adults,
four out of nine patients with SARS-CoV-2 developed severe pneumonia and had
died. A further three patients were asymptomatic carriers who did not develop
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symptoms. Four adult LT recipients were short-term liver recipients, and the
remaining five were long-term recipients, of which four had died from severe
pneumonia and sepsis[70-75]. There were four pediatric patients, and only one of these
had developed severe pneumonia and hepatitis [70-75] . The published cases are
summarized in Tables 3 and 4. In our opinion, these results are alarming, and these
patients should have been classified as an at-risk group and should have received
regular surveillance for COVID-19 throughout the pandemic. Therefore, the
recommendations of certain societies are important when establishing precautionary
measures to take in LT centers. In the later part of this section, we will summarize the
recommendations from highly respected international and Turkish societies.
Liu et al[69] (Beijing working party for liver transplantation) stated that the LT
patients who are permanently on immunosuppressants could be particularly
susceptible to SARS-CoV-2, and their prognosis could be worse in comparison to the
normal population. This group recommended that both the LLDs and LT recipients
should be closely monitored for SARS-CoV-2, including keeping a detailed history of
contacts with high-risk individuals. Furthermore, they suggested that all the health
personnel and patients should wear protective equipment until the patient is cleared
of SARS-CoV-2 risk[69].
A position paper written jointly by the European Association of the Study of the
Liver (EASL) and the European Society of Clinical Microbiology and Infectious
Disease (ESCMID) recommended that all patients scheduled for LT should be tested
for SARS-CoV-2 and informed of the nosocomial COVID-19 risk[63]. Furthermore,
LDLT should be restricted, and each center should evaluate any operations on a case
by case bases. LTs should be restricted to patients with acute or acute chronic liver
failure with high model for end-stage liver disease (MELD) scores and HCC patients
at the upper limits of the Milan criteria[63]. The Turkish Association for the Study of the
Liver recommended that all elective procedures be postponed, and only emergency
operations should be performed provided that the required facilities are available
(e.g., a suitable inpatient ward)[65]. The American Association for Study on Liver
Diseases provided similar recommendations: that LT should be limited to emergency
cases (e.g., patients with high MELD scores) or HCC patients who are at risk of disease
progression and removal from the waiting list [64] . The Turkish Surgical Society
recommended that all elective and laparoscopic procedures be canceled[76]. Urgent
procedures should be performed under strict isolation conditions for the staff in a
well-ventilated laminar flow-equipped operating room and only minimal number of
personnel and equipment allowed[76]. The LT society of India (LTSI) highlighted the
potential of LT recipients as asymptomatic carriers and source of viral spread[77], and
that SARS-CoV-2 can be transmitted from LLDs to LT recipients. In addition, they
stated that a longer hospitalization period for these patients increases the risk of
nosocomial viral spread since the hospitals have many COVID-19 patients. The LTSI
recommended that elective procedures be postponed, and both deceased donors and
LLDs be tested for SARS-CoV-2. Only emergency procedures for acute and acute-onchronic liver failure should be performed, and general hospital visits for patients on
surveillance should be limited[77]. The British Association for the Study of the Liver
and British Liver Transplant Group sent out a joint statement recommending that all
LT recipients should take the necessary precautions to reduce the spread of SARSCoV-2, which includes using protective equipment and frequent handwashing[78].
Furthermore, they suggested limiting hospital visits, unless in the event of a medical
emergency[78].
There are insufficient data on the relationship between immunosuppressive
therapy and COVID-19 in LT recipients during this pandemic. However, the Beijing
working party for liver transplantation suggested that LT recipients who were
infected with SARS-CoV-2 should be treated with steroids for a short period to reduce
the severity of pneumonia[69]. They also suggested that immunosuppressive therapies
should be continued for both patients with mild COVID-19 and those who were not
infected by the virus, and calcineurin inhibitor treatment dosage should be reduced in
moderate to severe cases [69] . In contrast, the EASL-ESCMID position statement
suggested that the immunosuppressive medication dosage could be adjusted
according to the antiviral treatment protocols because there is a high chance that the
drugs from both treatment protocols could interact[63].
There is very limited data for LT recipients, and the effectiveness of the above
societies’ recommendations is unknown. Our LT institute is classified as a center of
excellence for LDLT, and we perform 250 to 300 LT annually. We have performed 35
LDLT (34 semi-urgent and 1 emergency) procedures since the first Turkish COVID-19
case on March 11, 2020, of which 4 were pediatric patients and 31 were adult
recipients. We routinely test LLD candidates and their LT recipients for SARS-CoV-2
by nasopharyngeal swabs before LT surgery. Furthermore, we repeat the same test
before discharging the patients. We have not encountered a SARS-CoV-2-positive LT
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Table 3 The summary of the reported case series of coronavirus infectious disease-2019 in liver transplant recipients
Ref.
D’Antiga[70]
[71]

Bhoori et al

Total No. of transplants

Age group

Date of LT procedure

No. of COVID-19 cases, n (%)

No. of deaths, n (%)

7001

Pediatric

NS

3 (0.04)

0

151

Adult

111 (> 10 yr) vs 40 (< 2 yr)

6 (3.9)

3 (1.9)2

1

D’Antiga[70] reported the total number of pediatric patients with the liver disease treated in their institute. Seven hundred patients include 200 liver
transplant recipients as well. They have not specified the 3 patients with coronavirus infectious disease-2019 (COVID-19); whether they are a transplant
recipient or not is unknown.
2
The three transplant recipients that died due to COVID-19 were from the long-term recipient group. The graft types were not specified in both studies.
No.: The number of affected individuals; COVID-19: Coronavirus infectious disease-2019.

recipient or donor, and none of our patients exhibited severe COVID-19 pneumonia.
We have limited the number of patients in our outpatient clinic and only performed
LT for cases that were of urgent need. We took the necessary precautions for our
healthcare personnel by limiting the duration of patient interaction and providing
protective equipment to everyone, including the inpatients. These precautions appear
to be useful in reducing the number of cases. However, we should approach with
caution when we make such a statement because that there is still a long time ahead
of us and the disease is still spreading in Turkey.

CONCLUSION
COVID-19 is the cause of a worldwide tragedy. These are unprecedented times that a
healthcare provider hopes that he or she will never encounter throughout their career.
It has limited our social life, dictated the way we work, and has resulted in a very
isolated and limited lifestyle. Unfortunately, as healthcare providers, we have to take
care of patients with COVID-19 and also continue our professional and social
activities. We belonged to a sub-specialty that deals with a terminally ill patient
group. The data suggest that patients with liver disease and transplant candidates are
particularly at risk from COVID-19. We are still a long way from having a definitive
treatment or vaccine. We are faced with treating a deadly infection in a very
susceptible group; therefore, we, the healthcare providers, should have an
understanding of the disease, should be able to take the necessary precautions to
ensure the safety of both our patients and ourselves. Furthermore, we should be ready
for the worst and prepare our institution accordingly. Prevention is the best
treatment; therefore, we should try to protect our patients from being infected by
postponing non-priority procedures or visits to the hospital. Telemedicine could be
used to monitor patients, and online platforms could be set up for patients to discuss
their health status with physicians. If prevention is impossible, isolation techniques
should be employed by both staff and patients, routine SARS-CoV-2 surveillance
should be performed, and the facility should be arranged to manage these patients
accordingly.
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Table 4 Summary of single case reports of coronavirus infectious disease-2019 in liver transplant recipients
Ref.

Sex Age LT date

Type of
LT

Etiology

Duration before diagnosis Severity of COVIDTime to outcome
Outcome
(d)
19
(d)

Huang et
al[72]

M

59

2017

NS

HBV+HCC

3

Severe

Died

Liu et al[73]

M

50

2017

DDLT

HBV

6

Severe

Recovered 38

Qin et al[74]

M

37

2019

NS

HBV+HCC

9

Mild

Recovered 53

Lagana et
al[75]

F

0.5

2020

LDLT

Biliary
atresia

01

Severe

Recovered NS2

45

1

Lagana and colleagues have reported a pediatric living donor-recipient who contracted the virus from the donor (mother of the patient). The donor was
tested positive on post-transplant day 2 and the patient was diagnosed on postoperative day 4 due to difficulty in breathing.
2
The patient was still hospitalized with very minor respiratory symptoms. LT: Liver transplant; DDLT: Deceased donor liver transplant; LDLT: living
donor liver transplantation; HBV: hepatitis B virus; HCC: hepatocellular carcinoma; M: Male; F: Female; NS: Not specified; COVID-19: Coronavirus
infectious disease-2019.
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Abstract
Non-cirrhotic portal hypertension consists of a group of diseases characterized by
signs and complications of portal hypertension, which differ from cirrhosis
through histological alterations, hemodynamic characterization and, clinical
outcome. Because of the similarities in clinical presentation and imaging signs,
frequently these patients, and particularly those with porto-sinusoidal vascular
disease (PSVD), are misdiagnosed as having liver cirrhosis and thus raising
difficulties in their diagnosis. The most challenging differentiation to be
considered is between PSVD and cirrhosis and, although not pathognomonic,
liver biopsy is still the standard of diagnosis. Although they still require extended
validation before being broadly used, new non-invasive methods for the
diagnosis of porto-sinusoidal vascular disease, like transient elastography,
contrast-enhanced ultrasound or metabolomic profiling, have shown promising
results. Another issue is the differentiation between PSVD and chronic
extrahepatic portal vein obstruction, especially now when it is known that 40% of
patients suffering from PSVD develop portal vein thrombosis. In this particular
case, once the portal vein thrombosis occurred, the diagnosis of PSVD is
impossible according to the current guidelines. Moreover, so far, the
differentiation between PSVD and sinusoidal obstruction syndrome has not been
clear so far in particular circumstances. In this review we highlighted the
diagnostic challenges regarding the PSVD, as well as the current techniques used
in the evaluation of these patients.
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Core tip: Non-cirrhotic portal hypertension consists of a group of diseases characterized
by signs and complications of portal hypertension. However, their diagnosis is
sometimes difficult due to their similarities in clinical presentation, imaging signs and
histological modifications despite advances in their understanding. Moreover, these
disorders are sometimes misdiagnosed as cirrhosis. This review highlights their
diagnostic challenges, especially with regard to porto sinusoidal vascular disease,
extrahepatic portal vein obstruction, sinusoidal obstruction syndrome and cirrhosis and
discusses the current available diagnostic tools.
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INTRODUCTION
Non-cirrhotic portal hypertension is a group of heterogeneous diseases, having in
common both the presence of portal hypertension (PHT) as the main clinical feature
and the absence of cirrhosis on histology.
The difference between them resides in the pathogenetic mechanism and the level
where the PHT develops. Amongst these diseases, the most frequent entities are
extrahepatic portal vein obstruction (EHPVO), idiopathic portal hypertension (IPH)
and Budd Chiari syndrome – all of which are categorized as vascular liver disorders[1].
If Budd Chiari syndrome in early stages and EHPVO are recognized relatively easily,
IPH may be challenging to diagnose because of the imaging and clinical similarities
with cirrhosis.
Moreover, in IPH, there are still many unknown data not only concerning the
physio-pathological mechanism[2-4], but also concerning its diagnosis and long-term
outcome. It is currently known that portal vein thrombosis (PVT) frequently
complicates IPH (up to 40% at 5 years)[4], making the diagnosis of IPH impossible
according to the current guidelines, if the patient is evaluated after EHPVO has
occured.
Therefore, as of recently, as a response to the new concepts that define the disease,
new terminology for IPH has been proposed: Porto-sinusoidal vascular disease
(PSVD)[5]. PSVD should be considered in patients with or without PHT, in the absence
of histologic cirrhosis but with histological signs suggesting of PSVD[5].
However, despite the significant progress made regarding these conditions, there
are still unmet needs and challenges, especially concerning their diagnosis. The
purpose of this article is to highlight these challenges and present the way they are
currently covered.

DIAGNOSTIC CHALLENGES
Differentiation between PSVD and cirrhosis
Since PSVD manifests mainly by clinical signs or complications of PHT in the absence
of EHPVO, these patients are often misdiagnosed as cryptogenic cirrhosis[4]. Indeed,
5.4% of all presumed cryptogenic cirrhosis are, in fact, PSVD[6]. If in the case of PSVD
the liver function is preserved for a longer time, and the prognosis is relatively good,
in the case of cirrhosis, the outcome is entirely different.
PSVD occurs in young patients, mostly under 40 years old in the Western world[7,8]
or even earlier in the Eastern world[2], by signs or complications of PHT. It should be
noted that ascites may develop by a triggering factor, and is usually transient[1,2] .
Contrary to PSVD, cirrhosis develops usually later in life, depending on the
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etiological factor and the lasting time of the causal factor, while the most frequent
complication is ascites [9] . In patients with hepatitis C virus infection, there are
approximately 30 years from the moment of infection until the development of
cirrhosis[10]. Therefore, in young patients without apparent etiological factors, the
diagnosis of PSVD should not be discarded until performing an extensive workup
(including liver biopsy).
If in cirrhosis, the prognosis is mainly related to the liver function and the degree of
PHT, in PSVD the liver function remains normal for a more extended period, which
will lead to better toleration of complications. The outcome of patients also depends
on the associated diseases and varies within different cohorts between 56% and 82%
at ten years[8,11]. Also, even if 19% of the patients will develop liver impairment (and
some of them will require liver transplantation[7,11] ), the survival rate of patients with
PSVD is situated between that of the general population and that of patients who
have cirrhosis[12].
Nonetheless, both conditions tend to develop PVT during disease[4,13]. Compared to
cirrhosis, PSVD patients develop PVT more frequently, up to 40% at five years[4],
therefore having a negative impact over life expectancy [14-17] . In both conditions,
alterations of coagulation factors are present, which may contribute to PVT
occurrence. PSVD is frequently associated with thrombotic disorders, as protein C
and S deficiency, factor V Leiden mutation, or antiphospholipid syndrome[4,7,14,15]. In
cirrhosis, protein C, S, and antithrombin III are all decreased whereas factor VIII and
von Willebrand factor, strong promoters of coagulation, are increased[18]. However,
the exact mechanism of PVT development in cirrhosis is unknown.
Therefore, based only on clinical features, it is impossible to distinguish between
PSVD and cirrhosis. However, the differentiation between the two conditions is
essential for the prognostic and for liver transplantation reference. Consequently, an
extensive workup might be necessary to differentiate between the two conditions. If,
in the case of liver cirrhosis, the diagnosis can be made based on non-invasive tools,
the diagnosis of PSVD demands the exclusion of other causes of PHT[1] using a liver
biopsy which is the definitive diagnostic tool.
The first step in evaluating a patient with clinical signs of PHT is by imaging
workup. Ultrasound (US) examination is frequently the first examination performed
in patients with suspicion of PHT. In PSVD patients, the liver aspect may be either
normal or inhomogeneous with an irregular surface (nodular transformation),
therefore rendering it very difficult to differentiate it from cirrhosis. In both
conditions, the dominating findings are splenomegaly, portal venous axis dilatation,
and the presence of spontaneous shunts. Interestingly, in PSVD, the spleen is often
larger in comparison with cirrhosis[19,20]. In PSVD, the portal vein and its intrahepatic
branches may have atypical thickened (> 3 mm) and have hyperechoic walls. This
sign could indicate periportal fibrosis manifested as a “layered” pattern. These
changes are accompanied by a sudden narrowing or cutoff of intrahepatic secondand third-degree portal vein branches like a ‘‘withered tree appearance’’[20]. Using
contrast-enhanced US, in PSVD, the parenchymal enhancement is more
heterogeneous due to delayed periportal enhancement[21]. Also, the time-intensity
curves were different between PSVD and cirrhosis[22].
Cross-sectional imaging methods come in addition to the US and have better
performance to assess its extension and duration, mainly if thrombosis of the portal
vein is found in the US. Although there is no specific sign for PSDV, the presence of
subcapsular atrophy, heterogeneous hepatic enhancement, or paucity of the medium
size portal branches may suggest the diagnosis[23].
Liver stiffness measurement (LSM) proved to have excellent results in both the
diagnosis of advanced liver diseases and in the usage of identifying and selecting
patients at risk to have clinical significant portal hypertension[24]. As such, in patients
with splenomegaly or low platelet count (high pretest probability of advanced liver
disease), an LSM higher than 20 kPa would be a definitive diagnostic for cirrhosis
complicated with clinically significant PHT. In patients with PSDV, liver stiffness is
normal or slightly elevated in comparison with patients with cirrhosis, 8.4 ± 3.3 kPa vs
40.9 ± 20.5 kPa respectively[25], results that were further confirmed by other studies as
well[26] .
Interestingly, there is a subgroup of patients with PSVD in which the LSM does not
help differentiate them from those with cirrhosis. These patients have histological
signs of nodular regenerative hyperplasia (NRH), and their LSM ranges from 3.5 kPa
to 22.0 kPa[27,28] making it difficult to suspect PSVD if the LSM is above 12.5 kPa, which
is close to the threshold seen in liver cirrhosis[29,30]. Moreover, it seems not to correlate
with the degree of liver fibrosis on histological examination[27]. According to the new
definition, NRH is a specific histological sign of PSVD [5] . NRH is a nodular
transformation of the hepatic parenchyma without fibrosis surrounding the nodules.
Obliterative portal venopathy is the stimulus of this abnormal arrangement of
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hepatocytes. These alterations of the portal flow lead to the atrophy of tributary
hepatocytes and the hyperplasia of the hepatocytes with normal portal
vascularization[31]. Moreover, perisinusoidal, centrolobular and some degree of portal
and periportal fibrosis may be observed in NRH and this might contribute to the
increased LSM[27].
Despite the modest performances for non-cirrhotic PHT diagnosis, LSM has an
important role in ruling out cirrhosis. Therefore, in patients with clinical signs of PHT
but with low LSM, non-cirrhotic PHT should be strongly suspected.
Hemodynamic studies are used to evaluate the severity of PHT indirectly. The
hepatic venous pressure gradient (HVPG) measurement behaves as a risk prediction
method in patients with cirrhosis, because it is associated with the development of
esophageal varices, variceal bleeding, ascites or hepatocellular carcinoma[32].
Since PSVD patients have a presinusoidal type of PHT, such correlations cannot be
made for these patients. Still, hepatic hemodynamic studies are essential for the
distinction between the two disorders and cirrhosis.
Compared with cirrhosis, in PSVD patients with signs of PHT, the HVPG is normal
or slightly elevated (7.8 ± 3.6 mmHg in IPH vs 17.0 ± 3.0 mmHg in cirrhosis) [25] .
Although PSVD often has vein-to-vein communications, which might preclude to
obtain an adequate wedge hepatic venous pressure, if the balloon is inflated below the
vein-to vein shunt, HVPG might be accurately measured[25] .
Nonetheless, the challenge arises when the hemodynamic studies in patients with
PSVD show values similar to the sinusoidal type of PHT. Indeed, 70% of the patients
with NRH with clinical signs of PHT (varices/ascites) had HVPG < 10 mmHg
suggesting pre-sinusoidal PHT, which was confirmed by a portal vein pressure higher
than 12 mm Hg[33]. However, 30% of patients had an HVPG > 10 mmHg (WHVP
ranged from 16 -34 mmHg), suggesting sinusoidal PHT[33]. These findings indicate
that both types of PHT may coexist in NRH (pre-sinusoidal and sinusoidal)
depending on the predominant mechanism causing the PHT: OPV- pre-sinusoidal or
compression of the sinusoids by the regenerative nodules- sinusoidal [ 3 3 , 3 4 ] .
Nevertheless, PSVD is mainly a presinusoidal type of PHT as demonstrated by the
increase in the splenic-to-free hepatic pressure gradient[35]. However, the treatment
with non-selective beta-blockers decreases portal pressure in patients with PSVD as
well as EHPVO[36].
PSVD shows a hyperdynamic circulation comparable with compensated cirrhosis
proven by the increased cardiac index and low systemic and pulmonary vascular
resistance[25,37].
When performing venography, contrary to cirrhosis, PSVD shows frequent vein-tovein communications, and the angles between large veins and their tributaries are
narrower [38] . Also, the middle-sized branches are smooth, but sometimes with
irregularities giving a general appearance of “weeping willow”[38].
Transjugular liver biopsy is performed most frequently in PSVD patients because of
severe thrombocytopenia. The transjugular route also allows for HVPG measurement.
In case of clinical signs of PHT (esophageal varices, splenomegaly and low platelet
count) finding an HVPG less than 10 mmHg strongly weights against sinusoidal PHT
and should raise the suspicion of non-cirrhotic PHT. Finally, the result of the liver
biopsy will lead to a definitive diagnosis. Indeed, the current proposed definition of
histological findings clearly states that the diagnosis of PSVD needs the exclusion of
liver cirrhosis on a good quality specimen[5].
Classified according to their localization, the most frequent findings are: (1) Portal
tracts: Phlebosclerosis or obliterative portal venopathy of the portal veins,
characterized by luminal narrowing and sclerosis (Figure 1A); the absence of the
portal vein radicle (vanishing); aberrant portal vessels herniated into the periportal
parenchyma; abnormal thin shunt vessels adjacent to the portal tracts that open into
the sinusoids; various of thin-walled vessels inside the portal tract; portal tracts
remnants (hypoplastic portal tract), and incomplete septal fibrosis. Immunohistochemistry analysis may not show pathognomonic features. However, there
seems to be differences between the different protein expressions in PSVD and
cirrhosis. For example, the connective tissue growth factor is highly expressed in
portal mononuclear cells around the bile ducts in PSVD patients. Still, it showed a low
expression of matrix metalloproteinase 9 as opposed to what was seen in cirrhotic
livers[39]. This pattern might explain the periductal and periportal fibrosis in PSVD[39].
In PSVD patients, the expression of CD34 (a marker of sinusoidal endothelial cells)
was reduced, while pSmad2 was increased in the peripheral portal veins, as opposed
to what was seen in cirrhosis[40]; (2) Hepatic parenchyma: Parenchymal collapse in the
subcapsular region, atrophic hepatocytes with focal nodular regenerative hyperplasia
and sinusoidal dilatation with eventually perisinusoidal fibrosis; and (3)
Centrolobular vein: Central vein dilatation with or without phlebosclerosis[3,41,42].
Apart from these lesions, two other important findings represent major diagnostic
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Figure 1

Figure 1 Pathological image. A: Obliterative portal venopathy. Portal tract with round fibrous enlargement and
vanishing of the portal vein radicle [Hematoxylin-eosin (HE) staining, 200×]; B: Liver biopsy showing nodular
regenerative hyperplasia with vague nodularity of the parenchyma and compression of the adjacent hepatic (HE
staining, 200×); C: Incomplete septal cirrhosis with delicate fibrous septa and no cirrhotic-type nodule formation is
seen (HE staining, 200×).

arguments for PSVD: Nodular regenerative hyperplasia and incomplete septal
fibrosis[43].
Nodular regenerative hyperplasia is a nodular transformation of the hepatic
parenchyma characterized by hyperplastic hepatocytes arranged in few cell-thick
plates and surrounded by zones of atrophic hepatocytes without fibrosis (Figure 1B).
Compared with PSVD, in cirrhosis, aside from the presence of regenerative nodules
with fibrosis, there is a reduction in the portal vascular bed with a compensatory
increase of the hepatic arteries and intrahepatic shunt formation between the portal
veins and hepatic veins or hepatic arteries and hepatic veins or portal veins. In PSVD,
the hepatic arterial flow fails to compensate for the reduction of the portal venous
index leading to atrophy - especially in the subcapsular area[3,44]. These histological
modifications have been distributed into different stages according to the severity of
the disease: Stage I, with the absence of peripheral parenchymal atrophy, stage II,
with the presence of peripheral parenchymal atrophy in a non-atrophic liver, stage III
with the presence of peripheral parenchymal atrophy in an atrophic liver and stage IV
with the presence of obstructive thrombosis in intrahepatic large branches or trunk of
portal vein[45].
Incomplete septal fibrosis is characterized by thin fibrous septa that originate from
the portal tract and end blindly inside the hepatic parenchyma without bridging with
other septa (Figure 1C) [43] . Recently, increasing evidence of cirrhosis regression
emerged, and one of the most challenging tasks is to differentiate cirrhosis
regression [46] from incomplete septal fibrosis (related to PSVD) [47] . Following the
regression of cirrhosis, vasculature anomalies can persist for many years, which is
probably the reason for PHT findings in these patients. “Hepatic repair complex”
represents histological prove of cirrhosis regression. It includes isolated thick fibrous
septa, periportal fibrous spikes, portal tracts remnants, aberrant parenchymal vessels
or regenerative nodules[46]. Together with a very well documented clinical history and
etiological workup it is essential to differentiate between the two pathological
entities[43].
It should be noted that esophageal varices or variceal bleeding is the most frequent
symptom in patients with PSVD. It has been proven that in cirrhosis, HVPG ≥ 10
mmHg, which defines clinically significant PHT (CSPH), increases the risk of
esophageal varices that need treatment. Consequently, in compensated cirrhosis, all
efforts should be made to identify those patients with CSPH, preferably using noninvasive means. Thus, according to the last Baveno consensus, in the case of cirrhotic
patients if platelets are above 150000/mm3 and liver stiffness measured by transient
elastography is less than 20 kPa [48] , then screening endoscopies can be avoided.
However, these recommendations cannot be made for non-cirrhotic portal
hypertensive patients.
Even so, it is worth noting that while in PSVD the esophageal varices are often
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large and gastric varices are more common than in the case of cirrhosis[7,49,50] the course
of esophageal varices development and variceal growth is very similar between
patients with PSDV and cirrhosis[7,12]. Recent studies have shown that patients with
PSVD without varices develop them at rates of 10%, 20%, and 65%, and those with
small ones show progression at rates of 13%, 35%, and 44% at 1, 2, and 5 years,
respectively[11,12] .
Recently, plasma global metabolic profiling in patients with PSVD was able to
distinguish between PSVD and cirrhosis based on 28 metabolites with an AUROC of
0.99[51]. Using targeted analysis, the same group identified three lipid metabolites
(fatty acid, lysophosphatidylethanolamine, and triacylglycerol) to differentiate PSVD
from cirrhosis. Two lipid metabolites (bile acid and lysophosphatidylethanolamine)
would discriminate PSDV from healthy volunteers[52]. New biomarkers of PSVD may
offer opportunities for diagnosis of PSVD in preclinical stages.

Differentiation between PSVD and EHPVO
The EHPVO is considered to be a childhood disease in the developing countries,
whereas in the Western world, it is the second most frequent cause of PHT in adults,
and a prothrombotic state frequently causes it[53].
Similar to PSVD, liver structure and function remain preserved until late in the
course of the disease, and the most important clinical presentation is recurrent
episodes of gastroesophageal variceal bleeding, which are often well controlled. The
hallmark of chronic EHPVO is the cavernous transformation of the portal vein, which
is easily detectable on different imaging methods. As previously mentioned, up to
40% of PSVD patients will develop PVT during the disease[4], and thus, some patients
may become symptomatic only after PVT occurrence. According to the current
guidelines, these patients cannot be correctly diagnosed. However, the most recent
definition does not exclude the diagnosis of PSVD in the context of PVT[5]. Still, when
a cavernoma reveals the signs of PHT, the diagnosis of PSVD cannot be made[5]. This
is a diagnostic challenge, nonetheless, because the cavernous transformation can occur
soon after the acute thrombosis[54]. Thus, it cannot exclude the presence of a PVT lying
on a PSVD. When PVT develops in PSVD, it is mostly restricted in the main trunk or
the intrahepatic branches of the portal vein. However, the extension to the superior
mesenteric vein (SMV) or splenic vein (SV) is possible and might lead to the
progression of the disease[8-15]. Isolated SV and SMV thrombosis are excluded from the
definition of EHPVO. However, the extension to these vessels is possible as well in
this setting. At presentation, one-third of the patients may already have an extended
PV obstruction[55]. Indeed, apart from the possible thrombophilia factors associated
with PSVD and EHPVO, alike in cirrhosis, the splenic vein endothelium suffers
anomalies due to the increase in portal hypertension. These injuries could be a reason
for splenic thrombosis[56].
Because in both conditions prothrombotic abnormalities are frequently associated
and because both have similar clinical features, for the moment, it is impossible to
differentiate between PSVD complicated with PVT and EHPVO.
In reality, the situation is even more complicated because chronic EHPVO may lead
to a dysmorphic liver and a mosaic pattern of parenchymal enhancement in the
arterial phase[57] and, therefore, in some cases it is impossible to be differentiated from
cirrhosis or PSDV. These morphological abnormalities have a histological
correspondence, which is similar in EHPVO and PSDV.
Probably the most relevant question to be answered is whether the distinction of
these disorders has an impact on the clinical practice. At the moment, both diseases
are managed similarly as cirrhosis, namely, to control PHT related complications[1]. As
previously stated, the diagnosis of EHPVO is based on imaging findings. The
hallmark of the US is the cavernous transformation of the portal vein defined by
serpiginous vascular channels replacing the portal vein. Despite the patency of these
collaterals, they are not able to maintain an efficient portal inflow and thus
determining the development of PHT. Similar to PSVD and cirrhosis, there are signs
of PTH as splenomegaly and portosystemic collaterals. Usually, the liver surface is
smooth, but with the progression of the disease, it may become irregular – therefore
simulating cirrhosis.
Sometimes signs of portal biliopathy may be seen [5,58] , and using the contrastenhanced US the diagnosis is more accurate[59]. There is no imaging technique or sign
that may be used to distinguish PSVD complicated with PVT from EHPVO.
LSM by transient elastography shows lower values than those observed in cirrhosis
and interestingly, lower also than those found in PSVD[30]. As in most cases of PSVD,
in pure EHPVO, the HVPG is also below 10 mmHg[16,25].
In EHPVO, as in PSVD, 71% of the patients are already diagnosed with large
varices at the first presentation. If no varices are found at initial endoscopy, the
esophageal varices development rate is 2%, 22% and 22% at 1, 3 and 5 years,
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respectively. Also, small varices grow at a rate of 13%, 40%, and 54% at 1, 3 and 5
years, respectively[60]. This similar natural history between these conditions led to the
same management[1], although the level of evidence for PSDV and EHPVO is quite
low.
The liver histology is not characteristic in EHPVO. As such, portal fibrosis can be
found in about 40% of the cases. Compared with EHPVO, PSDV showed
phlebosclerosis, portal tract remnants, and nodular regeneration more frequently[42].
Table 1 resumes the comparison between different histological findings in PSDV,
EHPVO, and cirrhosis. A summary of the most relevant diagnostic tools
differentiating PSVD from EHPVO and cirrhosis is presented in Table 2.

Differentiation between PSVD and healthy population
Recently, increased attention has focused on the ability to discern between the healthy
population and those with histological signs of PSVD but no clinical signs of PHT.
Indeed, 20% of the patients with obliterative portal venopathy without signs of PHT,
present initially alterations in liver enzymes without any other etiology[17]. This is
important since 40% of the these patients will developed PHT during the follow up[61].
Until present, no laboratory findings (either serum tests, autoantibody, or prothrombotic conditions) may predict which patient will develop PHT[61]. Naturally, this
raised the question whether obliterative portal venopathy can be considered an early
stage of PSDV and whether the diagnostic could be made sooner (before the
development of PHT)[17,61]. Indeed, the new definition of PSVD includes patients with
histological signs of PSVD but without clinical signs of PHT[5].
However, currently there are not enough data regarding either the natural history
or what should be the appropriate management of these patients.

PSVD and sinusoidal obstruction syndrome
The definition of PSVD excludes patients with sinusoidal obstruction syndrome (SOS)
and those following bone marrow transplantation. However, so far, data regarding
the distinction between the two entities is scarce, and sometimes these two conditions
are confounded. Indeed, the diagnosis of SOS is simple, according to the clinical
Seattle and Baltimore criteria[62]. SOS is defined by hepatomegaly, fluid retention and
weight gain, with elevated serum bilirubin that follows cytoreductive therapy, in the
absence of other explanations for these signs and symptoms. It occurs between 0 and
20 d following the administration of the toxic drug[62]. The challenge arises when SOS
become evident long after the administration of the causative agent[63,64], especially
after oxaliplatin or azathioprine, which are two drugs that could contribute to the
development of PSVD[62].
Histologically, SOS is characterized by sinusoidal destruction and microscopic
hemorrhage; however, this pattern is present in 51% of cases in one series [63] .
Nevertheless, 15%-33% of patients will also develop NRH induced-oxaliplatin, which
might be related to the severity of sinusoidal injury[65-67].
In patients treated with oxaliplatin, the depletion of glutathione transferase could
be the initial mechanism of SOS[63,68]. This depletion leads to toxic insult to sinusoidal
endothelial cells and it compromises the integrity of the vascular wall, followed by
activation of the hepatic stellate cells and the deposition of matrix in the sinusoids.
Obstruction is caused by erythrocytes sloughing, and blebs, characterized by free
fragments of cytoplasmic processes, occasionally containing cellular organelles.
Finally, oxaliplatin may cause fibrotic obliteration of the small vessels, hepatocyte
plate disruption, and parenchymal extinction lesions along with hyperperfused
regenerative areas [65,69,70] . Chronic hypoxia of the centrilobular areas caused by
intrahepatic blood flow impairment may lead to NRH[63]. However, signs of HNR can
be found outside of the spectrum of SOS[65].
Some patients treated with azathioprine will also develop signs of SOS/NRH.
However, the pathophysiological mechanisms are not very clear[62,71] .
As both SOS and NRH can appear after treatment with oxaliplatin and
azathioprine, the distinction between the two is very important. This is relevant
because, although in patients with SOS most cases (70%-90%) will resolve
spontaneously, a few may progress to NRH[62].
Moreover, it is important since a significant feature of NRH is that it can become
clinically evident long after the finalization of chemotherapy[63,72].

PSVD in the pediatric population
In the pediatric population, EHPVO is the most frequent cause of portal hypertension.
It is caused mostly by phlebitis after umbilical catheterization or omphalitis, previous
surgery, dehydration or a prothrombotic state[73]. Rarely, it is caused by non-cirrhotic
portal fibrosis which accounts for 4.6% of all causes of non-cirrhotic PHT in
children[74]. This entity is compatible with what is described in adults as PSVD[50,75,76].
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Table 1 Histological differences between porto-sinusoidal vascular disease, extrahepatic portal vein obstruction and cirrhosis
PSVD

EHPVO

Cirrhosis

Small portal vein obliteration (“hepato-portal sclerosis", phlebosclerosis)

++

+/-

-

Periportal shunt vessel

++

+

-

Portal and periportal zone

1

Fibrous septa

+/-; without bridging

-

++; with bridging
delimitating nodules

Inflammation

-

-

++

Portal biliopathy

-

+/-

-

Perisinusoidal fibrosis

+

-

+/-

Sinusoidal dilatation

++

++

-

Nodular regenerative hyperplasia

+

+

-

Hepatocyte atrophy

+

+

-

Central vein dilatation

++

+

-

Perivenular fibrosis

++

+

-

Liver lobule (parenchyma)

Centrilobular zone

1

Incomplete septal fibrosis. ++: Almost always present; +: Usually present; +/–: Occasionally present; –: Usually absent; PSVD: Porto-sinusoidal vascular
disease; EHPVO: Extrahepatic portal vein obstruction.

However, it is important to notice some clinical differences. It occurs secondary to
malignancy or after chemotherapy[50] or may have a genetic component[77]. The clinical
presentation occurs by the age of 13 years and is found predominantly in males.
Frequently, the diagnosis is revealed by splenomegaly, symptomatic hypersplenism,
or variceal bleeding[11] . Unlike the adult population, the growth retardation is seen in
73% of children[74], although this feature has been described in EHPVO as well[78]. Due
to the low number of patients, little is known so far about the long term prognosis or
these patients, but in the mid-term, it seems to be favorable[74].

CONCLUSION
In conclusion, with all available diagnostic tools, the diagnosis of PSVD with or
without PH remains challenging, and liver biopsy is still indispensable. PSVD
frequently complicates with PVT and, if the diagnosis is not previously done, the
diagnosis is currently virtually impossible. This is because there are no
pathognomonic features for PSVD on liver biopsy and, moreover, PSVD and EHPVO
share many histological findings. To overcome these drawbacks, evidence from the
metabolomics field are promising, yet require further studies.
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Table 2 Main invasive/non invasive characteristics found in porto-sinusoidal vascular disease, extrahepatic portal vein obstruction and
cirrhosis
Diagnostic tools

PSVD

EHPVO

Cirrhosis

Liver biopsy

Predominant vascular anomalies

Predominant vascular anomalies

Predominant architectural changes
and fibrosis

Hepatic hemodinamics

FHVP N

FHVP N

FHVP N

WHVP ↓

WHVP ↓

WHVP ↑

HVPG N or slightly ↑

HVPG N

HVPG ↑

Frequent vein-to-vein
communications

Infrequent vein-to-vein
communications

Infrequent vein-to-vein
communications

Hyperdynamic circulatory state

Hyperdynamic circulatory state

Hyperdynamic circulatory state

Esophageal varices

Esophageal varices

Esophageal varices

Gastric varices (GOV1, GOV2) more
common

Gastric varices more common
(especially IGV1, IGV2)

Gastric varices less common

Portal hypertensive gastropathy less
common

Portal hypertensive gastropathy less
common

Portal hypertensive gastropathy
more common

Normal/irregular surface

Normal/irregular surface

Irregular surface

Homogeneous/innhomogenous
parenchima

Homogeneous/innhomogenous
parenchima

Innhomogenous

Dilatated, hyperechoic with
thickened walls

Chronic thrombosis

Dilatated

+/- spontaneous shunts

+/- cavernomatous transformation

+/- thrombosis

+/- thrombosis

+/- portal biliopathy

Often giant splenomegaly

Often giant splenomegaly

Invasive tools

Endoscopic findings

Non invasive tools
Ultrasound examination
Liver

Focal liver lesions
Portal veins

Spleen

Splenomegaly

Porto systemic collaterals, +/- ascites
CEUS examination

Delayed periportal enhancement

Homogenous/heterogenous/delayed
periportal enhancement

Cross-sectional imaging

Heterogeneous hepatic enhancement (1) Better characterization of the level Better characterization of the focal
or paucity of the medium size portal and extension of thrombus; and (2)
liver lesions
branches
Better characterization of the portal
biliopathy

Elastography
Liver stiffenss

N or slightly ↑

N or slightly ↑ (less then in the PSVD) ↑ (has prognostic value)

Spleen stiffness

↑

↑

↑ (less then in PSVD or EHPVO)

PSVD: Porto-sinusoidal vascular disease; EHPVO: Extrahepatic portal vein obstruction; CEUS: Contrast-enhanced ultrasound; HVPG: Hepatic venous
pressure gradient; WHVP: Wedged hepatic venous pressure; FHVP: Free hepatic vein press.
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Abstract
Since its introduction, extralevator abdominoperineal excision (ELAPE) in the
prone position has gained significant attention and recognition as an important
surgical procedure for the treatment of advanced low rectal cancer. Most studies
suggest that because of adequate resection and precise anatomy, ELAPE could
decrease the rate of positive circumferential resection margins, intraoperative
perforation, and may further decrease local recurrence rate and improve survival.
Some studies show that extensive resection of pelvic floor tissue may increase the
incidence of wound complications and urogenital dysfunction.
Laparoscopic/robotic ELAPE and trans-perineal minimally invasive approach
allow patients to be operated in the lithotomy position, which has advantages of
excellent operative view, precise dissection and reduced postoperative
complications. Pelvic floor reconstruction with biological mesh could
significantly reduce wound complications and the duration of hospitalization.
The proposal of individualized ELAPE could further reduce the occurrence of
postoperative urogenital dysfunction and chronic perianal pain. The ELAPE
procedure emphasizes precise anatomy and conforms to the principle of radical
resection of tumors, which is a milestone operation for the treatment of advanced
low rectal cancer.
Key words: Extralevator abdominoperineal excision; Advanced rectal cancer; Advantages;
Complications; Pelvic reconstruction; Intraoperative position; Trans-perineal approach;
Laparoscopic/robotic-extralevator abdominoperineal excision; Individual-extralevator
abdominoperineal excision
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Core tips: Since extralevator abdominoperineal excision procedure (ELAPE) was
proposed, the surgical approach and technique have been gradually developed, and
recognized by an increasing number of colorectal surgeons. This is a first review to
report in detail the research progress and controversies of ELAPE in the last decade
including advantages of procedure, incidence of postoperative complications,
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controversies about operative position, development of laparoscopic/robotic technologies
and proposal of individualized treatment /trans-perineal approach.
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INTRODUCTION
Since resection of the rectum has been proposed as a treatment for rectal cancer, there
has been significant innovation from pioneering surgeons in terms of surgical
technique development to reduce recurrence and improve survival rate[1]. Sir Ernest
Miles was the first surgeon to propose the concept of lymphatic spread and designed
a new procedure, known as abdominoperineal resection (APR), which subsequently
became the standard form of radical surgery for patients with advanced low rectal
cancer[2,3]. APR significantly increased the chances of a radical cure for rectal cancer,
but is associated with a higher risk for positive circumferential resection margins
(CRM+), and intraoperative perforation (IOP), which can easily lead to local tumor
recurrence[4,5]. Due to the complex anatomy around the rectum, and because the
separation of the levator ani needs to be close to the anal canal, a narrow waist will be
created at the level of the tumor-bearing segment; this is considered to be an
important cause of postoperative local rectal cancer recurrence. Several studies have
reported that the rates of IOP and CRM+ was as high as 28.2% and 49% for APR,
respectively[6-8]. With the introduction total mesorectal excision, Holm et al[9] proposed
the concept of cylindrical APR in 2007. This technique aimed to reduce the rates of
CRM+ and IOP by expanding the area of resection, including resection of the anal
canal, all of the levator ani muscle, and the lower mesorectum. West et al[10] provided
support to this procedure by conducting pathological studies on specimens acquired
from patients involving cylindrical APR. In 2010, the results of a European
multicenter study further showed that with the use of cylindrical APR, the rate of
CRM+ decreased from 49.6% to 20.3%, and that the incidence of IOP fell from 28.2%
to 8.2%, and this study recommended adoption of extralevator abdominoperineal
excision (ELAPE) instead of cylindrical APR[11].
The ELAPE procedure emphasizes the complete resection of the levator ani muscle
that surrounds the mesorectum, and aims to reduce the incidence of CRM+, IOP, and
the rate of postoperative local tumor recurrence[12]. As the number of clinical studies
has increased over recent years, we have gained a deeper understanding of the
efficacy and safety of ELAPE. Furthermore, there has been a significant improvement
in the surgical methods and techniques during ELAPE. The objective of this article is
to review the current literature relating to ELAPE and provide an update on research
activity into this important procedure.

THERAPEUTIC EFFECT AND SURVIVAL
ELAPE removes more tissue from outside the muscularis propria and internal
sphincter, thus avoiding the formation of a waist at the anorectal junction, and the
quality of the resected specimens is greatly improved [12] . Han et al [13] compared
therapeutic effects between patients undergoing conventional APR and ELAPE, and
results showed that there were significantly fewer patients with a CRM+ in the
ELAPE group compared with the APR group (5.7% vs 28.1%, P = 0.013), and that the
local recurrence rate in the ELAPE group was significantly lower than the APR group
(2.8% vs 18.8%, P = 0.048), without a significant increase in complications. Similarly, a
retrospective study involving 206 patients with distal rectal cancers aimed to
determine whether ELAPE procedure could improve oncological outcomes. The
study showed that the rates of IOP (8.1% vs 21.1%, P = 0.01), and local tumor
recurrence (6.7% vs 15.5%, P = 0.013) were significantly lower during a period in
which ELAPE was used when compared with a period when ELAPE was not used,
and recommended ELAPE for patients with locally advanced cT3-T4 rectal cancer
with threatened margins[14]. In addition, Han et al[13] found that the mean overall
survival and disease-free survival in patients treated by ELAPE were 45 and 44 mo,
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respectively; there was no statistical difference compared with an APR group of
patients. A multicenter study, conducted by Shen et al[15], further showed that patients
who underwent ELAPE had significantly longer overall survival (median, 41.5 mo vs
29.8 mo, P = 0.028), disease-free survival (median, 38.5 mo vs 29.3 mo, P = 0.027), and
local recurrence-free survival (3.80% vs 11.25%, P = 0.027), than those who underwent
APR. A prospective study with a follow-up period of 5 years also reported that
ELAPE could reduce the local recurrence rate and increase the five-year survival rate,
and recommended for advanced low rectal cancer that cannot preserve the anus[16].
Over recent years, there has been some disagreement over whether ELAPE can
improve the prognosis of patients with advanced low rectal cancer. A single-center
study conducted by Asplund et al[17] showed that ELAPE did not significantly reduce
the rates of CRM+, IOP, and local recurrence, instead it could increase the incidence of
postoperative perineal wound infection (28% to 46%, P < 0.05) and perineal wound
revision (8% to 22%, P < 0.05), which extend hospital stay. Carpelan et al[18] reported
that the ELAPE procedure has no advantage in terms of reducing the rates of CRM+,
IOP, and local recurrence, and compared with patients treated with APR, the overall
survival and disease-free survival were not improved in patients treated with ELAPE.
A national study from Danish Colorectal Cancer Group’s prospective database also
showed that CRM+ resections were more common after ELAPE than that after APR
(16% vs 7%, P = 0.006), and that the ELAPE procedure was even a risk factor for
CRM+[19]. While the aforementioned studies reflect the shortcomings of ELAPE, most
meta-analyses showed that ELAPE was advantageous over the conventional APR in
tumor treatment, which could significantly reduce the rate of IOP, local recurrence,
and did not increase postoperative perineal wound complications[20,21].
At present, there is still debate as to whether ELAPE is superior to APR, and it is
evident that different studies have arrived at different conclusions. We consider that
ELAPE conceptually emphasizes the importance of resection along the lateral fascial
plane of the external anal sphincter-levator ani muscle and the ischiorectal fossa fat
was preserved as much as possible to reduce trauma, in line with the precise principle
of radical tumor removal, and is therefore, more suitable for patients with low rectal
cancer of cT3-T4[13] (Table 1).

INTRAOPERATIVE POSITION
The prone and lithotomy positions are two common positions during ELAPE surgery,
although there is some debate as to which of these two positions is more favorable for
patient prognosis. Previous studies, by Holm [22] and de Campos-Lobato et al [23] ,
considered that surgical position does not affect perioperative morbidity or the
oncologic outcomes of patients with low rectal cancer, and that the therapeutic effect
of ELAPE depends on the experience and proficiency of the operator rather than the
surgical position. Han et al[13] reported that when carried out in the prone jack-knife
position, ELAPE conferred several advantages, including excellent exposure of the
pelvic floor structures, simple procedure, and a reduced rate of local recurrence. Both
Hunter [24] , and Kim [25] considered that when carried out in the prone jack-knife
position, ELAPE conferred some obvious advantages; for example, more precise
perineal dissection, better operator comfort, and better exposure of the operative field.
Complications arising from a change of position are rare, and can be avoided by an
experienced team who are familiar with the procedure. Many surgeons prefer the
prone position, including us, due to better exposure and because it also facilitates
teaching.
However, Sabbagh et al [26] suggested that in the prone jack-knife position, the
membranous portion of the urethra is more susceptible to injury, and that a change in
position might increase operating time and the risks of cardiac arrest, or severe acute
kidney failure. Therefore, it is not recommended to use the prone jack-knife position
unless scientific data can demonstrate that the prone jack-knife position in ELAPE
provides better exposure of the perineum and gives rise to a better prognosis[26]. In
addition, laparoscopic or robotic ELAPE surgery can compensate for the inadequate
exposure of the surgical field created by the lithotomy position. Zhang et al [27]
performed laparoscopic ELAPE for low rectal cancer in 12 patients without a change
of position; these authors reported that this strategy did not lead to any cases of
bladder dysfunction, or sexual dysfunction, as a result of nerve damage. Another
study, reported by Buchs et al[28], also reached a similar conclusion. The feasibility of
robotic-assisted transabdominal levator transection in the lithotomy position during
ELAPE was also proved by several studies[29-31].
We consider that the prone jack-knife position is important for ELAPE in open
surgery for easier teaching and better visualization. Laparoscopic or robotic ELAPE
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Table 1 Post-operative outcomes of extralevator abdominoperineal excision vs abdominoperineal excision
Refereces

Post-operative complications

Group

n

CRM+(%) IOP(%)

Local
recurrence(%)

Perineal
wound
Urinary Sexual
Chronic QoL
compli- retention dysfunc- perineal scores
cations (%)
tion (%) pain (%)
(%)

Authors Year

Type

West et
al[11]

2010

Retro
casecontrol

ELAPE/A 176/124
PR

20.3/49.6, 8.2/28.3, P P < 0.001 < 0.001

Han et
al[13]

2012

RCT

ELAPE/A 35/32
PR

5.7/28.1

Asplund 2012
et al[17]

Retro
casecontrol

ELAPE/A 79/79
PR

17/20, P = 13/10, P > 9/9, P = 1
0.647
0.05

46/28, P < 0.05

-

-

-

Vaughan 2012
-Shaw et
al[58]

Pro casecontrol

ELAPE/L 16/10/10
APR/OA
PR

0/1/2, P > 0/0/1, P > 0.05
0.05

2/5/2, P = 3/2/2, P = 0.21
0.99

-

85.4/77.5/
78.5, P >
0.05

Ortiz et
al[66]

2014

Retro
casecontrol

ELAPE/A 457/457
PR

13.6/13.1, 7.7/7,9, P
P > 0.846 > 0.902

21.9/26, P > 0.141

-

-

-

Shen et
al[55]

2015

Pro casecontrol

ELAPE/A 36/33
PR

4/12, P =
0.297

5.6/21.2, P 0/15.2, P
= 0.028
< 034

8.3/27.3, P 11.1/3, P
= 0.039
= 0.359

11.8/36.4, P = 0.127

Wang et
al[57]

2015

Retro
casecontrol

ELAPE/A 23/25
PR

4.3/28, P
= 0.028

0/20, P =
0.023

8.7/32, P
= 0.047

39.1/24, P 26.1/12, P 60/37.5, P 47.8/8, P
= 0.259
= 0.212
= 0.210
= 0.002

P > 0.05

Klein et
al[19]

2015

Retro
casecontrol

ELAPE/A 301/253
PR

16/7, P =
0.001

2/3, P =
0.373

-

14/10, P = 0.143

-

-

-

Prytz et
al[67]

2016

Pro casecontrol

ELAPE/A 518/209
PR

41.5/38.4, P < 0.001
P < 0.0001

P < 0.001

P < 0.001

-

-

-

-

Stelzner
et al[16]

2016

Pro casecontrol

ELAPE/A 36/36
PR

2.9/2.8, P
=1

0/16.7, P
= 0.025

5.9/18.2, P 16.7/36.1, = 0.153
P = 0.061

-

-

-

Kamali et 2017
al[54]

Pro casecontrol

ELAPE/A 27/21
PR

7.4/9.5, P
= 0.50

-

3.7/4.7, P
=1

37/24, P > 0.05

-

-

77.3/65.3,
P = 0.27

HabrGama et
al[12]

2017

Retro
casecontrol

ELAPE/A 22/50
PR

13.6/16.6, 0/8, P =
P = 0.70
0.30

4.5/28.6, P 22.7/46, P = 0.01
= 0.007

-

-

-

Carpelan 2018
et al[18]

Retro
casecontrol

ELAPE/A 42/27
PR

24/41, P = 10/22, P = 7/19, P =
0.136
0.134
0.247

-

5/4, P >
0.05

-

Shen et
al[15]

Retro
casecontrol

ELAPE/A 106/88
PR

4.2/6.5, P
> 0.05

-

-

-

2019

38/20, P = 46/17, P = 46/33, P = 0.019
0.579
0.192

5.7/15.6, P 2.8/18.8, P 37.1/31.3
= 0.246
= 0.048
P = 0.612

-

5.6/2.7, P
> 0.664

-

40/28.1, P 74/60, P = 51.4/6.3, P = 0.307
0.306
< 0.001

45/30, P = 195

3.8/11.25, 17.0/14.8, 7.5/3.4, P
P = 0.027 P = 0.699 = 0.353

P > 0.05

ELAPE: Extralevator abdominoperineal excision; APR: Abdominoperineal excision; RCT: RANDOMISED Controlled Trial; CRM+: Positive circumferential
resection margins; IOP: Intraoperative perforation; QoL: Quality of life; LAPR: Laparoscopic abdominoperineal excision; OAPR: Open abdominoperineal
excision. Pro: Prospective. Retro: Retrospective.

provides a clear field of vision, and amplification; there might be no need to change
position during surgery, although the procedure must be carried out by an
experienced team.

RECONSTRUCTION OF THE PELVIC FLOOR
The ELAPE procedure improves the quality of resected specimens, but also leaves a
large pelvic floor defect. Another challenge for colorectal surgeons, therefore, is to
reconstruct the pelvic floor. Various methods have been developed to close pelvic
defects after ELAPE[32]. Conventional primary closure is feasible following ELAPE, but
because of the large defect, it is likely to result in a high rate of perineal hernia[11].
Wang et al[33] proposed the modified primary closure method, which focuses on the
reconstruction of the pelvic peritoneum and the avoidance of adhesions between the
small intestine and extraperitoneal tissues. Wang et al[33]’s study showed that the
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reconstruction time was significantly longer (mean, 14.6 min vs 7.2 min, P < 0.001) in a
modified primary closure group than in a biological mesh group; however, the postoperative hospital stay (mean, 8.1 d vs. 10.1 d, P = 0.001), and total cost (mean, 7279 vs
10 719US dollars, P = 0.003), were significantly lower. Myocutaneous flaps, which
include gluteal rotation/advancement flaps, inferior gluteal artery myocutaneous
island transposition flaps, transverse rectus/vertical rectus abdominis, and gracilis,
are also widely used in pelvic floor reconstruction because they facilitate the healing
process by good perfusion and oxygenation. However, the use of such flaps is
associated with complicated surgeries, and increased patient trauma, and an
increased risk of post-operative wound complications. Moreover, flaps can easily
become necrotic, and patients required prolonged periods of immobilization after
surgery[32,34-36].
Considering the disadvantages of such techniques, Han et al[37] attempted to use the
human acellular dermal matrix to reconstruct the large pelvic defect in 12 patients
after ELAPE; there was complete healing of the perineal wound in just two weeks
after surgery in 11 of these patients, with no serious complications. Further study has
shown that compared with primary closure, the biological mesh approach can
significantly reduce the incidence of perineal wound infection (11.5% vs 22.2%, P =
0.047), perineal hernia (3.4% vs 13.0%, P = 0.022), wound dehiscence (0.6% vs 5.6%, P =
0.042), and total perineal wound complications (14.9% vs 35.2%, P = 0.001) [38] .
Subsequent studies have also confirmed that biological mesh repair is an effective and
safe method for pelvic reconstruction after ELAPE. In the BIOPEX-study, Musters et
al[39] compared primary perineal closure and biological mesh closure after ELAPE. At
the 12-mo follow-up visit, the authors found that the incidence of perineal hernia was
significantly lower in the biological mesh group. Thomas et al[40] conducted long-term
follow-up of 100 patients who underwent pelvic floor reconstruction after ELAPE
with biological meshes and result showed that no mesh was infected and no mesh
needed to be removed, eight patients had perineal hernias. In addition, a comparative
review of biological mesh and gluteus maximus flaps for pelvic floor reconstruction
showed that the two techniques were associated with similar postoperative
complications, and that the biological mesh approach resulted in a significantly
shorter hospital stay, and reduced hospital costs[41]. At present, randomized controlled
trials with long-term follow-up are still needed to prove the efficacy and safety of
biological patches and myocutaneous flaps during pelvic floor reconstruction after
ELAPE[32,42].
Wounds after this form of surgery can be difficult to heal. There are a number of
factors responsible for such poor wound healing, including excessive resection, the
accumulation of fluids, and the effects of preoperative radiotherapy. Sumrien et al[43]
reported that the application of a negative pressure system after ELAPE can
significantly reduce perineal wound complications, and that this procedure did not
make patients feel uncomfortable. We consider that human acellular dermal matrix,
combined with negative pressure wound therapy, is effective for healing perianal
wounds after ELAPE. We are currently conducting a clinical trial (NCT04033484) for
pelvic floor reconstruction using biological mesh with negative pressure wound
therapy following ELAPE to further analyze its therapeutic effect.

LAPAROSCOPIC AND ROBOTIC ELAPE
With the development of minimally invasive technology, an increasing number of
centers have begun to develop laparoscopic and robotic ELAPE. Although operation
time is longer than open surgery, laparoscopic ELAPE yields a lower incidence of
postoperative complications and a shorter hospital stay, which is consistent with the
concept of enhanced recovery after surgery[44]. Yang et al[45] used laparoscopic ELAPE
to treat 33 patients with rectal cancers and reported satisfactory results. None of the
patients required open surgery, the median operation time was 200 min, and the
median intraoperative blood loss was 90 mL. Other studies have also confirmed that
laparoscopic ELAPE is safe and feasible[46,47].
Robotic ELAPE has advantages of surgical exposure and dexterity in the deep
pelvis without repositioning of the patient, and relevant reports are small sample
studies[31,48]. Sieffert et al[29] reported six patients with rectal cancer who underwent
robotic ELAPE; the mean total operation time was 417 ± 66 min (from incision to
closure) and the mean blood loss was 314 ± 105 mL. There were no instances of IOP or
CRM involvement, and all patients recovered well without recurrence after surgery.
In addition, Kamali et al[49] compared the therapeutic effects of laparoscopic ELAPE
and robotic ELAPE, and found that there were no significant differences in terms of
operative outcome, postoperative complications, and the quality of life for patients
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between the two groups. Furthermore, the robotic ELAPE procedure requires a
shorter learning curve, and greater treatment costs than laparoscopic ELAPE.
The feasibility and safety of laparoscopic and robotic ELAPE are preliminary
confirmed in current studies which involve small sample sizes, and the large sample
perspective studies are needed to evaluate its oncological efficacy.

COMPLICATIONS AND QUALITY OF LIFE
Earlier studies showed that due to the wide excision required by ELAPE, the
incidence of perineal wound complications, particularly wound infection and
dehiscence, was significantly higher in patients undergoing ELAPE[11,13]. However,
previous Meta-analyses[50,51] did not reveal a significant difference between ELAPE
and APR procedures with regards to perineal wound complications. Habr-Gama et
al[12] reported that wound dehiscence is less likely to occur after ELAPE, because the
ELAPE procedure has a better field of view, and more precise homeostasis than APR.
We considered that the occurrence of post-operative wound complications may be
related to differences between patients, the choice of surgical methods (open or
laparoscopic), different perineal operating positions, different ways of reconstructing
the pelvic floor, and the inclusion of preoperative radiotherapy[52]. Perineal hernia is
another common complication after ELAPE, with an incidence of up to 26% with
primary closure after ELAPE[30]. The use of mesh might prevent the formation of
perineal hernias[39].
Sexual function, and urinary function after ELAPE have also been a major concern.
Han et al[53] reported that urinary retention after ELAPE occurs in up to 18.6% (19/102)
of patients, and of the group of patients who had sex before surgery, the rate of sexual
dysfunction was 40.5% (32/79) after ELAPE. Kamali et al[54] further reported that
impotence was a very common adverse effect of ELAPE (with a mean symptom score
of 89.7). Other studies suggested that there was no significant difference in terms of
sexual dysfunction and urinary retention when compared between ELAPE and APR
groups[51,55]. We consider that the rates of sexual dysfunction and urinary retention
might be further reduced by increased familiarity with pelvic anatomy, precise
surgical operation, laparoscopic or robotic applications, and individual treatment.
Chronic perineal pain is a common complication after ELAPE, although the vast
majority of chronic pain cases will gradually resolve over time after surgery. Previous
studies conducted by Han et al[13,53] showed that the incidence of postoperative chronic
perineal pain reached up to 51.4%. During follow-up, we found that chronic perineal
pain after ELAPE was significantly reduced 1 year after surgery, as was Visual
Analogue Score. In another study, Welsch et al[56] retrospectively analyzed 30 cases of
ELAPE, in which the coccyx was removed during surgery, and found that the
incidence of postoperative chronic perineal pain was as high as 50%. Wang et al[57]
further reported that the occurrence of chronic perineal pain in an ELAPE group was
significantly higher than that in an APR group (47.8% vs 8%, P = 0.002), and that
perineal pain may be related to coccygectomy. All patients felt a gradual reduction in
pain 3 mo postoperatively. We consider that despite the high incidence of chronic
perianal pain after ELAPE, most patients experience gradual pain relief over time. The
main causes of chronic perianal pain appear to be related to coccyx resection,
pudendal nerve injury, and the use of biological mesh.
At present, surgeons and patients are focusing more on the postoperative quality of
life following ELAPE. A study conducted by Shen et al[55] showed that compared to
patients in an APR group, patients in an ELAPE group showed a better general health
status (P = 0.038); other items related to the quality of life did not show any significant
difference when compared between the ELAPE group and the APR group. Kamali et
al[54] used the QLQ-C30 and QLQ-CR29 questionnaires and found that there were no
significant differences between ELAPE and APR patients in terms of long-term
quality of life. Other studies relating to the quality of life after ELAPE have also
reached the same conclusions[58,59].
Whether extensive resection of pelvic floor tissue increases the chance of injuring
vital pelvic floor nerves has been a concern for surgeons. We consider that ELAPE
procedure performed under the guidance of exact anatomy, and assisted by
laparoscopy and robotics recently actually reduces surgical trauma and is beneficial to
the recovery of patients (Table 1).

INDIVIDUALIZED TREATMENT
As mentioned above, compared with APR, ELAPE requires removal of more
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perirectal tissue, and may increase the chance of injury to the pelvic and perineal
nerves, which may increase the occurrence of postoperative complications such as
sexual dysfunction, urinary retention and chronic perineal pain. Based on the study of
pelvic anatomy and postoperative complications, Han et al[13,60] considered that it is not
necessary to remove the entire levator ani muscle if a tumor is limited to one sidewall,
or the tumor is staged as T3 (Figure 1). This requires the assurance of preoperative
magnetic resonance imaging (MRI) evaluation and neoadjuvant therapy to accurately
understand the preoperative staging of rectal cancer and the extent of tumor invasion
to the rectal wall. The results of a primary study indicated that under the premise of
ensuring radical resection, individualized ELAPE reduced surgical trauma, and the
occurrence of chronic perineal pain, urinary retention, and sexual dysfunction[60].
The concept of individualized surgery has also been endorsed by other colorectal
surgeons. Chi et al[46] considered that not all low rectal cancer patients undergoing
ELAPE require the excision of all the levator muscles and coccyx bone, and that the
extent of surgical resection should be determined on precise preoperative evaluation
by MRI imaging. Park et al[61] further proposed a modified version of ELAPE, which
emphasized perineal anatomy 1-2 cm from the pelvic sidewall, in order to realize a
more extended surgical plane and effective wound closure. In addition, with the
development and application of robotics, Pai et al [62] presented a robot-assisted
modified ELAPE, which means extensive resection of the levator and ischiorectal fat
on the tumor side, and conservative levator division and preservation of more fat on
the opposite, while surgery could be completed without changing position.
Although current studies on individualized ELAPE involved a few cases and short
follow-up time, the surgical results were satisfactory and the occurrence of
postoperative complications was reduced without increasing the local recurrence rate.
We consider that under the premise of ensuring radical tumor removal,
individualized ELAPE might further reduce the postoperative urogenital
complications and chronic pain. We also highlight the fact that this procedure is
feasible and safe for patients with advanced low rectal cancer.

EXPLORATION OF TRANSPERINEAL OPERATION
Conventional ELAPE requires a change in surgical position during surgery, which
undoubtedly increases the difficulty of dissection deep in the pelvis and risk of
procedural complications. With the advancement of laparoscopic techniques and
single-port access channels, several surgeons have explored the feasibility of transanal minimally invasive surgery-assisted ELAPE. Han et al[63] conducted the study of
trans-perineal minimally invasive approach for ELAPE in a synchronous lithotomy
position for locally advanced low rectal cancer (Figure 2), and the results showed that
compared with the conventional ELAPE, the trans-perineal minimally invasive
approach for ELAPE did not significantly increase the incidence of postoperative
complications, and it is associated with shorter total operation time, less postoperative
pain and shorter postoperative anus exhausting time. Buchs et al[28] considered that an
endoscopically assisted distal to proximal approach provides better vision and easier
perineal procedure than conventional approach for ELAPE. Three patients with
advanced low rectal cancer were treated by this procedure and results showed that
there were no CRM+, IOP and wound complications. In addition, other studies had
also preliminarily confirmed the feasibility of trans-perineal minimally invasive
approach for ELAPE[64,65].
At present, the sample size in the clinical studies on trans-perineal minimally
invasive approach for ELAPE is small. Therefore, a large multicenter trial comparing
this procedure with the conventional ELAPE is needed to confirm its feasibility. We
consider that surgeons who perform this procedure should have advanced
laparoscopic skills and experience of single-port surgery.
In addition, this procedure may be difficult to perform in severe obese patients or
patients with a bulky tumor in a narrow pelvis.

CONCLUSION
Lots of studies have confirmed that ELAPE is associated with a lower local recurrence
rate and better prognosis than APR. Although there are some controversies that still
need to be resolved by further research, the ELAPE procedure has changed the
landscape of surgical treatment for advanced low rectal cancer that does not preserve
the anus and can be developed as an important surgical procedure for the treatment
of advanced low rectal cancer.
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Figure 1

Figure 1 Individualized extralevator abdominoperineal excision procedure. A: Tumor not involving the ischioanal fat or levator ani muscle (T3), leave 1 cm of the
levator ani muscles on the pelvic sidewall; B: Tumor located at one side (T3), levator ani muscle on the other side may be left; C: Tumor penetrating the levator ani
muscle (T4) bilaterally, dissection should include the fat of the ischioanal fossa and the intact levator ani muscle bilaterally; D: Tumor penetrating the levator ani
muscle (T4) unilaterally, part of the ischioanal fat and intact lavator ani muscle should be dissected unilaterally. This Figure is reprinted with authors’permission[13,60].
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Figure 2

Figure 2 Trans-perineal minimally invasive approach for extralevator abdominoperineal excision procedure. A: The resection line of transperineal extralevator
abdominoperineal excision; B: The anus was closed with a purse-string suture and an incision was made around the anus; C: The dissection was continued outside
the external anal sphincter and levator muscle by using the trans-perineal trans-anal minimally invasive surgery (TAMIS) platform. The abdominal procedure was
performed at the same time; D: The levator muscles were divided at the lateral most aspect by using the trans-perineal TAMIS platform. Reprinted with permission
from the authors[63].
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Abstract
BACKGROUND
Gastric cancer (GC) remains an aggressive malignancy with a high rate of
mortality, being the third leading cause of cancer-related death. More than one
million newly diagnosed cases and 782685 deaths due to GC were reported in
2018. GC is characterized by limited effective treatment options and the lack of
consistent biomarkers for the diagnosis and prognosis of these patients. The
discovery of new biomarkers useful in the early diagnosis of GC is mandatory.
AIM
To evaluate the potential of COL10A1 as a circulating biomarker for the diagnosis
and prognosis of gastric adenocarcinoma patients.
METHODS
Plasma and tissue obtained from 49 patients with gastric adenocarcinoma have
been used in exploring the expression of COL10A1. Real-time PCR and western
blot techniques were used to evaluate COL10A1 level in gastric tumor tissue
compared to normal adjacent tissue. The circulating level of COL10A1 was also
evaluated by ELISA in plasma of gastric adenocarcinoma patients. Survival
analysis was made in order to evaluate the potential of COL10A1 as a biomarker
for the diagnosis and prognosis of gastric adenocarcinoma patients.
RESULTS
Our results showed a significant increase in COL10A1 gene expression and
protein levels in gastric tumor tissue compared to adjacent normal tissue (P <
0.05). COL10A1 seems to show an elevated expression from the beginning of
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carcinogenesis, in the early stages, and its increased level remains elevated
during cancer progression. A significant increase of COL10A1 plasma level in
gastric adenocarcinoma patients was also identified. Moreover, increased
COL10A1 plasma level was associated with poor survival of the patients. Plasma
COL10A1 performed a diagnostic value in GC with area under the receiver
operating characteristic curve (AUC) of 0.9171 (P = 0.0002), sensitivity of 87.76%,
and specificity of 100.0%. Furthermore, this study demonstrated the potential role
of plasma COL10A1 in the early detection of GC, as in the early stage, we
obtained an AUC of 0.8789 (P = 0.0030), sensitivity of 81.25%, and specificity of
100.0%.
CONCLUSION
Circulating expression level of COL10A1 is significantly increased in gastric
adenocarcinoma patients being associated with poor survival and is a potential
biomarker for early detection of GC.
Key words: Gastric cancer; COL10A1; Circulating biomarkers; Early diagnosis; Poor
prognosis; Tumor stage
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Gastric cancer remains an aggressive malignancy with a high rate of mortality,
characterized by limited effective treatment options and the lack of consistent
biomarkers for the diagnosis and prognosis of the patients. The aim of this study was to
evaluate the potential of COL10A1 as a circulating biomarker for the diagnosis and
prognosis of gastric adenocarcinoma patients. Our results suggest that COL10A1 could
be considered a good biomarker for prognosis and also for early detection, as its elevated
expression occurred early and remained elevated during cancer progression.
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INTRODUCTION
Despite the major advances in the field of personalized medicine, gastric cancer (GC)
remains a disease with a high rate of mortality, representing the third leading cause of
cancer-related deaths, with approximately one million newly diagnosed cases
reported every year. According to GLOBOCAN data, 782685 deaths due to GC were
reported in 2018. GC is still characterized by late diagnosis, limited effective treatment
options, and lack of reliable biomarkers for the patient outcome prediction and
response to therapy. The main issue in the management of this disease is represented
by the high molecular heterogeneity that results in the phenotypical aggressiveness of
GC and limits the antitumor efficacy of the targeted therapy[1-3].
Gastric adenocarcinomas represent about 90% of GC cases and can be subdivided,
based on Lauren’s criteria, in two major histologic subtypes: intestinal type (54%) and
diffuse type (32%) adenocarcinoma, plus indeterminate type (15%) as an uncommon
variant. Unfortunately, this classification system has a limited clinical utility, and the
necessity of introducing molecular testing became obvious[4]. In 2014, Bass et al[5] made
a comprehensive molecular evaluation of 295 primary gastric adenocarcinomas as
part of The Cancer Genome Atlas project. Using several modern molecular assays
such as copy number analysis, whole-exome sequencing, DNA methylation profiling,
and messenger RNA-sequencing, they successfully identified many genomic
alterations (insertions, deletions, CNV), DNA hypermethylation and amplifications[5].
That allowed the development of a new classification of GC into four molecular
subtypes and also pointed out several biomarkers that can be used for the
development of new screening strategies and targeted therapies[6,7]. These biomarkers
hold the key to improve the early detection of GC and survival rates.
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Currently, the diagnosis of gastrointestinal tumors relies on an invasive technique
such as endoscopy and on several tumor markers used in the clinic for early tumor
detection without high specificity such as carcinoembryonic antigen (CEA), the
carbohydrate antigens (CA): CA19-9, pepsinogen, and also α-fetoprotein (AFP). Due
to these inconveniences, the diagnostic rate of early-stages GC is very low. Circulating
biomarkers that can be detected by serological tests are considered simpler due to
non-invasive sample collection method and to high-throughput screening application.
We identified COL10A1 in a previous study focused on the molecular
characterization of gastric tumorigenesis, among other most up-regulated genes, as
the second overexpressed gene (fold change, 72.55) in gastric tumor tissue compared
to normal one [8] . This gene microarray data have been deposited in the Gene
Expression Omnibus database, accession no. GSE103236. COL10A1, a member of the
collagen family, is a gene with limited expression in most normal tissues and elevated
expression in several tumor types[9-11]. Interesting, COL10A1 gene expression is also
found to be overexpressed in all the four GC subtypes described by Bass et al [5] .
Therefore, we intended to propose COL10A1 (collagen type X alpha 1 chain) as a new
circulating biomarker for the diagnosis and prognosis of this disease.

MATERIALS AND METHODS
Clinical plasma and tissue samples
Gastric adenocarcinoma tissue samples and adjacent normal tissues were collected
from 49 patients (33 men and 16 women, mean age 61 years) during surgery at the
Center of General Surgery and Liver Transplantation of Fundeni Clinical Institute,
after written informed consents and approval of the Ethical Committee were
obtained. None of the patients had received preoperative chemotherapy or
radiotherapy. Pathologists confirmed all GC diagnoses and selected fresh tissue
samples from tumor and adjacent tissue taken from the proximal resection margin.
The GC samples were classified according to the American Joint Committee on
Cancer tumor, node, and metastasis (TNM) staging system. The tissue samples were
frozen in liquid nitrogen immediately after excision and stored at -80 °C. The
peripheral venous blood was collected from GC cases, prior to surgery, and cancerfree controls.

Evaluation of the COL10A1 gene expression level in gastric tumor tissue
Total cellular RNA samples were obtained from GC and normal tissue samples using
Tri-Reagent (Sigma-Aldrich) and purified with RNeasy mini columns (Qiagen)
according to standard procedure. The quality of RNAs was assessed using a 2100
Bioanalyzer (Agilent Technologies). Reverse transcription was performed using 2 μg
RNA and Access Quick RTPCR System (Promega) according to the manufacturer
protocol, and 50 ng of cDNA from each sample was used in real-time PCR reaction.
Real-time PCR was performed on an ABI 7300 real-time PCR System using prevalidated Taqman Gene Expression Assays kits for COL10A1 and 18S (endogenous
control). The ΔΔCT method was used to compare the relative expression levels.

Evaluation of the COL10A1 protein expression level in gastric tumor tissue
Whole protein extracts were obtained using T-PER Tissue Protein Extraction Reagent
(ThermoFisher) supplemented with Complete O, Mini, EDTA-free Protease Inhibitor
Cocktail (Roche Applied Science), and the concentration of total proteins was
determined using BCA Protein Assay Reagent (Pierce). A quantity of 60 µg of total
proteins for each sample was electrophoretically separated by SDS-PAGE and
transferred onto PVDF membranes that were subsequently blocked in Tris-buffer
saline - 0.5% Tween 20 with 2% bovine serum albumin and then incubated with the
primary antibodies against COL10A1 and β-actin at 4 °C overnight. The antibodies
used were rabbit polyclonal anti-collagen X (Abcam, ab58632, 1:500 dilutions) and
mouse monoclonal anti-b-actin clone Ac-74 (Sigma Aldrich, 1:1000 dilution). Proteins
of interest were detected with the appropriate secondary antibodies (1:1000 dilutions)
conjugated with HRP: anti-rabbit IgG (RD Systems), and anti-mouse IgG (RD
Systems). Signals were developed using ECL HRP chemiluminescent substrate
(Invitrogen) and captured using a MicroChemi 4.2 system (Bio-Imaging Systems).

Measurement of COL10A1 circulating level
Plasma samples from 49 GC cases and 10 cancer-free controls were obtained by
centrifugation of the peripheral venous blood for 15 min at 900 × g and stored at -80
°C. The level of COL10A1 expression in plasma of the GC patients and cancer-free
controls was measured using Human Collagen alpha-1 (X) chain (COL10A1) ELISA
kit (Cusabio) according to the manufacturer instructions.
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Statistical analysis
Data analyses were performed using GraphPad Prism 7.0. Statistical significance
between the two groups was determined by Student’s t-test. Data are expressed as the
mean ± SD. Univariate analyses of survival were performed using the Kaplan-Meier
method. The data were censored from the analysis for the surviving patients at the
date of the last follow-up. For the determination of the cut-off point in survival
analysis, the Cutoff Finder online tool developed by Budczies et al[12] was applied.
Receiver operating characteristic (ROC) curves were plotted and area under the ROC
curve (AUC) with 95% confidence interval (CI) was calculated to analyze the accuracy
of diagnostic value. The cut-off levels on the ROC curves were selected using the
Youden’s index [(sensitivity + specificity) -1]. Significance was set at P < 0.05.

RESULTS
In order to identify new biomarkers for diagnosis and prognosis of GC, we analyzed
the expression level of COL10A1 in gastric tumor tissues and plasma obtained from
49 patients with gastric adenocarcinoma. The main characteristics of the gastric
adenocarcinoma patients included in the study are presented in Table 1.

COL10A1 shows an increased expression level in GC tissue
The results obtained from gene expression analysis showed a significantly increased
level of COL10A1 in gastric tumor tissue compared to adjacent normal tissue (P <
0.05). Interesting COL10A1 seems to show an elevated expression from the beginning
of carcinogenesis, in the early stages, and this increased level remains elevated during
cancer progression (Figure 1A). The protein expression level of COL10A1 in the
normal and tumor samples was evaluated by Western blot analysis. The obtained data
revealed an increased expression of COL10A1 in gastric tumor tissue compared to
normal adjacent tissue, as shown in Figure 1B.

COL10A1 shows an increased circulating level in plasma of GC patients
In order to evaluate the potential of COL10A1 as a biomarker, the COL10A1 level in
plasma of 49 gastric adenocarcinoma patients compared to cancer-free controls was
analyzed using ELISA technique. Samples were divided according to their TNM stage
in early (AJCC stage II) and advanced gastric adenocarcinoma (AJCC stage IV). The
results showed a significant increase of COL10A1 plasma level in gastric
adenocarcinoma patients compared with cancer-free controls (P = 0.0029) (Figure 2A).
In addition, a correlation between COL10A1 plasma level and tumor progression was
observed. As shown in Figure 2B, a significant increase of COL10A1 plasma level was
found in GC stage III vs controls (P = 0.007), in GC stage IV vs controls (P = 0.0011), as
well as in GC stage II vs stage IV (P = 0.0168). Furthermore, the Kaplan-Meier survival
analysis showed that patients with COL10A1 plasma levels lower than 227.8 ng/mL
had significantly better survival compared with patients than presents COL10A1
levels higher than 227.8 ng/mL (P = 0.0006) (Figure 2C).
In order to assess the diagnostic significance of plasma COL10A1 in GC patients,
we generated ROC curves. The cut-off levels on the ROC curves were selected using
the Youden index [(sensitivity + specificity) - 1]. Comparisons of the COL10A1 plasma
levels between GC patients and cancer-free controls showed an AUC of 0.9171
(95%CI: 0.8443 to 0.9899) and a P = 0.0002, with a sensitivity/specificity of 87.76%
(95%CI: 75.76%-94.27%) / 100.0% (95%CI: 67.56%-100%), allowing to distinguish
between patients with early gastric adenocarcinoma and cancer-free controls. In the
early stage, we obtained an AUC of 0.8789 (95%CI: 0.7385 to 1.000) and a P = 0.0030,
with a sensitivity/specificity of 81.25% (95%CI: 56.99%-93.41%) / 100.0% (95%CI:
67.56%-100%). The obtained results are summarized in Table 2 and in Figures 3A, 3B,
3C, and 3D.
Therefore, circulating COL10A1 level appears to be an important diagnostic and
prognostic biomarker in patients with gastric adenocarcinoma. If confirmed in further
studies, it could be considered for treatment decisions in these patients.

DISCUSSION
GC represents one of the most common human cancers worldwide with a low 5-year
survival rate. Gastric adenocarcinoma, the main type of GC is characterized by many
genomic and proteomic alterations that sustain the aggressiveness of this disease and
the early development of drug resistance[13,14]. Despite the development of innovative
targeted therapies and the recent advances in the molecular GC characterization, the
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Table 1 Clinical and pathological details of patients included in the study, n (%)
Characteristics

Patients (n = 49)

Age (yr): Median

61

Sex
Men

33 (67.35)

Women

16 (32.65)

Tumor size
≤ 5 cm

20 (40.8)

5-7 cm

17 (34.7)

> 7 cm

12 (24.5)

Site of tumor
Upper stomach

3 (6.1)

Middle stomach

31 (63.3)

Lower stomach

15 (30.6)

Type of gastrectomy
Total

34 (69.4)

Subtotal

15 (30.6)

Pathological tumor stage
T1

2 (4.1)

T2

19 (38.7)

T3

21 (42.9)

T4

7 (14.3)

Pathological nodal stage
N0

6 (12.2)

N1

24 (49)

N2

15 (30.6)

N3

4 (8.2)

AJCC stage
IB

1 (2)

II

14 (28.6)

IIIA

15 (30.6)

IIIB

5 (10.2)

IV

14 (28.6)

Histological type
Differentiated

5 (10.2)

Undifferentiated

44 (89.8)

majority of GC patients are still diagnosed at advanced stages and their prognosis
remains extremely poor. Currently, the most frequent tumor markers used in the
clinic for early detection of GC comprise CEA, CA: CA19-9, CA72-4, CA125, CA24-2,
CA50, and also pepsinogen and AFP. However, the specificity and sensitivity of these
serum biomarkers are poor and so far, none of them is unique for GC diagnosis.
Therefore, identification of biomarkers in the early stage of this malignancy could
improve diagnosis, prognosis, prediction of recurrence, and treatment response[15-17].
Recent studies suggest that COL10A1 is a disease progression-associated gene.
COL10A1 is a member of the collagen family involved in tissue architecture and acts
as a barrier to the migration of epithelial cells under normal conditions. However,
data sustain that increased stromal collagen microenvironment significantly increases
tumor formation and results in a significantly more invasive phenotype in mammary
tissue [18] . COL10A1 was identified in tumor vasculature of the breast tumors,
presenting an increased gene expression[9,19]. Increased level of stromal COL10A1 was
correlated with poor pathologic response in ER+/HER2+ breast tumors[20]. Another
study suggested that circulating COL10A1 could be considered a useful biomarker in
diagnostic assessment of suspicious breast nodules[21]. In esophageal squamous cell
carcinoma, the expression of COL10A1 was reported upregulated along with other
collagen-related genes[22]. In colorectal cancer, COL10A1 was found to be abnormally
over-expressed and associated with the progression of cancer and the process of
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Figure 1

Figure 1 COL10A1 expression in gastric cancer tissue. A: Overexpression of COL10A1 gene in gastric tumor tissue compared to normal gastric tissue. Values are
represented as mean ± SD; B: Overexpression of COL10A1 protein in gastric tumor tissue compared to normal gastric tissue. aP < 0.05. TNM: Tumor, node, and
metastasis.

epithelial-mesenchymal transition. Moreover, high-level expression of COL10A1 was
found to be an independent risk factor of prognosis and overall survival in these
patients[10]. Further, Sole et al[23] reported that COL10A1 protein levels in serum of
colon cancer patients can detect both adenoma lesions and tumors. In lung cancer
increased plasma levels of COL10A1 were also detected, but no significant association
was observed between plasma levels and the clinicopathological features or
survival[11,24].
Considering previous findings, we analyzed the expression of COL10A1 in tissue
and plasma of gastric adenocarcinoma patients as a possible biomarker for diagnosis
and prognosis. COL10A1 tissue level was found to be increased in gastric
adenocarcinoma patients and this increased level was associated with tumor stage.
The major finding was a significantly increased circulating level of COL10A1 in
gastric adenocarcinoma patients compared to cancer-free controls. Moreover,
Kaplan–Meier curves of overall survival showed that GC patients with an elevated
COL10A1 plasma level had a significantly negative prognostic with shorter survival.
The AUC on ROC curve of 0.9171 (P = 0.0002), with sensitivity of 87.76% and
specificity of 100.00%, makes plasma COL10A1 level a promising diagnostic
biomarker. Moreover, this study demonstrated the potential role of plasma COL10A1
in the early detection of GC since in this case the obtained AUC value was 0.8789 (P =
0.0030), with sensitivity of 81.25% and specificity of 100.00%. The result can be very
important since there is a high difference (2.43-fold change) between early stage
samples and cancer-free controls, positioning this biomarker as a promising
candidate. The same early elevated level of COL10A1 was reported by Sole et al[23] in
plasma of patients with adenomas and colon cancer when compared to controls.
The discovery of new biomarkers that can be detected in serum/plasma presents
interest since they can be easier used in daily clinical practice. Currently, the diagnosis
of solid tumors is based on the screening of several tumor markers such as CEA and
CA19-9. However, the applicability of CEA and CA19-9 for detection, prognosis, and
progression of GC is low. At a specificity of 89.5%-95%, CA19-9 sensitivity varies
between 26.3%-54.8% (AUC = 0.58)[25,26]. Similar, CEA has a low sensitivity of 21%
(AUC = 0.52)[25].
Further, we report an increase in serum and tissue level of COL10A1 in GC with
tumoral stage, similar to previous reports on breast[21], lung[11], and colon cancer[23].
Interestingly, all of them are epithelial cancers where epithelial to mesenchymal
transition (EMT) is involved in tumor progression and metastasis. There is evidence
that COL10A1 acts as a potential inducer of EMT via SOX9. In a series of experiments
of knocking down COL10A1 expression, Li et al[27] showed that COL10A1 was directly
associated with cell migration, invasion, and metastasis in GC. Moreover, it had been
reported that collagen type I is able to initiate a disruption of the E-cadherin cell-tocell adhesion complex and to promote EMT and proliferation of pancreatic carcinoma
cells[28]. Willumsen et al[29] demonstrated that during EMT, the extracellular matrix
(ECM) is actively remodeled by matrix metalloproteinases, and ECM components
(e.g., collagens) are released into circulation and can be potentially used as biomarkers
for the early detection of cancers.
Another important finding of our study is related to the association between highlevel expression of COL10A1 in plasma and negative prognostic in GC. This
correlation is reported here for the first time. In colon cancer study the authors
showed that high expression level of COL10A1 is associated with poor prognosis, but
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Figure 2

Figure 2 COL10A1 expression in gastric cancer plasma. A: Overexpression of circulating COL10A1 in gastric
adenocarcinoma patients compared to cancer-free controls. Values are represented as mean ± SD; B: Increased
COL10A1 plasma level is correlated with tumor progression. C: Kaplan-Meier survival plots for gastric
adenocarcinoma patients. Tick marks represent the time of the last follow-up. High COL10A1 plasma levels (> 227.8
ng/mL) were significantly associated with shorter survival in gastric adenocarcinoma patients. bP < 0.02, cP < 0.007.
GC: Gastric cancer.

the quantification was done on tissue through immunohistochemistry and real-time
quantitative polymerase chain reaction.
Through our findings, we indicate the serum level of COL10A1 as an early
diagnostic biomarker with high sensitivity and specificity, a risk factor of prognosis
and overall survival indicator in GC patients. The identification of circulating
biomarkers is important since their detection is non-invasive and can be easily
implemented in daily clinical practice without higher costs being based on such
techniques as ELISA. On the other side, the use of a cheap and specific test for
population screening could improve early diagnosis rate and contribute to the
decrease of the GC burden.
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Table 2 Evaluation of the detection value of COL10A1 in the diagnosis of gastric cancer patients.
AUC

P value

Cut-off values (ng/mL)

Sensitivity

Specificity

GC vs CFC

0.9171 (0.8443 to 0.9899)

0.0002

113.3

87.76% (75.76%-94.27%)

100% (67.56%-100.0%)

Early stage GC vs CFC

0.8789 (0.7385 to 1.000)

0.003

118.1

81.25% (56.99%-93.41%)

100% (67.56%-100.0%)

Advanced stage GC vs CFC

1.000 (1.000 to 1.000)

0.0001

113.3

100% (78.47%-100.0%)

100% (67.56%-100.0%)

Early stage vs Advanced stage

0.7768 (0.5977 to 0.9558)

0.0100

225.3

78.57% (52.41%-92.43%)

81.25% (56.99%-93.41%)

95%CI was given in brackets for each group. GC: Gastric cancer; CFC: Cancer-free controls; AUC: Area under the Receiver operating characteristic curve;
Early stage: AJCC stage II; Advanced stage: AJCC stage IV.

Figure 3

Figure 3 Receiver operating characteristic curve analysis in the diagnosis of gastric cancer. A: Patients vs control; B: Early-stage gastric cancer (GC) patients
vs control; C: Advanced-stage GC patients vs control; D: Early-stage GC patients vs advanced-stage GC patients.

ARTICLE HIGHLIGHTS
Research background
Despite the major advances in the field of personalized medicine, gastric cancer (GC) remains an
aggressive malignancy with a high rate of mortality, being the third leading cause of cancerrelated death. The main issue in the management of this disease is represented by the high
molecular heterogeneity that results in the phenotypical aggressiveness of GC and limits the
antitumor efficacy of the targeted therapy.

Research motivation
GC is still characterized by late diagnosis, limited effective treatment options, and lack of reliable
biomarkers for the patient outcome prediction and response to therapy. The discovery of new
circulating biomarkers useful in the early diagnosis of GC is mandatory.

Research objectives
The present study aimed to evaluate the potential of COL10A1 as a circulating biomarker for the
diagnosis and prognosis of gastric adenocarcinoma patients.
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Research methods
Plasma and tissue samples obtained from 49 patients with gastric adenocarcinoma have been
used in exploring the expression of COL10A1. Real-time PCR and western blot techniques were
used to evaluate COL10A1 level in gastric tumor tissue compared to normal adjacent tissue. The
circulating level of COL10A1 was also evaluated by ELISA in plasma of gastric adenocarcinoma
patients. Survival analysis was made in order to evaluate the potential of COL10A1 as a
biomarker for the diagnosis and prognosis of gastric adenocarcinoma patients.

Research results
Our results showed a significant increase in COL10A1 gene expression and protein levels in
gastric tumor tissue compared to adjacent normal tissue. COL10A1 seems to show an elevated
expression from the beginning of carcinogenesis, in the early stages, and its increased level
remains elevated during cancer progression. This significant increase of COL10A1 was observed
also in plasma of gastric adenocarcinoma patients. Moreover, increased COL10A1 plasma level
was associated with poor survival. Plasma COL10A1 performed a diagnostic value in GC with
an area under the receiver operating characteristic curve (AUC) of 0.9171 (P = 0.0002), sensitivity
of 87.76%, and specificity of 100.0%. Furthermore, this study demonstrated the potential role of
plasma COL10A1 in the early detection of GC, as in the early stage we obtained an AUC of
0.8789 (P = 0.0030), sensitivity of 81.25%, and specificity of 100.0%. If confirmed in further
studies, circulating COL10A1 level could be considered for treatment decisions in these patients.

Research conclusions
We reported for the first time an increased circulating expression level of COL10A1 in gastric
adenocarcinoma patients that is associated with poor survival. The high sensitivity and
specificity obtained suggest that COL10A1 could represent a potential biomarker for early
detection of GC.

Research perspectives
The identification of circulating biomarkers is important since their detection is non-invasive and
can be easily implemented in daily clinical practice without higher costs, being based on such
techniques as ELISA. On the other hand, the use of a cheap and specific test for population
screening could improve early diagnosis rate and contribute to the decrease of the GC burden.
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Abstract
BACKGROUND
The incidence of inflammatory bowel disease, a chronic intestinal inflammatory
disorder that includes Crohn’s disease (CD) and ulcerative colitis, is rising.
Circular RNAs are considered valuable diagnostic biomarkers for CD. Current
evidence supports the views that epithelial-mesenchymal transition (EMT) plays
an important role in CD pathogenesis, and that hsa-miR-130a-3p can inhibit
transforming growth factor-β1 (TGF-β1)-induced EMT. Our previous study
revealed that hsa_circRNA_102610 was upregulated in CD patients. Moreover,
we predicted an interaction between hsa_circRNA_102610 and hsa-miR-130a-3p.
Thus, we hypothesized that hsa_circRNA_102610 may play roles in the
proliferation and EMT of intestinal epithelial cells by sponging hsa-miR-130a-3p
to participate in the pathogenesis of CD.
AIM
To explore the mechanism of hsa_circRNA_102610 in the pathogenesis of CD.
METHODS
The relative expression levels of hsa_circRNA_102610 and hsa-miR-130a-3p in
patients were detected by quantitative reverse transcription-polymerase chain
reaction. The proliferation of human intestinal epithelial cells (HIECs) and
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normal-derived colon mucosa cell line 460 (NCM460) cells was detected by cell
counting kit-8, 5-ethynyl-2’-deoxyuridine staining and cell cycle assays following
overexpression or downregulation of hsa_circRNA_102610. Cell proliferation
assays were performed as described above in a rescue experiment with hsa-miR130a-3p mimics. The interaction of hsa_circRNA_102610 and hsa-miR-130a-3p
was verified by fluorescence in situ hybridization and dual luciferase reporter
assays. The relative expression levels of CyclinD1, mothers against
decapentaplegic homolog 4 (SMAD4), E-cadherin, N-cadherin and Vimentin
were detected by western blotting following hsa_circRNA_102610
overexpression, TGF-β1-induced EMT or hsa-miR-130a-3p mimic transfection (in
rescue experiments).
RESULTS
Upregulation of hsa_circRNA_102610 was determined to be positively correlated
with elevated fecal calprotectin levels in CD (r = 0.359, P = 0.007) by Pearson
correlation analysis. Hsa_circRNA_102610 promoted the proliferation of HIECs
and NCM460 cells, while hsa-miR-130a-3p reversed the cell proliferationpromoting effects of hsa_circRNA_102610. Fluorescence in situ hybridization and
dual luciferase reporter assays showed that hsa_circRNA_102610 directly bound
hsa-miR-130a-3p in NCM460 and 293T cells. An inverse correlation between
downregulation of hsa-miR-130a-3p and upregulation of hsa_circRNA_102610 in
CD patients was observed (r = -0.290, P = 0.024) by Pearson correlation analysis.
Moreover, overexpression of hsa_circRNA_102610 promoted SMAD4 and
CyclinD1 protein expression validated by western-blotting. Furthermore, overexpression of hsa_circRNA_102610 promoted TGF-β1 induced EMT in HIECs
and NCM460 cells via targeting of hsa-miR-130a-3p, with increased expression of
Vimentin and N-cadherin and decreased expression of E-cadherin.
CONCLUSION
Hsa_circRNA_102610 upregulation in CD patients could promote the
proliferation and EMT of intestinal epithelial cells via sponging of hsa-miR-130a3p.
Key words: Hsa_circRNA_102610; Hsa-miR-130a-3p; Epithelial-mesenchymal transition;
Crohn’s disease; Mothers against decapentaplegic homolog 4; Transforming growth
factor-β1
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Core tip: The incidence of inflammatory bowel disease, a chronic intestinal inflammatory
disorder that includes Crohn’s disease (CD) and ulcerative colitis is rising. Our previous
study revealed that hsa_circRNA_102610 is upregulated in CD patients. However,
further investigation is required to explore how hsa_circRNA_102610 participates in the
pathogenesis of CD. The results of this study indicate that hsa_circRNA_102610
overexpression in CD patients could accelerate the proliferation and epithelialmesenchymal transition of intestinal epithelial cells via sponging of hsa-miR-130a-3p.
Thus, hsa_circRNA_102610 may promote CD progression. Hsa_circRNA_102610 may
serve as a potential target for CD therapy and novel drug research. Exogenously
delivered hsa-miR-130a-3p could possibly act as a sponge of hsa_circRNA_102610.
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INTRODUCTION
Circular RNAs (circRNAs) are endogenous covalently closed circular biomolecules
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generated by back-splicing. Due to their unique structure without a 5’cap or 3’poly A
tail, circRNAs are more stable than linear RNAs, such as microRNAs (miRNAs) and
lncRNAs. They are expressed in eukaryotes with tissue-specific and disease-specific
characteristics[1]. Thus, circRNAs are potential biomarkers for disease prediction,
diagnosis and prognostic analysis.
To date, circRNAs have been confirmed to participate in various diseases,
including colorectal cancer, hepatic carcinoma and rheumatoid arthritis[2-5]. CircRNAs
are also considered valuable diagnostic biomarkers for Crohn’s disease (CD) [6-8] .
Among the known biological functions of circRNAs, the miRNA-sponging function is
one of the most extensively studied. By this mechanism, circRNAs can act as
competing endogenous RNAs due to the presence of similar miRNA-binding site
sequences on the mRNA targets of the corresponding miRNAs[9,10]. Our previous
study demonstrated that hsa_circRNA_102610 was upregulated in CD patients[7].
Furthermore, miRNA response element (MRE) analysis suggested the existence of a
potential interaction between hsa_circRNA_102610 and hsa-miR-130a-3p.
Hsa-miR-130a-3p is generally considered a tumor suppressor because it is
downregulated in multiple types of cancers[11]. In addition, it participates in various
biological processes related to tumorigenesis, such as epithelial mesenchymal
transition (EMT), cell viability-related processes, invasion and apoptosis [12-16] .
Overexpression of hsa-miR-130a-3p markedly inhibits GC cell EMT and
tumorigenesis, by targeting TBL1XR1 to induce E-cadherin expression and reduce Ncadherin, Twist, and MMP2 expression [11] . Moreover, a mothers against decapentaplegic homolog 4 (SMAD4)-dependent mechanism was recently discovered to
inhibit transforming growth factor-β1 (TGF-β1)-induced EMT via hsa-miR-130a-3p in
EC-1 cells, resulting in upregulation of E-cadherin and downregulation of N-cadherin
and Vimentin[13].
Current evidence supports the view that EMT plays an important role in CD
pathogenesis. Intestinal fibrosis accompanying CD is triggered by multiple factors.
EMT induced by TGF-β or IL-13 makes an important contribution to fibrosis by
inducing the generation of new mesenchymal cells from the epithelium [17,18] .
Moreover, miRNAs have been confirmed to participate in the regulation of the
pathologic processes of inflammatory bowel disease (IBD). Downregulation of the
miR-200 family (miR-141, miR-200a, miR-200c and miR-429) in the epithelium of
fibrotic CD intestinal tissue accompanied by significantly elevated rates of
cytokeratin-18 or Vimentin-positive epithelial staining in CD strictures is associated
with EMT[19]. Functional studies have demonstrated that miR-200b can inhibit TGF-β1induced EMT in IECs[20].
With regard to hsa-miR-130a-3p, there are no research reports on its role in CD.
Thus, according to the MRE analysis results, we hypothesized that the expression of
hsa-miR-130a-3p might be reduced in CD patients and that hsa_circRNA_102610
might participate in the regulation of hsa-miR-130a-3p and its downstream pathway
proteins. In this study, a correlation analysis between hsa_circRNA_102610 and hsamiR-130a-3p expression was carried out in CD patients. Further studies were
performed to explore the mechanism by which hsa_circRNA_102610 regulates hsamiR-130a-3p and its downstream proteins related to EMT and cell proliferation.

MATERIALS AND METHODS
Sample collection and reverse transcription quantitative polymerase chain reaction
analysis
Recently diagnosed CD patients and healthy controls were recruited at Suzhou
Affiliated Hospital of Nanjing Medical University (Suzhou, Jiangsu Province, China)
from 2018 to 2019. The sample collection methods were described in our previous
study[7]. Informed consent was obtained from all the participants. Ethical approval
was obtained from the Ethics Committee of Nanjing Medical University. The methods
of RNA extraction and reverse transcription quantitative polymerase chain reaction
(RT-qPCR) were described in our previous study[7]. Primers for RT-qPCR are listed in
Table 1.

Overexpression or silencing of hsa_circRNA_102610
A hsa_circRNA_102610 overexpression plasmid was constructed in pLC5-ciR by
Geneseed (Guangzhou, Guangdong, China). Small interfering RNA (siRNA) targeting
the splice junction region of hsa_circRNA_102610 was synthesized by GenePharma
(Shanghai, China).

Hsa-miR-130a-3p mimics and inhibitor
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Table 1 Primers for reverse transcription quantitative polymerase chain reaction
Primer

Forward (5’-3’)

Reverse (5’-3’)

miR130a-3p

GATGCTCTCAGTGCAATGTTA

TATGGTTGTTCTGCTCTCTGTCTC

U6

ATTGGAACGATACAGAGAAGATT

GGAACGCTTCACGAATTTG

hsa_circRNA_102610

ACAGTGTGCCAAGTTACTCG

AGTGCAAGATAAAGGCCCAA

β-actin

GTGGCCGAGGACTTTGATTG

CCTGTAACAACGCATCTCATATT

RT-qPCR: Reverse transcription quantitative polymerase chain reaction; β-actin: Beta-actin.

Hsa-miR-130a-3p mimics and hsa-miR-130a-3p inhibitor were synthesized by
GenePharma. The sequences are listed in Table 2.

Cell culture and transfection
Human intestinal epithelial cells (HIECs) and normal-derived colon mucosa cell line
460 (NCM460) cells were cultured in Roswell Park Memorial Institute 1640 Medium
or Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum.
Cells at 60%-70% confluence were transfected with the hsa_circRNA_102610
overexpression plasmid hsa_ circRNA_102610-pLC5-ciR, the hsa-miR-130a-3p
mimics, the hsa-miR-130a-3p inhibitor, or hsa_circRNA_102610 siRNA fragments
with Lipofectamine 3000 (Life Technologies, Carlsbad, CA, United States) according
to the manufacturer’s instructions for 48 h.

Cell cycle detection by flow cytometry
HIECs and NCM460 cells were seeded in 60 mm cell culture dishes. Cells at 60-70%
confluence were transfected according to the above protocol. Subsequently, the cells
were fixed with precooled 70% ethanol overnight at -20°C and labeled with
propidium iodide (PI, Beyotime, Shanghai, China). The cell cycle distribution was
detected by flow cytometry (FACSCalibur, BD, San Jose, CA, United States).

Cell counting kit-8 assay and 5-ethynyl-2’-deoxyuridine staining
HIECs and NCM460 cells were seeded in 24-well plates at a density of 2 × 10 4
cells/mL. Cells at 60-70% confluence were transfected according to the above protocol
the next day. On the third day, cells were harvested and reseeded in 96-well plates at
a density of 2 × 104 cells/mL. A cell counting kit-8 (CCK-8) (Dojindo, Shanghai,
China) was used to detect cell viability. A Cell-Light™ 5-ethynyl-2’-deoxyuridine
(EdU) Apollo®567 In Vitro Imaging Kit (RiboBio, Guangzhou, Guangdong, China)
was used to measure the cellular proliferation rate.

Bioinformatics analysis
MiRNAs that may bind to hsa_circRNA_102610 were predicted by TargetScan and
miRanda. The top 5 miRNAs potentially binding to microRNA response elements in
hsa_circRNA_102610 were predicted by Arraystar’s custom miRNA target prediction
software (Arraystar, Rockville, MD, United States).
Target mRNAs of miRNAs were predicted by TargetScan7.1 and miRDB_V5.0.
Pathway analysis of the upregulated circRNAs in CD was performed with the
Database for Annotation, Visualization and Integrated Discovery. A network
containing hsa_circRNA_102610, the top 5 potentially binding miRNAs, and their
target genes was generated by Cytoscape 3.7.0.
CircRNAs determined to be upregulated in CD patients in our previous study
related to EMT were chosen according to their predicted binding miRNAs. A
hierarchical clustering analysis of target circRNAs was performed by MeV based on
expression values.

Fluorescence in situ hybridization
The expression level and location of hsa_circRNA_102610 or hsa-miR-130a-3p were
detected by fluorescence in situ hybridization (FISH) using FAM- and CY3-labeled
specific probes, respectively (GenePharma, Shanghai, China). 4’, 6-diamidino-2phenylindole was used to stain cell nuclei. Cellular fluorescence images were
collected by a confocal laser scanning microscope (Carl Zeiss, Göschwitzer Strasse,
Jena, Germany). The sequences of the probes are listed in Table 2.

Luciferase reporter assay
A fragment containing a total of 273 bp of hsa_circRNA_102610 including the hsamiR-130a-3p response element was synthesized (GenScript, Nanjing, Jiangsu
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Table 2 Sequences of RNA oligo and probes
RNA

Sequence (5'-3')

hsa_circRNA_102610 si-1

GCUGAUUUUUCAGGGUCAATTUUGACCCUGAAAAAUCAGCTT

hsa_circRNA_102610 si-2

UUCAGGGUCAACUUUGUAGTTCUACAAAGUUGACCCUGAATT

hsa-miR-130a-3p mimics

CAGUGCAAUGUUAAAAGGGCAUGCCCUUUUAACAUUGCACUGUU

hsa-miR-130a-3p inhibitor

AUGCCCUUUUAACAUUGCACUG

hsa_circRNA_102610 probe

FAM-GCACACTACAAAGTTGTTGACCCTGAAAAATCAGCAGAA

hsa-miR-130a-3p probe

CY3-ATGCCCTTTTAACATTGCACTG

Hsa_circRNA_102610 si-1: The first sequence of small interfering RNA against hsa_circRNA_102610;
Hsa_circRNA_102610 si-2: The second sequence of small interfering RNA against hsa_circRNA_102610.

Province, China) and cloned into the plasmid psiCHECK-2 (Promega, Madison, WI,
United States). In addition, a counterpart containing mutations in the hsa-miR-130a3p response element was constructed. Then, 293T and NCM460 cells were transfected
with 500 ng of plasmids with Lipofectamine 3000. The relative luciferase activity was
assayed by a Dual-Luciferase ®@ Reporter Assay System (Promega, Madison, WI,
United States) 48 h after transfection.

TGF-β1 induced EMT in intestinal epithelial cells
HIECs and NCM460 cells were treated with TGF-β1 at a concentration of 10 ng/mL
for 48 h. Phase microscopy was used to observe morphological changes. The
expression levels of EMT markers such as Vimentin, N-cadherin, and E-cadherin were
detected by western blotting.

Western blotting
Western blotting was performed as follows: Briefly, cellular proteins of NCM460 cells
and HIECs were extracted with RIPA Lysis Buffer (Beyotime, Shanghai, China)
containing 1% phenylmethanesulfonyl fluoride. Proteins (30 μg/well) were separated
on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and
transferred to polyvinylidene difluoride membranes by a wet blotting system (MiniPROTEAN® Tetra, Bio-Rad, Hercules, CA, United States). The membranes were then
blocked in 5% nonfat milk at room temperature for 1.5 h and incubated with primary
antibodies overnight at 4°C. Primary antibodies against CyclinD1 (CST-2878S, Cell
Signaling Technology, Danvers, MA, United States), SMAD4 (CST-38454S, Cell
Signaling Technology, Danvers, MA, United States), N-cadherin (CST-13116S, Cell
Signaling Technology, Danvers, MA, United States), E-cadherin (CST-3195S, Cell
Signaling Technology, Danvers, MA, United States) and Vimentin (CST-5741S, Cell
Signaling Technology, Danvers, MA, United States) were used in this study. After
washing with TBST three times, the membranes were incubated with HRP-linked
secondary antibodies at room temperature for 1.5 h. Tanon High-sig ECL Western
Blotting Substrate (Tanon, Shanghai, China) was used to detect the signals with
GAPDH as a loading control.

Statistical analysis
Statistical significance was analyzed by GraphPad Prism 5 (GraphPad, La Jolla, CA,
United States). Comparisons between two groups were performed by Student’s t-test.
One-way ANOVA test was used to determine differences among groups. Correlations
between parameters were assessed by Pearson correlation coefficients. Statistical
significance was considered at P < 0.05.

RESULTS
Upregulation of hsa_circRNA_102610 was positively correlated with fecal
calprotectin level in CD
Our previous study showed that hsa_circRNA_102610 is upregulated in CD patients.
To investigate whether the upregulation of hsa_circRNA_102610 correlates with the
degree of inflammation, the calprotectin (CALP) level, C-reactive protein level and
erythrocyte sedimentation rate (ESR) were included in the correlation analysis. The
results are shown in Figure 1. There was no correlation between the upregulation of
hsa_circRNA_102610 (Figure 1A) and C-reactive protein (Figure 1B) or ESR level
(Figure 1C). However, it was found that hsa_circRNA_102610 expression was
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positively correlated with the CALP level (Figure 1D).

Hsa_circRNA_102610 promotes intestinal epithelial cell proliferation
EdU staining suggested that proliferation rates were lower among HIECs and
NCM460 cells with hsa_circRNA_102610 downregulation, and higher among cells
with hsa_circRNA_102610 overexpression (Figure 2A). In line with the EdU staining
results, the CCK-8 assay showed that downregulation of hsa_circRNA_102610
decreased the viability of HIECs and NCM460 cells, while overexpression of
hsa_circRNA_102610 promoted viability (Figure 2B). Moreover, cell cycle detection by
flow cytometry demonstrated that hsa_circRNA_102610 downregulation caused cell
cycle arrest in HIECs and NCM460 cells, while hsa_circRNA_102610 overexpression
promoted cell cycle progression. The relative HIEC and NCM460 cell numbers in G1
phase were decreased following hsa_circRNA_102610 overexpression, while the
relative numbers of cells in S phase and G2 phase were increased. The opposite results
were observed with hsa_circRNA_102610 downregulation (Figure 2C).

Hsa_circRNA_102610 was predicted to participate in cell proliferation and EMT by
sponging hsa-miR-130a-3p
Gene Ontology and pathway analyses were performed to study the upregulated
circRNAs (092520, 102610, 004662, and 103124) in CD, which we validated in a
recently published article [7] . The results suggested that the AMPK and mTOR
signaling pathways participate in CD pathology (Figure 3A). Further hierarchical
clustering analysis indicated that hsa_circRNA_102610 (Figure 3B) was among the
circRNAs associated with EMT according to MRE analysis. MRE analysis of
hsa_circRNA_102610 showed the top 5 possible binding miRNAs, and hsa-miR-130a3p was the most likely miRNA. The predicted binding sites of hsa_circRNA_102610
and these 5 miRNAs are listed in Figure 3C. Furthermore, a network consisting of
hsa_circRNA_102610, the miRNAs and the corresponding proteins was generated by
Cytoscape (Figure 3D). SMAD4 was one of the proteins predicted to bind to hsa-miR130a-3p. It is generally thought that the AMPK and mTOR signaling pathways are
related to cell proliferation, and hsa-miR-130a-3p could regulate EMT by controlling
SMAD4 expression[13]. Moreover, an inverse correlation between downregulation of
hsa-miR-130a-3p and upregulation of hsa_circRNA_102610 in CD patients was
observed (Figure 3E). Thus, we infer that hsa_circRNA_102610 may participate in cell
proliferation and SMAD4-related EMT by sponging hsa-miR-130a-3p.

Hsa-miR-130a-3p reversed the cell proliferation-promoting effect of hsa_
circRNA_102610
To explore whether hsa-miR-130a-3p can reverse the effects of hsa_circRNA_102610 in
intestinal epithelial cells, CCK-8 assays, EdU staining and cell cycle detection were
performed. The results showed that the hsa-miR-130a-3p inhibitor could reverse the
decrease in cell proliferation caused by hsa_circRNA_102610 downregulation (Figure
4). Conversely, the hsa-miR-130a-3p mimics partially attenuated the increase in
NCM460 and HIEC proliferation induced by hsa_circRNA_102610 overexpression
(Figure 5).

Hsa_circRNA_102610 bound hsa-miR-130a-3p in NCM460 and 293T cells
MRE analysis predicted the existence of binding sites between hsa_circRNA_102610
and hsa-miR-130a-3p. A previous study demonstrated that hsa-miR-130a-3p can
reduce cell viability and suppress proliferation, invasion, and TGF-β1-induced
EMT[13].
The above results suggest that hsa_circRNA_102610 and hsa-miR-130a-3p exhibit
opposing functions. Hence, we hypothesized that hsa-circRNA_102610 might regulate
cell proliferation and EMT by sponging hsa-miR-130a-3p. To verify this hypothesis,
FISH and luciferase reporter assays were performed. The results (Figure 6A)
suggested that hsa_circRNA_102610 (in green) and hsa-miR-130a-3p (in red)
colocalized in both the cytoplasm and nucleus in intestinal epithelial cells. There were
stronger signals near the nuclear membrane and cellular tentacles. Downregulation of
hsa_circRNA_102610 attenuated these specific colocalizations in the cytoplasm
(Figure 6A).
The results of the luciferase reporter assay (Figure 6B and C) showed that the cells
cotransfected with hsa-miR-130a-3p mimics and psiCHECK-2 plasmids containing the
wild-type binding sites of hsa-miR-130a-3p in hsa_circRNA_102610 exhibited lower
relative luciferase activity than the cells transfected with the miR-control construct.
Cells cotransfected with hsa-miR-130a-3p mimics and psiCHECK-2 containing
mutated binding sites displayed no significant change in luciferase activity. These
trends were consistent in 293T and NCM460 cells. These results indicate that
hsa_circRNA_102610 directly binds to hsa-miR-130a-3p.
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Figure 1 Correlation analysis between hsa_circRNA_102610 and erythrocyte sedimentation rate, C-reactive protein, and calprotectin in Crohn’s disease
patients. A: Relative expression of hsa_circRNA_102610 in Crohn’s disease (CD) patients (n = 40) and healthy controls (HC, n = 40); B: Correlation analysis of
hsa_circRNA_102610 and C-reactive protein in CD patients; C: Correlation analysis of hsa_circRNA_102610 and erythrocyte sedimentation rate in CD patients; D:
Correlation analysis of hsa_circRNA_102610 and calprotectin in CD patients. bP < 0.01 vs HC. CRP: C-reactive protein; ESR: Erythrocyte sedimentation rate; CALP:
Calprotectin; CD: Crohn’s disease.

Overexpression of hsa_circRNA_102610 promoted SMAD4 and CyclinD1 protein
expression
HIEC and NCM460 cell cycle progression was promoted by overexpression of
hsa_circRNA_102610, and bioinformatics analysis indicated that hsa_circRNA_102610
might participate in EMT through hsa-miR-130a-3p and SMAD4 regulation.
Therefore, we detected SMAD4 and CyclinD1 protein expression following
hsa_circRNA_102610 upregulation or downregulation. The results in Figure 7A show
that hsa_circRNA_102610 overexpression was accompanied by elevated expression of
SMAD4 and CyclinD1. Reduced expression of SMAD4 and CyclinD1 was observed
when hsa_circRNA_102610 was downregulated.

Hsa_circRNA_102610 promoted TGF-β1-induced EMT in intestinal epithelial cells by
targeting hsa-miR-130a-3p
Previous studies have demonstrated that hsa-miR-130a-3p could inhibit TGF-β1induced EMT by targeting SMAD4[13,20]. To explore whether hsa_circRNA_102610
participates in EMT regulation, cell-cell junctions were observed by phase contrast
microscopy. Moreover, the expression levels of SMAD4 and EMT-related proteins (Ecadherin, N-cadherin and Vimentin) were detected by western blotting.
The results (Figure 7B) showed a loss of cell-cell junctions in response to TGF-β1
stimulation, while hsa-miR-130a-3p protected cells from morphological changes.
Overexpression of hsa_circRNA_102610 promoted the TGF-β1-induced loss of cell-cell
junctions, and hsa-miR-130a-3p mimics reversed the effects of hsa_circRNA_102610.
Regarding EMT related proteins (Figure 7C), TGF-β1 stimulation increased the
expression of SMAD4, Vimentin and N-cadherin, but decreased the expression of Ecadherin expression. Overexpression of hsa_circRNA_102610 promoted this effect,
while hsa-miR-130a-3p mimics transfection reversed it to some extent. Therefore, our
studies indicate that hsa_circRNA_102610 promotes TGF-β1-induced EMT in
intestinal epithelial cells by targeting hsa-miR-130a-3p.
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Figure 2 Hsa_circRNA_102610 overexpression promoted human intestinal epithelial cells and normal-derived colon mucosa cell line 460 cell proliferation.
A: 5-ethynyl-2’-deoxyuridine-staining of human intestinal epithelial cells. Red: 5-ethynyl-2’-deoxyuridine staining; blue: Hoechst 33342 staining; B: Relative HIEC and
normal-derived colon mucosa cell line 460 cell viability, as measured by the cell counting kit-8 assay; C: Cell cycle phase detection for HIECs and normal-derived
colon mucosa cell line 460 cells by flow cytometry. aP < 0.05 vs Ctrl, bP < 0.01 vs Ctrl, cP < 0.001 vs Ctrl, dP < 0.0001 vs Ctrl. Si-1 and Si-2: siRNAs mediating
hsa_circRNA_102610 downregulation. OE: Hsa_circRNA_102610 overexpression by transient transfection. Ctrl: Control; HIECs: Human intestinal epithelial cells;
NCM460: Normal-derived colon mucosa cell line 460; EdU: 5-ethynyl-2’-deoxyuridine.

DISCUSSION
IBD is a chronic intestinal inflammatory disorder with rising incidence that includes
CD and ulcerative colitis[21,22]. Currently, the etiology of IBD is still not clear. The
sensitivity and specificity of biomarkers for IBD diagnosis are limited[23,24]. CircRNAs
have recently been discovered as potential biomarkers for multiple diseases, such as
colorectal cancer, hepatic carcinoma and rheumatoid arthritis[2-5].
Our previous studies have suggested that hsa_circRNA_102610 was valuable for
the diagnosis of CD exhibiting an AUC of 0.78, a sensitivity of 60.53% and a specificity
of 78.85% in ROC curve analysis[7]. In this study, our further analysis showed that
hsa_circRNA_102610 levels were positively correlated with CALP levels. CALP is an
increasingly accepted sensitive biomarker for the assessment of CD [25,26] . Thus,
although the positive correlation between hsa_circRNA_102610 and CALP in CD
patients is weak (r = 0.359, P = 0.007), this finding indicates a possible role of
hsa_circRNA_102610 in CD. However, the exact mechanism of hsa_circRNA_102610
in the development of CD is still unclear.
Given this result, we next overexpressed or knocked down hsa_circRNA_102610 in
intestinal epithelial cells. The CCK8 and EdU staining results demonstrated that cell
growth was promoted by hsa_circRNA_102610 overexpression. Cell cycle progression
was promoted by hsa_circRNA_102610, as indicated by increased proportions of S
and G2 phase cells, while knockdown of hsa_circRNA_102610 had the opposite effect.
Excessive cell growth is strongly associated with inflammation[27]. We infer that cell
growth is probably induced by overexpression of hsa_circRNA_102610 in CD patients
and we hypothesize that chronic intestinal inflammation may be related to
upregulation of hsa_circRNA_102610. However, the above hypothesis should be
confirmed in vivo in animal models. This will be the focus of our future studies.
It has been widely reported that circRNAs act as sponges of miRNAs[4]. The MRE
analysis in this study suggested that interactions occur between hsa_circRNA_102610
and 5 miRNAs (Figure 3C). Among them, an interaction with hsa-miR-130a-3p was
predicted to be the most likely one. It has been reported that hsa-miR-130a-3p
participates in EMT inhibition and cell proliferation in various cell types in a SMAD4dependent manner[12-14]. Thus, hsa_circRNA_102610 is likely involved in regulating the
downstream pathways of hsa-miR-130a-3p. The RT-qPCR analysis results obtained
with clinical samples showed that downregulation of hsa-miR-130a-3p was inversely
correlated with upregulation of hsa_circRNA_102610 in CD. In vitro studies
demonstrated that hsa-miR-130a-3p mimics could reverse the growth promoting
effect of hsa_circRNA_102610 overexpression on intestinal epithelial cells. Conversely,
knockdown of hsa_circRNA_102610 blocked cell growth, and a hsa-miR-130a-3p
inhibitor reversed these effects. In addition, FISH and luciferase reporter assays
indicated a direct interaction of hsa_circRNA_102610 with hsa-miR-130a-3p. Thus, the
research results in this study suggest that hsa_circRNA_102610 play roles in the
regulation of intestinal epithelial cell proliferation by sponging hsa-miR-130a-3p.
Intestinal strictures and fistulas are common in CD. The mechanism of intestinal
fibrosis is complex, and includes epigenetic and genetic modulations, microbiotic
regulation, and extracellular matrix-related processes, among other factors[28]. Among
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Figure 3 Functional prediction of hsa_circRNA_102610 by bioinformatics analysis. A: Pathway analysis of the validated upregulated circRNAs (092520,
102610, 004662, and 103124) in Crohn’s disease (CD); B: Hierarchical clustering analysis of upregulated circRNAs in CD that might play roles in epithelialmesenchymal transition according to miRNA response element analysis. Hsa_circRNA_102610 was included; C: miRNA response element analysis of
hsa_circRNA_102610. Binding sites were predicted between hsa_circRNA_102610 and hsa-miR-130a-3p, hsa-miR-130b-3p, hsa-miR-136-5p, hsa-miR-330-3p, and
hsa-miR-513a-3p. The databases miRanda and TargetScan were used for this prediction; D: Interaction network of hsa_circRNA_102610, the top 5 possibly binding
miRNAs, and the corresponding proteins; E: Analysis of hsa-miR-130a-3p expression by reverse transcription quantitative polymerase chain reaction and its
correlation with hsa_circRNA_102610 expression in CD patients. aP < 0.05 vs healthy controls. CD: Crohn’s disease patients; HC: Healthy controls.

these factors, EMT is an important contributor to the production of new mesenchymal
cells from epithelial tissue[17,29]. Research by Shameer and colleagues demonstrated
that epithelial expression of the EMT marker Vimentin was significantly elevated in a
strictured CD group [19] . It is becoming apparent that EMT participates in CDassociated intestinal fibrosis and fistulas[17,30]. In addition, it is universally accepted
that inflammation can induce cell proliferation[31]. In our study, the results of CCK-8
assays, EdU staining, and cell cycle detection by flow cytometry suggested that
hsa_circRNA_102610 overexpression could promote HIEC and NCM460 proliferation
and upregulate cyclinD1 expression, as verified by western blotting. The expression of
the EMT related protein E-cadherin was reduced in response to hsa_circRNA_102610
overexpression, while the expression of SMAD4, Vimentin, N-cadherin and the cell
cycle related protein CyclinD1 was upregulated. These results further suggested that
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Figure 4 Hsa-miR-130a-3p inhibitor reversed the effect of hsa_circRNA_102610 knockdown on intestinal epithelial cells. A: 5-ethynyl-2’-deoxyuridine-staining
of human intestinal epithelial cells and normal-derived colon mucosa cell line 460 (NCM460) cells. Red: 5-ethynyl-2’-deoxyuridine staining; blue: Hoechst 33342
staining; B: Relative HIEC and NCM460 cell viability, as measured by the cell counting kit-8 assay; C: Cell cycle detection of human intestinal epithelial cells or
NCM460 cells by flow cytometry. Control: Negative control transfected with siRNA negative control. aP < 0.05 vs Ctrl, bP < 0.01 vs Ctrl, cP < 0.001 vs Ctrl, dP < 0.0001
vs Ctrl. Si-1, Si-2, siRNA interference of hsa_circRNA_102610. Si-1+IN, Si-2+IN, cotransfection of hsa_circRNA_102610 siRNA and hsa-miR-130a-3p inhibitor. Ctrl:
Control; EdU: 5-ethynyl-2’-deoxyuridine; NCM460: Normal-derived colon mucosa cell line 460; HIECs: Human intestinal epithelial cells. Bar: × 100 μm.

hsa_circRNA_102610 regulates specific signaling pathways downstream of hsa-miR130a-3p in a SMAD4-dependent manner.
In conclusion, we studied, for the first time, the mechanism by which
hsa_circRNA_102610 participates in the regulation of intestinal epithelial cell EMT
and proliferation, based on our previous discovery that hsa_circRNA_102610 is
upregulated in CD patients [ 7 ] . The results of this study imply that hsa_
circRNA_102610 can promote the growth and TGF-β1-induced EMT of intestinal
epithelial cells by sponging hsa-miR-130a-3p (Figure 8)[32,33]. It has been reported that
synthetic circRNAs can act as sponges to competitively inhibit miRNAs of interest.
Accordingly, hsa_circRNA_102610 may serve as a potential target for CD therapy and
novel drug research. Externally delivered hsa-miR-130a-3p could possibly act as a
sponge of hsa_circRNA_102610.
However, there were limitations in our study. First, this research was conducted
only on CD patients and intestinal epithelial cells. In vivo mechanistic studies should
be carried out on animal models to further confirm the role of hsa_circRNA_102610 in
CD development. Second, how hsa_circRNA_102610-mediated regulation of intestinal
epithelial cell EMT and proliferation plays a role in CD pathological processes, such as
the formation of intestinal strictures, requires extensive investigation.
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Figure 5 Hsa-miR-130a-3p mimics reversed the cell proliferation promoting effect of hsa_circRNA_102610 overexpression. A: 5-ethynyl-2’-deoxyuridine
staining of human intestinal epithelial cells (HIECs) and normal-derived colon mucosa cell line 460 (NCM460) cells. Red: 5-ethynyl-2’-deoxyuridine stained; Blue:
Hoechst 33342 stained; B: Relative HIEC and NCM460 cell viability measured by the cell counting kit-8 test; C: Cell cycle phase of HIECs for NCM460 cells by flow
cytometry. aP < 0.05 vs Ctrl, bP < 0.01 vs Ctrl, cP < 0.001 vs Ctrl, dP < 0.0001 vs Ctrl. OE: Hsa_circRNA_102610 overexpression by pLC5-ciR plasmid transfection;
Ctrl: Transfection with the overexpression negative control pLC5-ciR null vector. OE + mimics: Cotransfection with the hsa_circRNA_102610 overexpression plasmid
and hsa-miR-130a-3p mimics. NCM460: Normal-derived colon mucosa cell line 460; HIECs: Human intestinal epithelial cells. Bar: ×100 μm.
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Figure 6 Hsa_circRNA_102610 was confirmed to interact with hsa-miR-130a-3p via fluorescence in situ hybridization and luciferase reporter assays. A:
Hsa_circRNA_102610 and hsa-miR-130a-3p were detected in normal-derived colon mucosa cell line 460 cells by fluorescence in situ hybridization using FAM- and
CY3-labeled specific probes siRNA-mediated hsa_circRNA_102610 downregulation. 4’, 6-diamidino-2-phenylindole was used to stain nuclei; B: Mutation site of
hsa_circRNA_102610 in the miRNA response element of hsa-miR-130a-3p; C: Relative luciferase activity in normal-derived colon mucosa cell line 460 and 293T cells
following transfection with psiCHECK-2 plasmids expressing the wild-type (CirWT) or mutated miRNA response element of hsa_circRNA_102610. Cells were
cotransfected with hsa-miR-130a-3p mimics or negative control constructs. cP < 0.001 vs CirWT-NC, dP < 0.0001 vs CirWT-NC. Bar: ×5 μm. DAPI: 4’, 6-diamidino-2phenylindole; MRE: miRNA response element; CirWT: PsiCHECK-2 plasmids expressing the wild-type; CirMUT: PsiCHECK-2 plasmids expressing the mutated; NC:
Negative control constructs; NCM460: Normal-derived colon mucosa cell line 460.
Figure 7
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Figure 7 Overexpression of hsa_circRNA_102610 promoted mothers against decapentaplegic homolog 4 and CyclinD1 protein expression, and
transforming growth factor-β1-induced epithelial-mesenchymal transition in human intestinal epithelial cells and normal-derived colon mucosa cell line
460 (NCM460) cells. A: Western-blot detection of mothers against decapentaplegic homolog 4 and CyclinD1 expression following hsa_circRNA_102610
downregulation or overexpression in human intestinal epithelial and NCM460 cells. Downregulation of hsa_circRNA_102610 was conducted by siRNA (Si-1, Si-2), and
a hsa-miR-130a-3p inhibitor was included to reverse the effects of the siRNAs (Si1-IN, Si2-IN). Si-NC was the negative control for siRNA interference.
Hsa_circRNA_102610 was overexpressed after pLC5-ciR plasmid transfection, and hsa-miR-130a-3p mimics were included to reverse the effect of
hsa_circRNA_102610 overexpression (CirOE-Mir). Cirtrl was the overexpression negative control pLC5-ciR null vector transfection; B: human intestinal epithelial cell
and normal-derived colon mucosa cell line 460 (NCM460) cell morphology following transforming growth factor-β1 (TGF-β1) treatment. The cell-cell junctions were
reduced in TGF-β1 treated cells, and hsa_circRNA_102610 overexpression promoted this effect. Conversely, hsa-miR-130a-3p mimics protected cells from
morphological changes, and hsa_circRNA_102610 overexpression reversed this effect; C: Western blot detection of mothers against decapentaplegic homolog 4, NCadherin, E-Cadherin, and Vimentin in human intestinal epithelial cells and NCM460 cells following TGF-β1 treatment. CIR OE: hsa_circRNA_102610 overexpression
by pLC5-ciR plasmid transfection. MIR mimic: Transfection with hsa-miR-130a-3p mimics; SMAD4: Mothers against decapentaplegic homolog 4; Cir OE:
Hsa_circRNA_102610 was overexpressed after pLC5-ciR plasmid transfection; CirOE-Mir: Hsa-miR-130a-3p mimics were included to reverse the effect of
hsa_circRNA_102610 overexpression; TGF-β1: Transforming growth factor-β1. Bar: × 100 μm.
Figure 8

Figure 8 Proposed model by which hsa_circRNA_102610 promotes growth and transforming growth factor-β1-induced epithelial-mesenchymal transition
of intestinal epithelial cells by sponging hsa-miR-130a-3p. This schematic was generated by Pathway Builder Tool 2.0. Hsa_circRNA_102610 promotes TGFβ1induced epithelial-mesenchymal transition by sponging hsa-miR-130a-3p and blocking the inhibitory effect of hsa-miR-130a-3p on Mothers against decapentaplegic
homolog 4. The expression of CyclinD1, Vimentin and N-Cadherin is promoted, while the expression of E-Cadherin is inhibited. SMAD4: Mothers against
decapentaplegic homolog 4; TGF-β1: Transforming growth factor-β1.
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ARTICLE HIGHLIGHTS
Research background
CircRNAs are considered valuable diagnostic biomarkers for Crohn's disease (CD). Our previous
study demonstrated that hsa_circRNA_102610 was upregulated in CD patients. Furthermore,
miRNA response element (MRE) analysis suggested the existence of a potential interaction
between hsa_circRNA_102610 and hsa-miR-130a-3p. Current evidence supports the views that
epithelial-mesenchymal transition (EMT) plays an important role in CD pathogenesis, and that
hsa-miR-130a-3p can inhibit transforming growth factor-β1 (TGF-β1)-induced EMT.

Research motivation
Further investigation is required to explore the mechanism of hsa_circRNA_102610 in the
pathogenesis of CD.

Research objectives
This study was designed to investigate whether the upregulation of hsa_circRNA_102610
correlates with the degree of inflammation in Crohn's disease. The CALP level, C-reactive
protein (CRP) level and erythrocyte sedimentation rate (ESR) were included in the correlation
analysis. Furthermore, the roles that hsa_circRNA_102610 may play in the proliferation and EMT
of intestinal epithelial cells were studied in normal-derived colon mucosa cell line 460 (NCM460)
and human intestinal epithelial cells (HIECs).

Research methods
The relative expression levels of hsa_circRNA_102610 and hsa-miR-130a-3p in CD patients were
detected by quantitative reverse transcription-polymerase chain reaction. The proliferation of
HIECs and NCM460 cells was detected by cell counting kit-8, EdU staining and cell cycle assays
following overexpression or downregulation of hsa_circRNA_102610. Cell proliferation assays
were performed as described above in a rescue experiment with hsa-miR-130a-3p mimics. The
interaction of hsa_circRNA_102610 and hsa-miR-130a-3p was verified by fluorescence in situ
hybridization and dual luciferase reporter assays. The relative expression levels of CyclinD1,
SMAD4, E-cadherin, N-cadherin and Vimentin were detected by western blotting following
hsa_circRNA_102610 overexpression, TGF-β1-induced EMT or hsa-miR-130a-3p mimic
transfection (in rescue experiments).

Research results
Upregulation of hsa_circRNA_102610 was determined to be positively correlated with elevated
fecal calprotectin levels in CD (r = 0.359, P = 0.007) by Pearson correlation analysis.
Hsa_circRNA_102610 promoted the proliferation of HIECs and NCM460 cells, while hsa-miR130a-3p reversed the cell proliferation-promoting effects of hsa-circRNA_102610. Fluorescence in
situ hybridization and dual luciferase reporter assays showed that hsa_circRNA_102610 directly
bound hsa-miR-130a-3p in NCM460 and 293T cells. An inverse correlation between
downregulation of hsa-miR-130a-3p and upregulation of hsa_circRNA_102610 in CD patients
was observed (r = -0.290, P = 0.024) by Pearson correlation analysis. Moreover, overexpression of
hsa_circRNA_102610 promoted SMAD4 and CyclinD1 protein expression, as validated by
western blotting. Furthermore, overexpression of hsa_circRNA_102610 promoted TGF-β1induced EMT in HIECs and NCM460 cells via targeting of hsa-miR-130a-3p, with increased
expression of Vimentin and N-cadherin and decreased expression of E-cadherin.

Research conclusions
Hsa_circRNA_102610 upregulation in CD patients could promote the proliferation and EMT of
intestinal epithelial cells via sponging of hsa-miR-130a-3p.

Research perspectives
Hsa_circRNA_102610 may serve as a potential target for CD therapy and novel drug research.
Externally delivered hsa-miR-130a-3p could possibly act as a sponge of hsa_circRNA_102610.
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Abstract
BACKGROUND
Acute pancreatitis (AP) is a pancreatic inflammatory disorder that is commonly
complicated by extrapancreatic organ dysfunction. Dachengqi decoction (DCQD)
has a potential role in protecting the extrapancreatic organs, but the optimal oral
administration time remains unclear.
AIM
To screen the appropriate oral administration time of DCQD for the protection of
extrapancreatic organs based on the pharmacokinetics and pharmacodynamics of
AP rats.
METHODS
This study consisted of two parts. In the first part, 24 rats were divided into a
sham-operated group and three model groups. The four groups were
intragastrically administered with DCQD (10 g/kg) at 4 h, 4 h, 12 h, and 24 h
postoperatively, respectively. Tail vein blood was taken at nine time points after
administration, and then the rats were euthanized and the extrapancreatic organ
tissues were immediately collected. Finally, the concentrations of the major
DCQD components in all samples were detected. In the second part, 84 rats were
divided into a sham-operated group, as well as 4 h, 12 h, and 24 h treatment
groups and corresponding control groups (4 h, 12 h, and 24 h control groups).
Rats in the treatment groups were intragastrically administered with DCQD (10
g/kg) at 4 h, 12 h, and 24 h postoperatively, respectively, and rats in the control
groups were administered with normal saline at the same time points. Then, six
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rats from each group were euthanized at 4 h and 24 h after administration. Serum
amylase and inflammatory mediators, and pathological scores of extrapancreatic
organ tissues were evaluated.
RESULTS
For part one, the pharmacokinetic parameters (C max, T max, T 1/2, and AUC 0
→ t) of the major DCQD components and the tissue distribution of most DCQD
components were better when administering DCQD at the later (12 h and 24 h)
time points. For part two, delayed administration of DCQD resulted in lower IL-6
and amylase levels and relatively higher IL-10 levels, and pathological injury of
extrapancreatic organ tissues was slightly less at 4 h after administration, while
the results were similar between the treatment and corresponding control groups
at 24 h after administration.
CONCLUSION
Delayed administration of DCQD might reduce pancreatic exocrine secretions
and ameliorate pathological injury in the extrapancreatic organs of AP rats,
demonstrating that the late time is the optimal dosing time.
Key words: Oral administration time; Dachengqi decoction; Pharmacokinetics;
Pharmacodynamics; Acute pancreatitis; Extrapancreatic organs
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: This study is the first to assess the optimal dosing time of Dachengqi decoction
for protecting the extrapancreatic organs of acute pancreatitis rats. Based on the
pharmacokinetic and pharmacodynamic experiments, we proved that delayed
administration may be more appropriate in alleviating damage to multiple
extrapancreatic organs in acute pancreatitis rats. In addition, this is the first time we have
tried to compare the efficacy at different times after administration, and we found that a
single-dose administration of the decoction leads to a rapid onset of relief but no steadystate effect, suggesting that multiple-dose administration should be considered.

Citation: Yao JQ, Zhu L, Miao YF, Zhu L, Chen H, Yuan L, Hu J, Yi XL, Wu QT, Yang XJ,
Wan MH, Tang WF. Optimal dosing time of Dachengqi decoction for protection of
extrapancreatic organs in rats with experimental acute pancreatitis. World J Gastroenterol
2020; 26(22): 3056-3075
URL: https://www.wjgnet.com/1007-9327/full/v26/i22/3056.htm
DOI: https://dx.doi.org/10.3748/wjg.v26.i22.3056

INTRODUCTION
Acute pancreatitis (AP) is an inflammatory pancreatic disorder associated with
substantial morbidity and mortality[1]. The overall mortality for AP can range from 1%
to 15% but can reach 30% to 50% in severe cases [2-4] . The severe form of AP is
commonly complicated by multiple extrapancreatic organ dysfunction, which can
impact the heart, liver, lungs, kidneys, and intestines, leading to a significant increase
in AP mortality[5,6]. Currently, the primary treatment for severe AP (SAP) is limited to
supportive care and treatment of complications[7], and the application of traditional
Chinese medicine (TCM) has a potential role in reducing AP mortality[8].
Dachengqi decoction (DCQD) was first recorded in “Shang-Han-Lun” and is one of
the four classics of TCM, consisting of Dahuang (Rheum palmatum L.), Houpu
(Magnolia henryi Dunn.), Zhishi (Citrus aurantium L.), and Mangxiao (Natrii Sulfas).
DCQD has been widely used to alleviate AP for over 40 years in China[9]. Recent
clinical research has shown that DCQD could help to restore the recovery of intestinal
mucosal permeability, relieve intra-abdominal hypertension, decrease the incidence of
multiple organ dysfunction syndrome (MODS), and shorten the length of
hospitalization in AP patients[10-12]. Some animal experiments have demonstrated that
DCQD could increase cell viability, promote the transformation of injured acinar cells
from necrosis to apoptosis, and protect the pancreas from injury in vivo and in
vitro[13,14]. Our previous studies have shown that DCQD could protect multiple organs
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(pancreas, lungs, kidneys, and intestines) from injury caused by excessive
inflammatory responses and confirmed that the anti-inflammatory effects of DCQD
on these organs were associated with its tissue distribution[9,15,16]. Through these
studies, the therapeutic mechanism of DCQD has been further explored; however,
there are few studies on the impact of different administration times on prognosis.
The timing of oral administration of TCM in AP patients has been a subject of much
discussion. In China, DCQD is commonly used without food to relieve symptoms in
AP patients in the early stage of AP[17]. Current AP guidelines recommend early
enteral nutrition but do not provide specific guidance on the optimal time to take
Chinese herbal medicine orally[18]. Our previous study proved that the oral dosing
time of DCQD plays a role in the absorption of its components and its pancreatic
tissue distribution. Further, administering DCQD too early may aggravate the
pathological damage to the pancreas[19]. However, the effects of administration time
on multiple extrapancreatic organs in AP rats are still unclear. In the current study,
we evaluated the pharmacokinetics of the main components of DCQD and the related
pharmacodynamics effects in heart, liver, lung, kidney, and intestinal tissues
following administration of DCQD at different time points in AP rats. Based on these
findings, we can suggest a better dosing time for the protection of extrapancreatic
organs during SAP.

MATERIALS AND METHODS
Animals
Specific-pathogen free male Sprague-Dawley rats weighing 280-300 g (aged 90 ± 5 d)
were purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu,
China). All the animals were raised under the same conditions, which are described in
our previous article [20] . All experiments were reviewed and approved by the
Institution Animal Care and Use Committee of Sichuan University (Chengdu, China;
protocol number, 2019003A). After one week of adaptive feeding, the animals were
fasted for 12 h before induction of the model (Supplementary Material).

Preparation of DCQD and the reagents
The Chinese herbs used in this experiment were all drug powders obtained after
spray drying and were purchased from Chengdu Green Herbal Pharmaceutical Co.,
Ltd. (Chengdu, China). The four drug powders, i.e., Dahuang (No. 1806013), Houpu
(No. 1807029), Zhishi (No. 1810043), and Mangxiao (No. 1808009), were mixed in
standard proportions (12:24:12:9, respectively) by weight and stirred with sterile
double-distilled water to a concentration of 1 g/mL. This DCQD solution was stored
in a 37 °C warm water bath for 30 min until use. The reagents and instruments used in
this experiment are described in further detail in Supplementary Material.

Animal models and DCQD treatment
This study consisted of two parts. In the first part, rats were divided into four groups
(n = 6 per group) randomly: One sham-operated group (SOG1) and three model
groups (MG 1 , MG 2 , and MG 3 ). After the rats were anesthetized with 2% sodium
pentobarbital (intraperitoneal injection, 40 mg/kg), the AP model was induced as
described previously[14]. Briefly, 3% sodium taurocholate (1 mL/kg) was retrogradely
poured into the biliopancreatic duct; the speed of administration was controlled by a
micro-infusion pump at 0.1 mL/min. SOG1 underwent the same procedure but with
saline. The rats were fasted and provided with water ad libitum after the operation.
The four groups were orally administered with DCQD (10 g/kg) at 4h, 4 h, 12 h, and
24 h postoperatively, respectively. After administration, 0.5 mL of tail vein blood was
taken at 1/6 h, 1/3 h, 2/3 h, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h, followed by
administration of high dose 2% sodium pentobarbital for euthanasia (intraperitoneal
injection, 200 mg/kg). After the last blood collection, heart, liver, lung, kidney, and
intestinal tissues of each rat were collected and homogenized. Finally, the plasma and
tissue samples were centrifuged (3000 r/min, 7 min) to obtain the supernatant and
then placed in a -80°C refrigerator for further testing.
In the second part, the rats were randomly divided into a sham-operated group
(SOG2), as well as three treatment groups (4 h-TG, 12 h-TG and 24 h-TG), and three
corresponding control groups (4 h-CG, 12 h-CG, and 24 h-CG), with 12 rats in each
group. The AP model and SOG2 were induced as described in part one. All rats were
fasted and provided with water ad libitum after the operation. The rats in the
treatment groups were administered with DCQD (10 g/kg) at 4 h, 12 h, and 24 h
postoperatively, respectively. The rats in each control group were administered with
normal saline at the same point. After a single dose, six rats from each group were
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euthanized at 4 h and 24 h. Meanwhile, heart blood was collected and centrifuged
(3000 r/min, 7 min) to detect the IL-6, IL-10, and amylase concentrations, and
extrapancreatic organ (heart, liver, lung, kidney, and intestine) sampling was
performed for pathological damage assessment.

Measurement of concentrations of DCQD components
The concentrations of the ten main components of DCQD (emodin, aloe-emodin,
rhein, chrysophanol, rheochrysidin, hesperidin, naringenin, naringin, magnolol, and
honokiol) in serum samples and visceral organ tissues were measured by highperformance liquid chromatography-tandem mass spectroscopy (HPLC-MS/MS) as
described previously [21] . All system configurations and operating conditions are
described in Supplementary Material, and all operations were performed following
the manufacturer’s instructions. Briefly, serum or tissue homogenate samples were
extracted with ethyl acetate after adding the internal standard working fluid and
hydrochloric acid buffer. Then, the mixtures were vortexed, centrifuged (3000 rpm, 7
min), warm water bathed, and incubated with the double-solvents. Finally, 20 μL of
the treated supernatant was taken and tested with the HPLC-MS/MS system. The
chromatographic peak areas of the serum and tissue samples, as well as the internal
standard (ibuprofen), were analyzed with Analyst 1.4.2 software, and then standard
curves were plotted and the concentrations of our serum and tissue samples were
calculated based on the standard curves.

Pharmacokinetic parameter analysis
After obtaining the serum concentration data of each component of DCQD by HPLCMS/MS, the corresponding pharmacokinetic parameters were determined using DAS
2.0.1 (Drug and Statistics, China), a statistical software for pharmacokinetics compiled
by the Chinese Pharmacological Society. The following results were recorded and
compared: The peak concentration (C max), the time to reach the peak concentration
(T max), the elimination half-life (T 1/2), and the area under the concentration-time
curve (AUC 0 → t).

Measurement of inflammatory mediators and amylase levels in serum
Heart blood was collected and centrifuged (3000 r/min, 7 min) for amylase, IL-6, and
IL-10 detection. Amylase levels were measured via a HITACHI automatic biochemical
analyzer, as shown in Supplementary Material. IL-6 and IL-10 levels were determined
with enzyme-linked immunosorbent assay kits listed in Supplementary Material.

Histopathological analysis of heart, liver, lung, kidney, and small intestinal tissues
All tissue samples were fixed (10% neutral formalin), embedded (paraffin), and sliced
(5 μm) for hematoxylin and eosin staining. The stained sections were examined with
an upright microscope and scored for pathological damage in a blinded manner. The
degree of lung tissue damage was quantified based on a previously described scoring
system [22] (0-4 points: Thickness of the alveolar wall, edema, congestion, and
neutrophil infiltration in the airspace); intestinal histological damage was scored
according to Wirtz et al[23]; and a previously established scoring system[9,15,24] was used
to assess the severity of heart, liver, and kidney damage, including edema, neutrophil
infiltration, necrosis, and hemorrhage (scores ranging from 0 (absent) to 4 (extensive)).
The final histopathology score was the average of the composite scores for each
component.

Statistical analysis
Graph Pad Prism 7.0 (Supplementary Material) software was used for the data
analyses. All data passed the normality test and are expressed as the mean ± standard
deviation. In the first part of the study, one-way analysis of variance (parametric or
non-parametric) followed by pairwise comparisons was performed for statistical
analysis. In part two, the Student’s t-test was employed to measure the differences of
pharmacodynamic parameters between each treatment and corresponding control
group. The level of statistical significance was set at P < 0.05.

RESULTS
Part one: Pharmacokinetics of absorbed components of DCQD
In the current study, a total of ten components of DCQD were detected in tissue
samples, including five components (emodin, aloe-emodin, rhein, chrysophanol, and
rheochrysidin) from Dahuang, three components (naringin, naringenin, and
hesperidin) from Zhishi, and two components (magnolol and honokiol) from Houpu.
We failed to determine the main ingredient of Mangxiao because it is not absorbed in
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the small intestine. Only eight of them were successfully detected in serum at all time
points after oral administration, so we only successfully fitted the concentration-time
curve of eight monomers.
Comparison of plasma pharmacokinetic parameters: Compared with the SOG1, the T
max of seven components (emodin, rhein, rheochrysidin, chrysophanol, naringin,
naringenin, and magnolol) in MG1 was delayed. The C max values of emodin, aloeemdin, rhein, chrysophanol, and magnolol in MG1 were lower, while the C max
values of rheochrysidin, naringin, and naringenin were higher (Figure 1). Meanwhile,
the AUC 0 → t values of chrysophanol, emodin, rhein, and magnolol in MG1 were
smaller than those in SOG1, while those of naringin and naringenin were larger (P <
0.05; Table 1). The T 1/2 values of chrysophanol and naringin in MG 1 were
significantly shorter than those in SOG1 (P < 0.05; Table 1).
In the three model groups, we found that the T max of emodin, aloe-emodin, rhein,
chrysophanol, and naringenin in MG 1 and emodin, aloe-emodin, rheochrysidin,
naringenin, and magnolol in MG2 were delayed compared with MG3 (Figure 1). The C
max values of emodin, aloe-emodin, rhein, chrysophanol, and magnoolol in MG1 were
lower compared with those in MG3, while the values of rheochrysidin were higher
(Figure 1). The AUC 0 → t values of chrysophanol, aloe-emodin, and rhein in MG1
were smaller than those in MG2 or MG3 (P < 0.05; Table 1), and the AUC 0 → t values
of aloe-emodin, chrysophanol, and rhein in MG3 were larger than those in MG1 or
MG2 (P < 0.05; Table 1). On the contrary, the AUC 0 → t values of naringin and
naringenin in MG1 were higher compared with those in MG3 (P < 0.05; Table 1).
Besides, the T 1/2 values of rhein, naringenin, and magnolol in MG1 were shorter than
those in MG2 or MG3 (P < 0.05; Table 1).
Comparison of drug concentrations in tissues: In heart tissue samples, the
concentrations of emodin, aloe-emodin, naringin, and honokiol in MG1 were lower
than those in SOG 1 (P < 0.05; Table 2). Additionally, in MG 1 and MG 2 , the
concentrations of emodin, aloe-emodin, honokiol, magnolol, naringin, naringenin,
and hesperidin were lower than those in MG3 (P < 0.05; Table 2).
In liver tissue samples, the concentrations of six major components (emodin, rhein,
rheochrysidin, naringin, naringenin, and hesperidin) of DCQD were obviously lower
in MG1 than in SOG1 (P < 0.05; Table 2). Compared with MG3, the concentrations of
emodin, aloe-emodin, naringin, magnolol, and hesperidin were lower in MG1 and
MG2 (P < 0.05; Table 2).
In lung tissue samples, the concentrations of rheochrysidin, naringin, and
hesperidin were lower in MG1 than in SOG1 (P < 0.05; Table 2). Meanwhile, in MG1
and MG2, the concentrations of aloe-emodin, rhein, naringin, and hesperidin were
lower than those in MG3, while the concentration of honokiol was higher (P < 0.05;
Table 2).
In kidney tissue samples, the concentrations of seven major components (emodin,
rhein, chrysophanol, magnolol, honokiol, naringin, and hesperidin) of DCQD were
clearly lower in MG 1 than in SOG 1 (P < 0.05; Table 2). Compared with MG 3 , the
concentrations of aloe-emodin, rhein, chrysophanol, naringin, magnolol, and honokiol
were significantly lower in MG1 and MG2; however, that of naringenin was higher (P
< 0.05; Table 2).
In intestinal tissue samples, the concentrations of five major components (emodin,
rhein, chrysophanol, aloe-emodin, rheochrysidin, naringin, naringenin, and
hesperidin) of DCQD were significantly lower in MG1 than in SOG1 (P < 0.05; Table 2).
Additionally, the concentrations of all major components of DCQD, except rhein,
were significantly lower in the intestinal tissues in MG1 and MG2 than in MG3 (P <
0.05; Table 2).

Part two: Pharmacodynamics of DCQD targeting of extrapancreatic organs
Delayed oral administration time of DCQD reduces amylase levels: Compared with
SOG 2 , the amylase levels of all control groups were higher (P < 0.05; Figure 2),
indicating that we successfully induced the AP model in rats. When rats were
euthanized at 4 h after intragastric administration, the amylase levels in 4 h-TG were
obviously higher than those in 4 h-CG (P < 0.05; Figure 2); however, the amylase
levels in the other two treatment groups (12 h-TG and 24 h-TG) were lower compared
with their respective control groups (12 h-CG and 24 h-CG, respectively) (P < 0.05;
Figure 2). When rats were euthanized at 24 h after intragastric administration, the
amylase levels in 12 h-TG were relatively lower than those in 12 h-CG (P < 0.05;
Figure 2); however, none of the other treatment groups showed significant differences
in levels compared with their corresponding control groups.
Delayed oral administration of DCQD inhibits IL-6 expression and increased IL-10
expression: When rats were euthanized at 4 h after intragastric administration, the IL-
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Table 1 Pharmacokinetic parameters of the eight components of Dachengqi decoction in serum
(n = 6)
Parameter

SOG1

MG1

MG2

MG3

AUC 0-t

1605.0 ± 1029.5

359.3 ± 187.1a

362.5 ± 67.4

427.5 ± 299.3

T 1/2z

5.2 ± 1.4

18.9 ± 12.5a

9.0 ± 3.2

22.6 ± 9.0

T max

0.6 ± 0.3

3.5 ± 1.6a

3.5 ± 1.6

0.3 ± 0dc

Emodin

620.733 ± 477.0

34.1 ± 22.5

29.8 ± 8.8

125.2 ± 90.9dc

AUC 0-t

19206.1 ± 7275.8

11860.0 ± 4393.20

20181.9 ± 7660.2

37303.2 ± 13970.9d

T 1/2z

7.0 ± 1.9

5.4 ± 2.1

6.4 ± 0.8

8.1 ± 5.4

T max

1.6 ± 1.6

1.4 ± 0.7

3 ± 1.2

0.7 ± 0.3c

C max

3797.0 ± 727.7

2203.9 ± 1156.1

2398.4 ± 708.9

8349.5 ± 3969.4dc

AUC 0-t

31571.7 ± 8961.8

13308.8 ± 8524.4a

61966.5 ± 18335.3b

38030.3 ± 22227.7dc

T 1/2z

4.1 ± 1.5

6.5 ± 2.3

4.8 ± 0.8

20.8 ± 10.0dc

C max

a

Aloe-emodin

Rhein

a

b

T max

0.8 ± 0.2

6.5 ± 2.3

1.7 ± 0.7

1.6 ± 1.6d

C max

11807.5 ± 2771.1

2204.3 ± 353.4a

9245.7 ± 1284.0b

11113.2 ± 5342.5d

29977.3 ± 7570.0

15682.3 ± 5428.0a

Chrysophanol
AUC 0-t
T 1/2z

5.7 ± 1.5

28337.7 ± 8880.5b

26358.6 ± 4312.1d

a

4.7 ± 10.0

6.9 ± 4.5

a

b

4.8 ± 1.0

T max

1.4 ± 0.7

3.3 ± 3.2

1.5 ± 0.6

1.8 ± 1.7

C max

7766.1 ± 2796.1

2018.9 ± 1227.5a

4153.7 ± 2621.4

4318.1 ± 2458.9

AUC 0-t

867.505 ± 867.5

3665.5 ± 1693.3a

3032.0 ± 1011.6

1510.264 ± 727.3d

T 1/2z

6.1 ± 1.0

4.3 ± 1.2

4.3 ± 1.6

9.4 ± 1.5dc

T max

1 ± 0.7

1.9 ± 1.5

2.2 ± 1.4

1.5 ± 0.6

C max

197.5 ± 64.0

728.8 ± 387.4a

489.8 ± 176.2

172.9 ± 110.7d

353.0 ± 261.0

6296.0 ± 1271.2a

5449.1 ± 2183.0

2188.5 ± 752.5dc

Rheochrysidin

Naringin
AUC 0-t

a

T 1/2z

6.4 ± 0.8

4.1 ± 0.7

5.4 ± 1.3

5.8 ± 5.8

T max

0.8 ± 0.2

1.8 ± 1.7

2.3 ± 1.3

2.5 ± 1

125.6 ± 121.0

806.2 ± 730.9

682.4 ± 380.4

257.6 ± 26.4d

AUC 0-t

3064.2 ± 829.9

6344.8 ± 1199.2a

3051.6 ± 932.6b

3926.0 ± 1014.2d

T 1/2z

7.368 ± 1.5

4.5 ± 1.7

10.9 ± 3.4b

7.8 ± 1.4

T max

0.9 ± 0.7

2.3 ± 1.0

1.6 ± 1.6

0.6 ± 0.1d

C max

634.2 ± 228.6

805.3 ± 113.8

488.9 ± 316.7

581.1 ± 161.7

AUC 0-t

143.8 ± 35.0

34.8 ± 8.0a

69.4 ± 14.8

64.2 ± 10.8

T 1/2z

9.0 ± 6.2

10.6 ± 1.4

13.9 ± 2.5

24.5 ± 9.1d

C max

a

Naringenin

Magnolol

b

T max

0.7 ± 0.3

0.8 ± 0.8

3.5 ± 1

0.5 ± 0.3c

C max

30.6 ± 19.8

5.3 ± 1.7a

5.5 ± 0.9

12.8 ± 3.1

Rats were randomly divided into SOG1 and three model groups (MG1, MG2, and MG3), and orally dosed with
Dachengqi decoction (DCQD) (10 g/kg). Blood samples were collected via the tail vein at 10 min, 20 min, 40
min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h after a single dose of DCQD to detect its main components. The
pharmacokinetic parameters were calculated with pharmacokinetic statistic software DAS2.0.1. SOG1: Shamoperated group with the dosing time at 4 h after operation; MG1, MG2, and MG3: Rats were dosed orally with
DCQD at 4 h, 12 h, and 24 h after acute pancreatitis induction, respectively. Data are presented as the mean ±
SD (n = 6). MG1 vs SOG1.
a
P < 0.05; MG2 vs MG1.
b
P < 0.05; MG3 vs MG2.
c
P < 0.05; MG3 vs MG1.
d
P < 0.05. DCQD: Dachengqi decoction.
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Figure 1

Figure 1 Estimated concentration-time curves of eight components of Dachengqi decoction in the four groups. Twenty-four male Sprague-Dawley rats were
randomly divided into SOG1 and three model groups (MG1, MG2, and MG3), and orally dosed with Dachengqi decoction (DCQD) (10 g/kg). Blood samples were
collected via the tail vein at 10 min, 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h after a single dose of DCQD to detect its main components. SOG1: Shamoperated group with the dosing time at 4 h after operation. MG1, MG2, and MG3: rats were dosed orally with DCQD at 4 h, 12 h, and 24 h after AP induction,
respectively.

6 and IL-10 levels in 4 h-TG were similar to those in 4 h-CG (Figure 3), but the IL-6
levels in 12 h-TG and 24 h-TG were both significantly lower than those in their
corresponding control groups (12 h-CG and 24 h-CG) (P < 0.05; Figure 3A).
Meanwhile, the IL-10 levels were higher (P < 0.05, Figure 3B). When rats were
euthanized at 24 h after intragastric administration, the IL-6 levels in each treatment
group were significantly lower than those in their corresponding control group (P <
0.05; Figure 3A), and the IL-10 levels in 12 h-TG and 24 h-TG were higher than those
in their respective control groups (12 h-CG and 24 h-CG) (P < 0.05; Figure 3B).
Early oral administration of DCQD aggravates the pathological damage of extrapancreatic tissues: When rats were euthanized at 4 h after intragastric
administration, the pathological injury exhibited in the lung, kidney, and intestinal
tissue samples of 4 h-TG was greater than that in 4 h-CG (Figure 4A, 5A, and 6A). No
obvious differences in the degree of pathological injury were found between the 12 hTG and 12 h-CG. Furthermore, the pathological injury exhibited in the heart of 12 hTG was less than that in 12 h-CG (Figure 7A), and the pathological injury exhibited in
the lung, kidney, intestinal, and liver tissue samples of 24 h-TG was less than that in
24 h-CG (Figure 4A, 5A, 6A, and 8A).
The histopathological scores of the lung, kidney, and intestinal tissue samples of 4
h-TG were significantly higher than those of 4 h-CG (P < 0.05; Figure 4B, 5B and 6B),
while the scores of the heart tissue samples of 12 h-TG were significantly lower than
those of 12 h-CG (P < 0.05; Figure 7B), and the scores of the lung, kidney, intestinal,
and liver tissue samples of 24 h-TG were significantly lower than those of 24 h-CG (P
< 0.05; Figure 4B, 5B, 6B, and 8B).
When rats were euthanized at 24 h after intragastric administration, no obvious
differences were found between the treatment groups and their respective control
groups, and pathological scores also showed no significant differences (Figure 4A-8A
and Figure 4B-8B).
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Table 2 Concentrations of the ten major components of Dachengqi decoction in tissue samples
(n = 6)
Parameter

SOG1

MG1

3.21 ± 0.13

1.25 ± 0.09ad

MG2

MG3

2.24 ± 0.14c

2.45 ± 0.21

Heart
Emodin

ad

Aloe-emodin

56.72 ± 5.67

21.96 ±7.21

28.45 ± 8.47

31.53 ± 1.34

Rhein

0

0

0

0

a

Chrysophanol

15.57 ± 4.63

6.43 ± 1.2

5.65 ± 2.4

7.59 ± 1.98

Rheochrysidin

1.93 ± 0.89

0

0

2.41 ± 3.67

Naringin

40.36 ± 1.38

0.85 ± 0.02ad

9.62 ± 0.37c

10.49 ± 0.21

Naringenin

420.68 ± 67.81

160.09 ± 12.61a

924.79 ± 34.67c

270.25 ± 48.51

a

c

5.24 ± 1.98

Hesperidin

12.22 ± 0.94

5.05 ± 1.2

10.33 ± 4.3

Magnolol

0.21 ± 0.04

0.18 ± 0.02

0.02 ± 0.01 c

0.21 ± 0.10

Honokiol

0.59 ± 0.07

0.24 ± 0.04ad

0.9 0 ± 0.07 c

0.73 ± 0.09

Emodin

14.24 ± 6.21

7.27 ± 2.37a

3.97 ± 1.67 c

8.36 ± 4.23

Aloe-emodin

506.09 ± 32.78

438.4 ± 123.47

122.87 ± 79.23 c

383.40 ± 101.31

Rhein

45.58 ± 63.23

0

0

0

Liver

ad

c

Chrysophanol

132.65 ± 7.43

40.38 ± 20.81

17.10 ± 3.24

Rheochrysidin

20.27 ± 0.98

1.42 ± 0.14ad

3.39 ± 0.29 c

Naringin

148.20 ± 8.94

13.19 ± 10.23a

27.07 ± 9.81
ad

18.47 ± 0.8
0.18 ± 0.23
23.49 ± 8.67
c

Naringenin

1707.40 ± 99.46

1459.04 ± 98.67

692.88 ± 102.43

1855.76 ± 79.23

Hesperidin

60.03 ± 18.87

6.53 ± 1.23ad

2.27 ± 0.94c

13.65 ± 0.23

Magnolol

2.88 ± 0.41

3.34 ± 1.64

1.62 ± 0.72 c

2.42 ± 0.23

Honokiol

3.00 ± 0.78

2.02 ± 0.78

1.64 ± 0.24

3.03 ± 0.31

Emodin

3.87 ± 1.43

2.08 ± 0.98

2.99 ± 0.43

3.1 ± 1.02

Aloe-emodin

66.98 ± 33.62

56.88 ± 20.45d

34.94 ± 13.67 c

88.12 ± 23.21

Rhein

143.74 ± 73.64

164.27 ± 64.81

72.59 ± 42.31 c

171.52 ± 57.84

Chrysophanol

19.05 ± 6.39

13.51 ± 9.43

15.1 ± 3.57

16.42 ± 4.81

Rheochrysidin

1.06 ± 0.17

0.18 ± 0.23a

0.42 ± 0.02c

0.23 ± 0.01

Naringin

12.55 ± 1.67

6.00 ± 3.2ad

8.37 ± 2.37c

24.46 ± 4.17

Naringenin

422.09 ± 203.92

601.12 ± 176.64

567.53 ± 123.67

427.36 ± 204.81

Hesperidin

58.67 ± 15.81

22.74 ± 10.13ad

33.74 ± 10.32c

77.35 ± 34.61

Magnolol

0.34 ± 0.19

0.35 ± 0.23

0.35 ± 0.04

0.46 ± 0.17

Honokiol

1.43 ± 0.19

1.42 ± 0.16a

0.95 ± 0.02 c

0.82 ± 0.04

21.15 ± 10.28

27.75 ± 14.21

11.98 ± 5.67 c

26.31 ± 13.42

Lung

Kidney
Emodin

ad

Aloe-emodin

1328.18 ± 159.73

279.04 ± 100.04

133.62 ± 92.43c

720.74 ± 143.67

Rhein

154.59 ± 12.34

2.49 ± 0.98ad

37.72 ± 1.34c

101.55 ± 2.78

c

ad

Chrysophanol

108.89 ± 7.64

101.18 ± 7.84

46.84 ± 6.23

124.76 ± 4.32

Rheochrysidin

16.25 ± 2.79

15.23 ± 3.54

6.13 ± 0.98c

13.57 ± 1.43

Naringin

208.08 ± 8.94

18.44 ± 3.64ad

0.94 ± 0.17c
ad

59.9 ± 7.63
c

Naringenin

2144.99 ± 147.81

2506.95 ± 100.07

2360.21 ± 143.64

1939.2 ± 127.68

Hesperidin

48.87 ± 4.81

9.13 ± 1.67a

8.67 ± 1.32

9.90 ± 0.89

Magnolol

0.81 ± 0.2

0.52 ± 0.12ad

0.30 ± 0.03 c

1.14 ± 0.14

Honokiol

2.76 ± 0.31

1.56 ± 0.44ad

1.35 ± 0.23c

2.63 ± 0.67

Emodin

94.43 ± 37.23

19.73 ± 6.72ad

88.3 ± 24.23

122.66 ± 72.61

Aloe-emodin

4515.56 ± 342.67

1447.33 ± 109.73ad

975.33 ± 152.62c

2202.32 ± 143.76

Rhein

214.49 ± 56.72

830.8 ± 48.63ad

130.67 ± 65.67

209.09 ± 100.3

Intestine

c

Chrysophanol

714.88 ± 300.68

290.97 ± 110.37

410.67 ± 203.3

736.46 ± 45.67

Rheochrysidin

161.78 ± 80.93

37.9 ± 2.34ad

27.59 ± 17.61c

191.14 ± 59.67

Naringin

2771.61 ± 67.81

604.19 ± 134.6ad

678.67 ± 57.63c

Naringenin
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Hesperidin

1156.54 ± 154.63

241.58 ± 72.61ad
d

265.59 ± 100.32 c
c

581.04 ± 201.63

Magnolol

17.13 ± 7.34

18.78 ± 6.43

18.15 ± 7.81

35.5 ± 5.67

Honokiol

18.7 ± 2.71

24.27 ± 2.43ad

17.14 ± 3.1c

45.48 ± 4.58

Rats were randomly divided into SOG1 and three model groups (MG1, MG2, and MG3), and orally dosed with
Dachengqi decoction (DCQD) (10 g/kg). Tissue samples were collected 24 h after a single dose to detect its
main components. SOG1: Sham-operated group with the dosing time at 4 h after operation; MG1, MG2, and
MG3: Rats were dosed orally with DCQD at 4 h, 12 h, and 24 h after AP induction, respectively. Data are
presented as the mean ± SD (n = 6). MG1 vs SOG1.
a
P < 0.05; MG2 vs MG1. bP < 0.05; MG3 vs MG2.
c
P < 0.05; MG3 vs MG1.
d
P < 0.05.

DISCUSSION
This study is the first to assess the optimal oral administration time of DCQD for
protecting the extrapancreatic organs of AP rats. Based on the pharmacokinetic and
pharmacodynamics experiments, we proved that delayed administration may be
more appropriate for the protection of extrapancreatic organs in AP rats. In addition,
this is the first time that we have tried to compare the efficacy at different times after
administration, and we found that a single-dose administration of the decoction leads
to a rapid onset of relief but no steady-state effect, suggesting that multiple-dose
administration should be considered.
Studies have shown that AP could affect the pharmacokinetic process of DCQD in
rats[25], which may be related to insufficient effective blood volume and an excessive
inflammatory response to organ damage[26]. In the early stage of AP, gastrointestinal
dysfunction, including duodenal edema, paralytic ileus, increased intestinal mucosal
permeability, and imbalanced intestinal flora, may inhibit the absorption of DCQD[27].
In our study, the T max and C max values of most components were lower in the AP
model groups, and almost all the components from Dahuang had lower AUC and C
max values in these groups. Similar results were observed in our previous study,
which demonstrated that AP inhibits the absorption of herbal components from
DCQD after oral administration in rats, resulting in lower C max and AUC values[28].
Additionally, the later (12 h and 24 h) time points of oral dosing with DCQD resulted
in higher C max values, larger AUC 0 → t values, and longer t1/2 values for these
monomers; thus, we could deduce that the inhibition caused by AP can be
ameliorated by delayed administration. In contrast, the pharmacokinetic parameters
of the components from Zhishi in the three model groups were better than those in
the sham-operated group, indicating that the pharmacokinetics of the herbs were
affected by many other factors.
First, functional homeostasis of the liver and kidney plays a role in the pharmacokinetics of herbs. To our knowledge, many drugs, including herbal monomers,
are metabolized by the liver and kidney, and the pharmacokinetic process will change
if the liver and kidney are damaged[29]. Second, the physicochemical properties of the
DCQD components may also influence absorption. For example, chrysophanol is
almost insoluble in water, but has high tissue permeability[30]; magnolol belongs to a
first-pass metabolic model with low absorbability[31]; and naringin dissolves in water
moderately and is easily decomposed into aglycon naringenin by intestinal flora
during absorption[32]. Third, the molecular diameter, lipid solubility, charge amount,
protein binding rate, and mode of administration may all affect drug absorption[33].
Furthermore, Gong et al[33] put forward that the compatibility of Chinese medicine
could change the pharmacokinetic process of multiple ingredients in DCQD, and the
effects on each ingredient are not exactly the same. Consistent with their results, our
experiments showed that AP inhibited the pharmacokinetic process of Dahuang, the
principal drug, while promoting the absorption of naringin and naringenin from
Zhishi. Additionally, Xu et al [34] reported that there may be some drug-drug
interactions between Dahuang and the other three constitutional raw materials in
DCQD in the decoction procedure, which could also affect the plasma concentration
of the DCQD components. These phenomena may help to clarify why the
pharmacokinetic changes of the components from Zhishi were different from those of
Dahuang.
Previous studies have shown that HPLC can be used to identify the main
components of DCQD and their serum concentrations[21,27,35]; however, the targeting of
these components to specific tissues such as heart, liver, lung, kidney and intestine
tissues is still unclear. The factors affecting the distribution of drug in tissues include
blood circulation, vascular permeability, physicochemical properties of drugs, affinity
between drugs and tissues, and drug interactions[36]. One study demonstrated that AP
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Figure 2

Figure 2 Serum amylase levels in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group and SOG2 were orally administered with normal saline. SOG2:
Sham-operated group with the dosing time at 4 h after operation; 4-4, 12-4, and 24-4: Rats were dosed with DCQD at
4 h, 12 h, and 24 h, respectively, after AP induction and were euthanized at 4 h after dosing; 4-24, 12-24, and 24-24:
Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively, after AP induction and were euthanized at 24 h after
dosing. Heart blood samples were collected to detect the amylase levels. Data are expressed as the mean ± SD (n =
6). eP < 0.05 vs SOG2, fP < 0.05 vs control group.

could affect the pharmacokinetics of herbal components in serum and then affect their
distribution in tissues [37] ; therefore, it can be speculated that changes in serum
pharmacokinetics can further influence the concentration of drug monomers in
tissues.
Based on the hypothesis that the efficacy of TCM is related to the targeting of
ingredients to specific tissues, our previous experiments have confirmed that DCQD
can reduce inflammatory damage when its components target specific tissues
(pancreas, lung, kidney, and liver) in rats with AP [9,15,16] . An experiment on
tetrahydropalmatine showed that the increased plasma concentration and lung
distribution of tetrahydropalmatine after acupoint application could exert a reinforced
preventative effect on asthma[38]. Consistently, some antibiotics have been shown to
have good pancreatic tissue affinity and can be used to control pancreatic infections[39].
In this study, the concentration of each component of DCQD varied greatly in
different tissues. In general, compared to rats in the sham-operated group, the serum
concentrations of the major components of DCQD were lower in the AP model
groups, proving that AP reduces the distribution of these components to target
extrapancreatic organ tissues. By comparing the concentrations of the DCQD
components in the three model groups, our research showed that the later DCQD
administration time points (12 h and 24 h) were associated with higher concentrations
of many of the components, indicating that late dosing may promote the distribution
of the monomer throughout targeted organ tissues. Based on the previous hypothesis,
combined with our results, we speculate that late administration with DCQD may
result in a better pharmacodynamics effect. Herein, we designed subsequent
pharmacodynamics experiments to verify our hypothesis.
AP is a common and potentially fatal acute inflammatory disease characterized by
an imbalance of pro-inflammatory and anti-inflammatory mediators[40]. Systemic
inflammation is considered to be a key component of MODS in SAP[41]. TNF-α and IL6 are known to be the major pro-inflammatory mediators that are associated with the
onset and progression of SAP and mediate multiple types of organ damage associated
with pancreatitis[42]. IL-10 is one of the most common anti-inflammatory mediators
and is closely associated with the prognosis of AP; thus, the imbalance between proinflammatory and anti-inflammatory mediators may result in an inflammatory
cascade that exacerbates the progression of AP[40,43]. We have proved that DCQD could
balance the pro-inflammatory and anti-inflammatory mediators in our previous
studies[9,15]. Therefore, in this research, we examined the value of IL-6 and IL-10 as
predictors of inflammation in AP. Our results showed that a later time of DCQD
administration (at least 12 h after AP onset) was associated with lower IL-6 levels and
higher IL-10 levels in the treatment groups than those observed in the respective
control groups. These results confirmed that DCQD could reduce the inflammatory
response in AP rats, and we can deduce that delayed administration of DCQD may
exert a better anti-inflammatory effect.
Amylase activity is an enzyme index, and serum amylase detection is a routine
method for clinical diagnosis of AP. Microcirculation obstruction is a systemic
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Figure 3

Figure 3 Serum inflammatory cytokine levels in rats. Rats in each treatment group were orally administered with Dachengqi decoction (DCQD), and rats in each
control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively, after AP induction and
were euthanized at 4 h after dosing; 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively, after AP induction and were euthanized
at 24 h after dosing. Heart blood samples were collected to detect the inflammatory cytokine levels. The results are presented as the mean ± SD (n = 6). fP < 0.05 vs
control group.

reaction to pancreatic injury throughout the development of AP and is closely related
to MODS [44] . Microcirculation hypoperfusion leads to Ca 2+ influx and even Ca 2+
overload in pancreatic cells, and Ca2+ influx activates the phospholipid cell system,
leading to disruption of the lysosomal membrane, which in turn releases enzymes
(including amylase) and a large number of cytotoxic substances[45,46]. In our study, the
serum amylase levels in the 4-h treatment group showed an upward trend, which
may be related to the microcirculation obstruction and the increased pancreatic
exocrine stimulation caused by early administration with DCQD.
DCQD has cathartic functions and has been widely adopted to ameliorate diseases
with symptoms of abdominal distension and constipation. It can also remove internal
heat and toxins from the gastrointestinal tract[35]. A recent study demonstrated that
DCQD can further reduce the risk of SIRS via decreasing the secretion of HMGB1 in
SAP[47]. DCQD could also induce the pancreas to be more resistant to stress and
microcirculation disorders by clearing away excessive reactive oxygen species and
regulating the apoptosis/necrosis switch in pancreatic acinar cells[14,48]. Moreover,
emodin, one of the most active compounds from the Chinese herb Dahuang, has been
used for many years in China to treat acute severe diseases, including AP[49]. It has
been reported that emodin inhibits NF-κB activation and endoplasmic reticulum
stress to protect the pancreas from injury[50,51]. Naringenin is another component of
DCQD that has antibacterial, antifungal, and anti-oxidative effects, and exerts a
cytoprotective effect on the gastric mucosa[52]. Ge et al[53] showed that rhein could
attenuate inflammation via the NF-κB/NLRP3 inflammasome pathways. In this study,
delayed oral administration of DCQD could better reduce the inflammatory reaction,
inhibit the excessive secretions of the pancreas, and thus reduce the pathological
damage of multiple extrapancreatic organs (lung, liver, kidney, and intestine) in the
early stage of AP, while early oral administration aggravated the pathological injury
in lung, kidney, and intestinal tissues, further confirming that delayed oral
administration is more appropriate for the protection of extrapancreatic organs.
However, there are some limitations to this study. The purpose of this study was
primarily to explore the effects of different administration times on extrapancreatic
organ tissues in AP and to further infer the association between tissue concentration
distribution and the pharmacodynamics effects. However, a single dose of DCQD did
not show obvious effects on the long-term protection of the extrapancreatic organ
tissues. Therefore, multiple-dose administration should be considered in follow-up
experiments. More importantly, to better validate our hypothesis, we should
determine tissue drug distributions at more time points and assess the
pharmacological effect simultaneously, and it may be better to examine inflammatory
cytokines in each tissue sample. Thus, relevant pharmacokinetics and
pharmacodynamics analysis could be further conducted.
In conclusion, AP could inhibit the pharmacokinetic process of the major DCQD
components in serum and multiple extrapancreatic organ tissues, while delayed
administration may ameliorate the inhibition. Importantly, early administration may
aggravate the injury to the extrapancreatic organs in the early stage of AP, while
delayed administration (at least 12 h after AP induction) of DCQD may reduce
pancreatic exocrine secretion, balance the expression of pro- and anti-inflammatory
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Figure 4

Figure 4 Pathological images and histopathological scores of lung tissues in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24
h, respectively, after AP induction and were euthanized at 4 h after dosing. 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively,
after AP induction and were euthanized at 24 h after dosing. The lung tissues were collected for pathological examination by hematoxylin and eosin (HE) staining. A:
Pathological images of the lung (HE, × 200). B: Histopathological scores of lung injury. Data are presented as the mean ± SD (n = 6). fP < 0.05 vs control group.
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Figure 5

Figure 5 Pathological images and histopathological scores of kidney tissues in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24
h, respectively, after AP induction and were euthanized at 4 h after dosing. 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively,
after AP induction and were euthanized at 24 h after dosing. The kidney tissues were collected for pathological examination by hematoxylin and eosin (HE) staining.
A: Pathological images of the kidney (HE, × 200). B: Histopathological scores of heart injury. Data are presented as the mean ± SD (n = 6). fP < 0.05 vs control group.
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Figure 6

Figure 6 Pathological images and histopathological scores of intestinal tissues in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24
h, respectively, after AP induction and were euthanized at 4 h after dosing. 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively,
after AP induction and were euthanized at 24 h after dosing. The intestine tissues were collected for pathological examination by hematoxylin and eosin (HE) staining.
A: Pathological images of the intestine (HE, × 100). B: Histopathological scores of intestinal injury. Data are presented as the mean ± SD (n = 6). fP < 0.05 vs control
group.
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Figure 7

Figure 7 Pathological images and histopathological scores of heart tissues in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24
h, respectively, after AP induction and were euthanized at 4 h after dosing. 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively,
after AP induction and were euthanized at 24 h after dosing. The heart tissues were collected for pathological examination by hematoxylin and eosin (HE) staining. A:
Pathological images of the heart (HE, × 100). B: Histopathological scores of heart injury. Data are presented as the mean ± SD (n = 6). fP < 0.05 vs control group.
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Figure 8

Figure 8 Pathological images and histopathological scores of liver tissues in rats. Rats in each treatment group were orally administered with Dachengqi
decoction (DCQD), and rats in each control group were orally administered with normal saline. 4-4, 12-4, and 24-4: Rats were dosed with DCQD at 4 h, 12 h, and 24
h, respectively, after AP induction and were euthanized at 4 h after dosing. 4-24, 12-24, and 24-24: Rats were dosed with DCQD at 4 h, 12 h, and 24 h, respectively,
after AP induction and were euthanized at 24 h after dosing. The liver tissues were collected for pathological examination by hematoxylin and eosin (HE) staining. A:
Pathological images of the liver (HE, × 200). B: Histopathological scores of liver injury. Data are presented as the mean ± SD (n = 6). fP < 0.05 vs control group.
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cytokines to a greater extent, and ultimately better ameliorate the pathological injury
of the extrapancreatic organs, thereby demonstrating that the late time is the optimal
dosing time of DCQD for the protection of extrapancreatic organs.

ARTICLE HIGHLIGHTS
Research background
Acute pancreatitis (AP) is an inflammatory pancreatic disorder associated with substantial
morbidity and mortality, and the severe form of AP is commonly complicated by multiple
extrapancreatic organ dysfunction. Dachengqi decoction (DCQD) is an effective prescription for
the treatment of AP, however, current AP guidelines do not provide specific guidance on the
optimal time to take this Chinese herbal medicine orally. Our previous study proved that
administering DCQD too early may aggravate the pathological damage to the pancreas, while
the effect of administration time on multiple extrapancreatic organs in AP rats is still unclear.
Therefore, investigations of the optimal administration time of DCQD for the protection of
multiple extrapancreatic organs are urgently required.

Research motivation
DCQD has been shown to protect multiple organs from injury caused by an excessive
inflammatory response in AP, and we confirmed that the anti-inflammatory effect was
associated with its tissue distribution. This study aimed to screen the appropriate oral
administration time of DCQD for the protection of extrapancreatic organs in AP rats based on
the pharmacokinetic and pharmacodynamic evidence, and to provide an experimental basis for
future clinical application of DCQD.

Research objectives
To identify the optimal administration time of DCQD for the protection of extrapancreatic
organs in experimental AP rats and observe the anti-inflammatory efficacy at different times
after administration.

Research methods
The current experiment was divided into pharmacokinetic and pharmacodynamic parts. The AP
model was established with 3.5% sodium taurocholate. In the pharmacokinetic study, the
concentrations of the DCQD components in serum and organ tissues were measured by HPLCMS/MS, which is a sensitive, accurate, and reproducible method, and the pharmacokinetic
parameters (C max, T max, T 1/2, and AUC 0 → t) were calculated with DAS 2.0.1. In the
pharmacodynamic study, the levels of serum inflammatory cytokines (IL-6 and IL-10) were
measured by enzyme-linked immunosorbent assay, and amylase levels were measured via a
HITACHI automatic biochemical analyzer. All histopathological sections were observed and
scored by two independent blinded pathologists using different scoring systems specific to
different tissues. Additionally, Graph Pad Prism 7.0 software was used for the data analyses of
both parts of the study.

Research results
In the pharmacokinetic study, the T max and C max values of most components were lower in
the AP model groups, and the major components of DCQD had lower AUC and C max values in
these groups. The later (12 h and 24 h) time points of oral dosing with DCQD resulted in higher
C max values, larger AUC 0 → t values, and longer t1/2 values for these monomers,
accompanied by higher concentrations of most components in the target extrapancreatic organ
tissues. In the pharmacodynamic study, delayed administration of DCQD resulted in lower IL-6
and amylase levels and higher IL-10 levels, and pathological injury of multiple extrapancreatic
organ (liver, lung, kidney, and intestine) tissues was slightly less at 4 h after administration,
while the results were similar between the treatment and corresponding control groups at 24 h
after administration.
This study provides some information on the effect of administration time on extrapancreatic
organs in AP rats, but elucidation of the specific mechanism needs further study. Relevant
pharmacokinetics and pharmacodynamics analysis should be considered to provide more
systematic and comprehensive evidence for the clinical application of this Chinese herbal
formula.

Research conclusions
This study suggests that early administration of DCQD may inhibit the pharmacokinetic process
of the major DCQD components in serum and multiple extrapancreatic organ tissues, and
delayed administration time may be more helpful for alleviating the inflammatory reaction and
pathological injury in multiple extrapancreatic organs. Importantly, multiple-dose
administration of DCQD is well worth considering for the steady-state effect in future animal
experiments or clinical applications.

Research perspectives
Although we have found some of the potential components of DCQD in alleviating AP, and the
therapeutic effect of DCQD on AP has been confirmed in a large number of in vivo and in vitro
experiments, the underlying molecular mechanisms are not well established. Further
investigation combing the identification of more active components, potential targets, and/or
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signal pathway analysis is urgently required to make a deeper and more comprehensive
understanding of the therapeutic mechanism of DCQD in the treatment of AP.
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Abstract
BACKGROUND
Disease-related single nucleotide polymorphisms (SNPs) based genetic risk score
(GRS) has been proven to provide independent inherited risk other than family
history in multiple cancer types.
AIM
To evaluate the potential of GRS in the prediction of pancreatic cancer risk.
METHODS
In this case-control study (254 cases and 1200 controls), we aimed to evaluate the
association between GRS and pancreatic ductal adenocarcinoma (PDAC) risk in
the Chinese population. The GRS was calculated based on the genotype
information of 18 PDAC-related SNPs for each study subject (personal
genotyping information of the SNPs) and was weighted by external odd ratios
(ORs).
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RESULTS
GRS was significantly different in cases and controls (1.96 ± 3.84 in PDACs vs 1.09
± 0.94 in controls, P < 0.0001). Logistic regression revealed GRS to be associated
with PDAC risk [OR = 1.23, 95% confidence interval (CI): 1.13-1.34, P < 0.0001].
GRS remained significantly associated with PDAC (OR = 1.36, 95%CI: 1.06-1.74, P
= 0.015) after adjusting for age and sex. Further analysis revealed an association
of increased risk for PDAC with higher GRS. Compared with low GRS (< 1.0),
subjects with high GRS (2.0) were 99% more likely to have PDAC (OR: 1.99,
95%CI: 1.30-3.04, P = 0.002). Participants with intermediate GRS (1.0-1.9) were
39% more likely to have PDAC (OR: 1.39, 95%CI: 1.03-1.84, P = 0.031). A positive
trend was observed (P trend = 0.0006).
CONCLUSION
GRS based on PDAC-associated SNPs could provide independent information on
PDAC risk and may be used to predict a high risk PDAC population.
Key words: Pancreatic cancer; Single nucleotide polymorphisms; Genetic risk score;
Chinese population; Genome-wide association study
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant tumor with no
effective method for early diagnosis and high-risk population screening. In this pioneer
study, we evaluated single nucleotide polymorphisms based genetic risk score (GRS) in
the prediction of PDAC risk. Our results revealed that GRS was significantly associated
with PDAC. Compared with low GRS (< 1.0), subjects with high GRS (2.0) were 99%
more likely to be PDAC. Although further verification is needed, our study suggested
that GRS was an independent risk factor for PDAC.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies
worldwide. With an estimated death toll of 330400 in 2012, it is the seventh leading
cause of cancer death in both sexes[1]. In China, PDAC ranks among the top ten most
common cancers. The estimated new cases and death toll in 2015 was 90100 and
79400, respectively[2,3]. In addition, data showed that PDAC mortalities have increased
rapidly in China during the past decades. There were 27482 deaths in 1990, while the
number increased to 59423 in 2013[4]. Therefore, PDAC has become a major public
health issue both in China and worldwide.
As one of the most lethal cancers, early diagnosis of PDAC is essential to effective
treatment and better prognosis. Unfortunately, due to the lack of symptoms at an
early stage and no efficient way of screening, early diagnosis of PDAC remains
challenging [5] . Carbohydrate antigen 19-9 and carcinoembryonic antigen are
commonly used biomarkers. However, carbohydrate antigen 19-9 and carcinoembryonic antigen are not PDAC specific, and a small group of patients do not show
an elevated level of these two biomarkers[6,7]. Computed tomography or other imaging
technologies may increase diagnostic utilities for PDAC, but no evidence shows their
benefits in screening. It will be less cost-effective to screen the entire population. A
model to select a high-risk population group for screening would be of great clinical
utilization and public health importance. Known risk factors for PDAC includes
diabetes[8], smoking[9] and family history.
About 5%-10% of PDAC cases are familial pancreatic cancer, defined as the patient
having two first degree relatives diagnosed with pancreatic cancer[10]. Those patients
are usually linked with germline mutation (BRCA1, BRCA2)[11] or cancer syndrome
(Lynch syndrome)[12]. However, with a trend of decreased family sizes[13], family
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history could be uninformative, especially in China where the “one-child policy” had
been applied in the past decades. Disease-related single nucleotide polymorphisms
(SNPs) based genetic risk score (GRS) could be a promising substitute. It has been
proven to provide independent inherited risk information other than family history in
multiple cancer types and can be associated with early onset of diseases[14-17]. PDAC
risk associated SNPs were revealed by genome-wide association studies (GWAS)[18-22].
The application of these results needs further investigation. Therefore, we conducted
the first study to evaluate the association between GRS and PDAC in the Chinese
population.

MATERIALS AND METHODS
Study population and genotyping
This study included 254 pathologically confirmed PDAC patients of Chinese Han
population from the Department of Pancreatic Surgery in Huashan Hospital
diagnosed between March 2013 and August 2014. They had been recruited for a
PDAC-associated SNP verification study[23]. The control population was a healthy
community population from east China[24]. Written informed consent was obtained
from each participant. Data was de-identified after collection. Genotype and
phenotype information was retrospectively collected from the previous studies. This
study was approved by the Institutional Review Board of Huashan Hospital affiliated
to Fudan University.
Genotype data of 21 SNPs was obtained from our previous SNP evaluation study.
These SNPs were reported to be associated with PDAC risk by GWAS or pathway
study [18-22,25] . SNPs were genotyped by a Sequenom MassARRY iPLEX system
(Sequenome Inc., San Diego, CA, United States) and Taqman PCR (rs4885093 and
rs10919791)[23]. GWAS was performed by Illumina Human OmniExpress Bead Chips[24]
on the control samples. Imputation was performed using IMPUTE 2.2.2 program
based on 1000 Genomes Project CHB+JPT population data (Phase I version 3, release
March 2012) if the SNPs were not included in the GWAS chip.

GRS calculation and statistical analysis
A GRS was calculated for each subject based on personal genotype of the SNPs and
was weighted by external odd ratios (ORs from previous GWAS studies): Carrying
two risk alleles = 1 * OR2; carrying one risk allele = 1 * OR; and not carrying risk allele
= 1. The final GRS was also adjusted by minor allele frequency. A detailed method of
GRS calculation was described in the previous study[17]. The OR used for calculations
were from previous GWAS studies. In this study, 18 out of 21 SNPs were used in the
final calculation of GRS. rs2736098 did not pass quality control. rs12413624 and
rs792864 showed different minor allele between case and control group, possibly due
to the difference between positive and negative chains of DNA during genotyping
(the cases and controls were genotyped separately with different platforms). This was
not a problem for OR calculations in the previous study. But for GRS calculation, we
just ruled out these two SNPs for caution. Information of all 21 SNPs was displayed in
Table 1.
The t-test was used to evaluate the differences of mean GRS mean between cases
and controls. GRS data first underwent log transformation to achieve normality for
the t-test. After the log transformation, GRS of both groups are normally distributed
(Supplementary Figure 1). GRS were not log transformed for other analysis. A
univariate and a multivariate mode controlled for age and sex were used to evaluate
the association between GRS and PDAC risk. Chi-square trend tests and receiver
operating characteristic curve was used to evaluate the performance of GRS in
predicting PDAC risk. All statistical analyses were performed using SAS 9.3, and twotailed P < 0.05 were considered as significant.
The statistical methods of this study were reviewed by Wang R from Yale School of
Public Health, Department of Chronic Disease Epidemiology.

RESULTS
Table 2 shows the basic characteristics of the study population. The control group was
significantly younger (case vs control: 63.31 ± 10.01 vs 48.80 ± 15.49, P < 0.01). All
tested SNPs were polymorphic in the Chinese population. The prevalence of minor
allele of SNPs in the Chinese 1000 genome project and the PDAC patients of our study
were presented in our previous study[23]. The mean GRS for PDAC patients was 1.96 ±
3.84, and the mean for controls was 1.09 ± 0.94. The GRS for the two groups were
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Table 1 Information of single nucleotide polymorphisms for calculating genetic risk score
Previous GWAS study
Chromosome

SNP

Region

Related-gene
OP1

RA

OR

RAF

1

rs10919791

1q32.1

NR5A2

EU

A

0.77

0.19

5

rs2736098

5p15.33

TERT, CLPTM1L

EU

T

0.8

NA1

5

rs401681

5p15.33

CLPTM1L

EU

T

1.19

0.49

5

rs2255280

5p13.1

DAB2

CH

G

0.81

0.32

6

rs2317900

6p25.3

FOXQ1

JA

C

1.288

0.41

7

rs6971499

7q32.3

LINC-PINT

EU

C

0.79

NA1

7

rs7779540

7q36.2

DPP6

JA

A

3.69

0.17

7

rs167020

7q36.3

SHH

EU

A

1.17

0.3

8

rs1561927

8q24.21

MIR1208, PVT1

EU

C

0.87

NA1

9

rs2073828

9q34.2

ABO

EU

A

0.85

0.37

9

rs505922

9q34.2

ABO

EU

C

1.2

0.35

10

rs12413624

10q26.11

PRLHR

CH

T

1.23

0.42

12

rs792864

12p11.21

BICD1

JA

A

0.71

0.24

13

rs9581943

13q12.2

PDX1

EU

A

1.46

NA1

13

rs4885093

13q22.1

NA

CH

C

1.25

0.5

13

rs9543325

13q22.1

NA

EU

C

1.26

0.37

16

rs7190458

16q23.1

BCAR1, CTRB1, CTRB2

EU

A

1.46

NA1

21

rs372883

21q21.3

BACH1

CH

C

0.79

0.39

21

rs1547374

21q22.3

TFF1

CH

G

0.79

0.4

22

rs16986825

22q12.1

ZNRF3

EU

T

1.18

NA1

22

rs5768709

22q13.32

FAM19A5

CH

G

1.25

0.28

1

Not available. These loci were not included in the final calculation of genetic risk score. OP: Original
genome-wide association study population; RA: Risk allele; OR: Odds ratio from genome-wide association
studies; RAF: Risk allele frequency in our study; EU: European; JA: Japanese; CH: Chinese; GWAS: Genomewide association studies.

significantly different (P < 0.0001). Further univariate logistic regression mode
revealed that GRS was positively associated with PDAC risk [Table 3, OR = 1.23, 95%
confidence interval (CI): 1.13-1.34, P < 0.0001]. Because the control group was
significantly younger, a multivariate model was also conducted with age and sex as
covariates. The GRS remained positively associated with PDAC (Table 3, OR = 1.36,
95%CI: 1.06-1.74, P = 0.015).
We further analyzed the risk of PDAC in different GRS groups among the study
population. Compared to those with low GRS (< 1), participants with intermediate
GRS (1-2) were 39% more likely to have PDAC (OR: 1.39, 95%CI: 1.03-1.84, P = 0.031).
Those with high GRS were nearly two times more likely to have PDAC (OR: 1.99,
95%CI: 1.30-3.04, P = 0.002). A positive trend was also observed (P trend = 0.0006,
Figure 1A). Figure 1B showed the increased risks of PDAC in patients with increased
GRS by different percentiles (P trend = 0.0008). Patients with GRS ≥ 90th percentile
would have a 2.29-fold increased risk for PDAC (95%CI: 1.25-4.21, P = 0.007). The
receiver operating characteristic curve analysis showed that the area under the
receiver operating characteristic curve (AUC) was 0.5675 for predicting PDAC risk
(Supplementary Figure 2). A positive trend was also observed in the multivariate
model, which adjusted for age and sex. The percentage of PDAC cases with low (<
1.0), intermediate (1.0-1.9) and high (≥ 2.0) GRS were 14.49%, 19.57% and 25.90%,
respectively (Figure 2). Patients with GRS ≥ 90 th percentile showed a 1.84-fold
increased risk for pancreatic cancer in the multivariate mode (Figure 3).

DISCUSSION
To our best knowledge, this was the first study to evaluate the performance of SNPs
based GRS for predicting PDAC risk in the Chinese population. In this case-control
study, we found that: (1) GRS was an independent predictor of PDAC; and (2) As
reflecting inherited risks, patients with higher GRS would have higher risks of PDAC
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Figure 1

Figure 1 Increased risk of pancreatic ductal adenocarcinoma with increased genetic risk score in a
univariate model. A: 1, 2 being genetic risk score cut-off value; B: Percentile as cut-off value. GRS: Genetic risk
score.

in the study population.
Chronic disease such as heart disease and cancer have a complex etiology. Genetic
factors and lifestyle factors both contribute to the development of these chronic
diseases [26,27] . With the surge of GWAS, common germ line variations have been
studied for their association with heart disease and many cancers. GRS is a disease
risk prediction system based on disease risk related SNPs. It has been applied in the
prediction of heart disease[28,29], obesity[30], prostate cancer[15,16,31] and colorectal cancer
(CRC)[32,33].
Ripatti et al[28] and Thanassoulis et al[29] both reported GRS to be an independent risk
factor for cardiovascular disease. However, GRS did not improve the risk
stratification system with traditional risk factors and family history in their studies.
Belsky et al[30] reported GRS to be a statistically significant predictor of body mass
index and obesity in the white population of the Atherosclerosis Risk in Communities
cohort (AUC: 0.57, 95%CI: 0.55-0.58)[30].
In CRC, Weigl et at[33] reported GRS, independent of family history, was associated
with CRC risk (OR = 3.00, 95%CI: 2.24-4.02, highest vs lowest decile). More
importantly, their study revealed that patients with both GRS in the highest decile
and a family history had a 6-fold increased risk for CRC compared those who with no
family history and a GRS in the lowest decile. Similar results were also reported by Jo
et al[32]. Individuals with a family history of CRC in the highest quartile of GRS when
compared to subjects without a family history of CRC in the lowest quartile of GRS
had a significantly increased risk for CRC [OR: 47.9, 95%CI: 4.9-471.8 (men); OR: 22.3,
95%CI: 1.4-344.2 (women)].
In prostate cancer, researchers focused on the implementation of GRS to reduce
unnecessary biopsies. Aly et al[15] reported the use of GRS could avoid 480 biopsies
(22.7%) at a cost of missing a prostate cancer diagnosis in 3% of patients characterized
as having an aggressive disease. Kader et al[31] reported adding the genetic score to the
best clinical model improved the AUC from 0.62 to 0.66 (P < 0.001). Sun et
al[16]compared the family history and GRS in five different populations and found that
the AUC of GRS for predicting positive prostate cancer biopsy was significantly
higher (0.58-0.62) than family history (0.51-0.55) in each study population (P < 0.05).
For PDAC, previous studies suggested genetic inheritance contributes to the risk of
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Table 2 Characteristics of study population
Variables

Case, n = 254

Sex

Control, n = 1200

P value

n

%

n

%

Male

156

64.42

748

62.23

Female

98

38.58

452

37.67

Age at diagnosis, mean ±
SD

63.31

10.01

48.80

15.49

0.00012

GRS, mean ± SD

1.96

3.84

1.09

0.94

< 0.00013

GRS: < 1

127

50.00

723

60.25

0.0021

GRS: 1-2

91

35.83

374

31.17

GRS: > 2

36

14.17

103

8.58

< 10th P

19

7.48

127

10.58

10 -50 P

87

34.25

494

41.17

50th-90th P

111

43.70

471

39.25

90th P

37

14.57

108

9.00

th

th

0.831

0.0071

1

Chi-square.
t-test.
3
Genetic risk score log transformed for t-test. GRS: Genetic risk score.
2

developing PDAC. Lochan et al[34] reported that individuals with first degree relatives
of any malignancy would have 1.98-fold increased risk of PDAC. In another study,
individuals with positive family history of pancreatic cancer were reported to have a
2.2-fold increased risk compared to those with negative family history[35]. Mucci et al[36]
reported that when one twin had PDAC, the risks of PDAC increased by 4.3-fold for
monozygotic twin and 3.7-fold for dizygotic twins. However, familial pancreatic
carcinoma only counts for 5%-10% of total cases. Furthermore, family history may be
influenced by family size, age and survival status of male relatives, recall ability and
prevalence of the disease in populations[16]. The overall family history reported rate
was only 64.3% for cases and 62.5% for controls in the PanScan Consortium[37].
Various loci related to PDAC risk from different populations were reported[18-22].
However, the practical value of those loci from GWAS has not been fully studied. In
this study, we explored the potential association between GRS and PDAC risk to find
a novel method to define a pancreatic cancer high risk group. As mentioned above,
there is no effective screening method for pancreatic cancer, and the downsize of
households often leaves family history uninformative. Similar to previous studies in
prostate cancer and CRC[15,16,31-33], we found an association between GRS and PDAC
(OR = 1.36). More importantly, an increasing trend was observed. Higher GRS was
associated with a higher risk of PDAC in our study population. The only other study
that constructed a PDAC risk prediction model using SNPs was reported by Klein et
al [37] . Three SNPs from PanScan population based GWAS (rs9543325, rs401681,
rs3790844) were included in the model[22]. Other nongenetic factors included in the
model were smoking, diabetes, alcohol consumption, ABO blood type, body mass
index and family history. In Klein et al[37], the AUC of the risk model with only SNPs
was 0.57, while the number was 0.58 for risk model with only nongenetic factors. A
model with both genetic and nongenetic factors had a significantly larger AUC (0.61)
than any other model (P < 0.0001). Due to the retrospective design of our study, we
were not able to collect nongenetic risk factor from de-identified data. We included all
loci from precious GWAS to construct a model with 18 SNPs. The AUC of our SNPs
model (0.57) was close to the PanScan study. This may indicate that some common
variation is shared by populations with different ancestors, and GRS could provide
independent information on PDAC risk in the Chinese population. Although the
result may need further confirmation, our study showed the potential of GRS in a
PDAC high risk population selection. GRS could be applied in selecting high risk
individuals for further tests, such as computed tomography or endoscopic ultrasound.
Several limitations should be noticed. First, this is a retrospective case-control study
with a relatively small sample size of PDAC patients. The results of the study should
be validated in a larger cohort before being applied in clinical use. Second, we were
unable to evaluate the relationship of family history and GRS due to the
uninformative family history in this Chinese population and the nature of our study
design. However, based on the reported studies of other cancers, we believed that
GRS could provide independent inherited risks supplementary to family history.
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Table 3 Univariate/multivariate logistic regression results
Univariate logistic regression

OR (95%CI)

P value

1.23 (1.13-1.34)

< 0.0001

OR (95%CI)

P value

GRS

1.36 (1.06-1.74)

0.015

Age at diagnosis/enrollment

1.14 (1.12-1.17)

< 0.0001

Sex

0.84 (0.61-1.16)

0.28

OR (95%CI)

P value

GRS: < 1 (Ref)

-

-

GRS: 1-2

1.39 (1.03-1.84)

0.031

GRS: > 2

1.99 (1.30-3.04)

0.002

< 10th P (Ref)3

-

-

10 -50 P

1.18 (0.69-2.01)

0.548

50th-90th P

1.57 (0.93-2.66)

0.089

> 90th P

2.29 (1.25-4.21)

0.007

GRS
Multivariate logistic regression

Subgroup analysis1
2

th

th

1

Univariate mode.
P trend = 0.0006.
3
P trend = 0.0008. OR: Odds ratio; CI: Confidence interval; GRS: Genetic risk score.
2

Third, the cutoff values of GRS in the trend analysis (e.g., GRS = 1 or 2; 10th percentile,
50th percentile, 90th percentile) were chosen based on the frequency distribution of
GRS. The GRS was normally distributed after log transformation. However, from the
aspect of application, it is better to choose the cut-off value on the original GRS. Due
to the relatively small sample size, our GRS frequency distribution may not represent
the true distribution, and one may argue our cutoff values to be relatively subjective.
This should not discourage the use of GRS because population average risks were
considered when calculating GRS (carrying two risk alleles = 1 * OR2, carrying one
risk allele = 1 * OR, not carrying risk allele = 1). GRS over one would indicate an
increased inherited risk while GRS less than one would indicate a decreased inherited
risk. In fact, population average level of GRS would always be slightly over one. The
definition of controls is population with the potential to become cases. The GRS of our
control group was 1.09 ± 0.94. The result fits the epidemiology principle and may
indicate that a small number of individuals had increased inherited risks, but the
disease had not occurred at the time of enrollment.
In conclusion, PDAC-associated SNPs based GRS could provide information on
PDAC risk. This finding might be applied in clinical use for personal screening of
PDAC after a validation in a larger cohort.
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Figure 2

Figure 2 Percentage of pancreatic ductal adenocarcinoma cases in different genetic risk score groups. PDAC: Pancreatic ductal adenocarcinoma; GRS:
Genetic risk score.
Figure 3

Figure 3 Increased risk of pancreatic ductal adenocarcinoma with increased genetic risk score in multivariate model adjusted for age and sex. GRS:
Genetic risk score.

ARTICLE HIGHLIGHTS
Research background
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies worldwide.
Lacking effective methods for screening, the early diagnosis of PDAC remains challenging
leading to an extremely poor prognosis of PDAC.

Research motivation
Single nucleotide polymorphisms based genetic risk score (GRS) has been proven to provide
independent inherited risk information in other cancers. GRS may be a promising way to select a
high risk PDAC population for further screening.

Research objectives
We constructed a GRS based on 18 PDAC related single nucleotide polymorphisms, and we
evaluated the effectiveness of GRS in the prediction of PDAC risk.

Research methods
We used personal genotyping data to calculate individual GRS. GRS was also weighted by
population odds ratio. Final GRS was evaluated for the prediction of PDAC risk in the general
Chinese population.

Research results
GRS was significantly associated with PDAC risk after being adjusted for age and sex (odds ratio
= 1.36, 95% confidence interval: 1.06-1.74, P = 0.015). Higher GRS indicated a higher risk for
PDAC (odds ratio = 2.29, 95% confidence interval: 1.25-4.21, P = 0.007, highest decile vs lowest
decile). The area under the curve for GRS for PDAC risk was 0.5675.

Research conclusions
GRS was an independent predictor of PDAC. As reflecting inherited risks, patients with higher
GRS would have higher risks of PDAC in the study population.
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Research perspectives
GRS could provide independent risk information for PDAC. Further cohort study with a larger
sample size may focus on the optimal PDAC risk prediction model built with both GRS and
nongenetic factors.
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Abstract
BACKGROUND
In recent decades, an increasing number of patients have received minimally
invasive intervention for infected pancreatic necrosis (IPN) because of the
benefits in reducing postoperative multiple organ failure and mortality.
However, there are limited published data regarding infection recurrence after
treatment of this patient population.
AIM
To investigate the incidence and prediction of infection recurrence following
successful minimally invasive treatment in IPN patients.
METHODS
Medical records for 193 IPN patients, who underwent minimally invasive
treatment between February 2014 and October 2018, were retrospectively
reviewed. Patients, who survived after the treatment, were divided into two
groups: one group with infection after drainage catheter removal and another
group without infection. The morphological and clinical data were compared
between the two groups. Significantly different variables were introduced into
the correlation and multivariate logistic analysis to identify independent
predictors for infection recurrence. Sensitivity and specificity for diagnostic
performance were determined.
RESULTS
Of the 193 IPN patients, 178 were recruited into the study. Of them, 9 (5.06%)
patients died and 169 patients survived but infection recurred in 13 of 178
patients (7.30%) at 7 (4-10) d after drainage catheters were removed. White blood
cell (WBC) count, serum C-reactive protein (CRP), interleukin-6, and
procalcitonin levels measured at the time of catheter removal were significantly
higher in patients with infection than in those without (all P < 0.05). In addition,
drainage duration and length of the catheter measured by computerized
tomography scan were significantly longer in patients with infection (P = 0.025
and P < 0.0001, respectively). Although these parameters all correlated positively
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with the incidence of infection (all P < 0.05), only WBC, CRP, procalcitonin levels,
and catheter length were identified as independent predictors for infection
recurrence. The sensitivity and specificity for infection prediction were high in
WBC count (≥ 9.95 × 109/L) and serum procalcitonin level (≥ 0.05 ng/mL) but
moderate in serum CRP level (cut-off point ≥ 7.37 mg/L). The catheter length
(cut-off value ≥ 8.05 cm) had a high sensitivity but low specificity to predict the
infection recurrence.
CONCLUSION
WBC count, serum procalcitonin, and CRP levels may be valuable for predicting
infection recurrence following minimally invasive intervention in IPN patients.
These biomarkers should be considered before removing the drainage catheters.
Key words: Infectious pancreatic necrosis; Drainage; Minimally invasive intervention;
Infection recurrence; C-reactive protein; Procalcitonin
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: This retrospective study investigated infection recurrence following successful
minimally invasive treatment in infected pancreatic necrosis (IPN) patients. Our data
demonstrated that infection recurred in 7.30% of IPN patients after drainage catheter
removal. This can be predicted by white blood cell count, serum C-reactive protein, and
procalcitonin levels measured at the time of catheter removal, and length of the catheter
measured by computerized tomography scan. In particular, white blood cell count and
serum procalcitonin level were highly sensitive and specific for predicting infection
recurrence. These factors should be considered before removing the drainage catheters
following minimally invasive treatment in IPN patients.
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INTRODUCTION
Infected pancreatic necrosis (IPN) is a vital condition developed in 40% to 70% of
patients in the late stage of acute pancreatitis[1-3]. It is associated with a high mortality
rate, ranging from 18% to 28%[4-6] and accounts for 80% of death in patients with acute
pancreatitis[7]. Therefore, interventional treatment are required[1,8,9]. Over past decades,
new developments in image, radiology, and minimal access technology have offered
an increasing number of critically ill IPN patients with opportunities to undergo
minimally invasive drainage, debridement and necrosectomy, which provide the
benefits of reducing postoperative multiple organ failure and mortality by
minimizing tissue damage and a systemic pro-inflammatory response[6,10,11]. Currently,
minimally invasive techniques for IPN patients include percutaneous catheter
drainage (PCD), video-assisted or laparoscopic-assisted debridement, and
laparoscopic pancreatic necrosectomy. They are usually employed as a sole treatment
or a step-up approach consisting of PCD, if necessary, followed by other minimally
invasive debridement and necrosectomy and finished with a catheter drainage[9,12].
To date, the most commonly reported complications of minimally invasive
treatment in IPN patients include fistula, perforation, colonic injury, and pericatheter
leaking [ 1 3 ] . There are limited data in clinical guidelines regarding infection
recurrence[8,9,14,15]. Freeny et al[16] reported 6.5% of collection recurrence after catheter
removal in patients with infected pancreatic fluid collection following percutaneous
catheter drainage. However, it is not clear whether or not the recurred collection is
due to infection. Evidence for its clinical management and prevention is lacking.
Therefore, we conducted a retrospective study to investigate the incidence and
predictors of infection recurrence after catheter removal in IPN patients. Our data
demonstrated that infection recurred in the local drainage tunnels in 13 patients
(7.30%) after catheter removal following catheter removal criteria. It correlated
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independently with white blood cell (WBC) count, serum levels of C-reactive protein
(CRP), and procalcitonin levels, and length of the catheter inside body. This
information will be helpful for clinical management of catheter drainage and the
prevention of infection recurrence.

MATERIALS AND METHODS
Study design and patients
This was a single-center retrospective study. All IPN patients, who underwent
minimally invasive treatment at the Department of General, Xuanwu Hospital,
Capital Medical University (Beijing, China) between February 2014 and October 2018,
were identified using a computerized database. The inclusion criteria were as follows:
(1) Age > 18 years; (2) Confirmed diagnosis of infectious pancreatic necrosis; (3) Onset
of IPN > 4 wk; (4) Minimally invasive treatment including percutaneous catheter
drainage (PCD), video-assisted retroperitoneal debridement (VARD), laparoscopicassisted transomental debridement (LATOD), and laparoscopic pancreatic
debridement; and (5) Placement of drainage catheters for necrotic collection following
the procedures. The exclusion criteria were as follows: (1) Traumatic pancreatitis; (2)
Infection caused by pancreatic fistula following pancreatic surgery; and (3) Having
surgical treatment for complications such as digestive tract or biliary obstruction,
digestive tract fistula, or pseudoaneurysm rupture. The study was conducted in
accordance with the principles of the Declaration of Helsinki and was approved by
the ethics committee of Xuanwu Hospital. Due to the nature of a retrospective study,
written informed consent was omitted.

Data collection
All data collected from medical records included general information and clinical
variables. General information included age, gender, smoke and alcohol use, medical
history, and body mass index. Clinical variables included the onset, etiology,
complications, severity of IPN, laboratory test results before treatment and at the time
of catheter removal, type of minimally invasive treatment, length of the drainage
catheter measured by computerized tomography (CT) scan, and duration of drainage
and outcomes. The severity of pancreatitis was evaluated by the Bedside Index for
Severity in Acute Pancreatitis score[17] and Chronic Health Evaluation score[18]. Blood
tests were performed before treatment and at the time of catheter removal. The
normal range of blood test was WBC (4.0 × 109/L to 10.0 × 109/L), blood urea nitrogen
(BUN) (1.7-8.3 mmol/L), creatinine (17.7-104.0 µmol/L), CRP (< 8.0 mg/L),
interleukin-6 (IL-6) (0-7 pg/mL), and procalcitonin (0.10–0.49 ng/mL).

Diagnosis of IPN
According to the revised Atlanta classification system[1] and clinical guidelines[9,14], IPN
was diagnosed by persistent sepsis, progressive clinical deterioration despite maximal
support in the intensive care unit, serum lipase level or amylase level at least 3 times
greater than the upper limit of normality, the presence of gas bubbles within the
necrotic tissue or peripancreatic collection observed on contrast-enhanced CT scans,
or a positive fine-needle aspiration culture.

Treatment of IPN
After admission, all patients received aggressive intravenous fluid resuscitation and
nutritional support, broad spectrum antibiotics, and minimally invasive interventions.
The choice of interventional approach was determined by the location of the necrotic
collection relative to the stomach, colon, liver, spleen, and kidney.
In PCD procedure, 16-20 F drainage catheters were introduced using a direct
transperitoneal approach under CT or ultrasound guidance and left in place until the
catheter removal criteria was met.
VARD procedure was previously described[19]. In brief, a subcostal 3-4 cm incision
was made. After the collection wall was opened, a laparoscope was introduced
through the incision and the ring forceps was used parallel to the laparoscope to
remove the necrosis under full laparoscopic vision. Several 30-36 F drainage catheters
were placed for continuous drainage.
The LATOD procedure through the transomental approach was used for patients
with necrotic collection located on the pancreatic head or near the duodenum.
Following an upper midline 3-4 cm incision, a small incision on the gastrocolic
ligament was made, and then the ligament was sutured with parietal peritoneum
circumferentially to establish a debridement passageway. Once the collection was
confirmed by fine-needle aspiration, a laparoscope was introduced and the necrosis
was removed under full laparoscopic vision. Several 30-36 F drainage catheters were
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placed to continue the drainage of the collection.
Laparoscopic pancreatic debridement was previously described[20]. Briefly, patients
were placed in a left or right lateral position. A hand access device port and two
standard laparoscopic ports were established. The access into the lesser sac was
gained through the greater omentum between the stomach and the colon. Using this
procedure, the necrotic tissue in the lesser sac, the left paracolic gutter, and the head
of the pancreas were removed. Finally, several 30-36 F drainage catheters were placed
to continue the drainage of the collection. In 2 patients with retrogastric pancreatic
necrosis, debridement was performed via the transgastric approach as described by
Worhunsky et al[21].
Following treatment, drainage catheters were flushed with 20 mL saline, three
times daily in order to keep the drain open. If the catheter was blocked, a replacement
was inserted under local anesthesia. Before removal, catheters were temperately
closed and a CT scan was performed. Catheter removal criteria included: (1) Patients
were asymptomatic for at least 2 wk; (2) No fistula and peripancreatic cavity were
present in repeat CT scan; (3) The output of drainage was clear and less than 20
mL/d; (4) Amylase level in the drainage was less than 100 IU/L; and (5) The results of
repeat cultures of drainage were negative. If all criteria are fulfilled, the drainage
catheters could be removed sequentially; otherwise, the catheter was reopened to
continue the drainage with further follow-up.

Statistical analysis
The data were analyzed using SPSS version 22.0 (IBM Corp, Armonk, NY, United
States). Comparative analyses were performed with the chi-square test for categorical
variables and the Student’s t-test for continuous variables. Pearson’s correlation and
multivariate logistic tests were performed to identify independent predictors for
infection recurrence. Receiver operating characteristic curves, the respective areas
under the curve, and the cut-off values were calculated. Sensitivity and specificity of
different parameters were determined. P values less than 0.05 were considered
statistically significant.

RESULTS
Among the 193 patients, who underwent minimally invasive treatment for IPN at our
department between February 2014 and October 2018, 15 patients were excluded
including 1 with traumatic pancreatitis, 1 with pancreatic fistula following pancreatic
surgery, and 13 patients undergoing surgical treatment for complications such as
bleeding and colon fistula following minimally invasive procedures. Finally, 178
patients were recruited into the study. Intravenous fluid resuscitation, nutritional
support, and broad-spectrum antibiotics were administered to all patients. Details of
minimally invasive approaches are summarized in Table 1, including sole treatment
with PCD, VARD, or LATOD in 88 patients (49.43%) and combined treatment with
VARD and LATOD, or a step-up treatment starting with PCD in 90 patients (50.57%).
Drainage catheters were installed following the procedures and kept for a medium of
60 (2-161) d.

Outcome of treatment
After minimally invasive treatment, 9 (5.06%) patients died due to severe bleeding
(3/178, 1.69%), uncontrolled sepsis (5/178, 2.81%), or multiple organ failure (1,
0.56%). The remaining 169 patients became asymptomatic and had drainage catheters
removed strictly following the catheter removal criteria. However, only 156 patients
(87.64%) were cured and 13 patients (7.30%) became symptomatic again with fever (8
patients) and abdominal pain (5 patients) after 7 (4-10) d. Repeat CT scans showed
effusion in catheter tunnels, indicating infection recurrence. The cultures of the
effusion showed Enterococcus faecium in 4 patients, Escherichia coli in 4 patients,
Staphylococcus in 3 patients, Acinetobacter baumannii in 1 patient, and Klebsiella
pneumoniae in 1 patient. Finally, 10 patients were managed successfully with needle
puncture aspiration and antibiotics. The other 3 patients underwent additional PCD
and subsequently cured.

Prediction of infection recurrence after catheter removal
To investigate predictive factors for infection recurrence following catheter removal,
we compared demographics and clinical characteristics between the survived patients
with (13 patients) and without (156 patients) infection. No difference was found in the
patients’ demographics (Table 2) between the two groups. As shown in Table 3,
clinical characteristics of patients such as the time onset and causes of IPN, severity of
IPN assessed by Bedside Index for Severity in Acute Pancreatitis score and Chronic
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Table 1 Summary of minimally invasive treatment performed for 178 patients with infectious
pancreatic necrosis
Treatment

Number of patients

Percentage

PCD

35

19.66

VARD

35

19.66

LATOD

18

10.11

PCD + VARD/LATOD

78

43.82

VARD + LATOD

4

2.25

PCD + LPD

3

1.69

PCD + VARD + LATOD

5

2.81

Total

178

100

PCD: Percutaneous catheter drainage; VARD: Video-assisted retroperitoneal debridement; LATOD:
Laparoscopic-assisted transomental debridement; LPD: Laparoscopic pancreatic debridement.

Health Evaluation score, mental status and systemic inflammatory response
syndrome were not significantly different between the two groups (all P = not
significant [NS]). Minimally invasive approaches performed in both groups were
similar (P = NS). Pre-operative WBC count, serum BUN, creatinine, CRP, IL-6, and
procalcitonin levels were abnormally higher than clinical normal range in all patients
but no significant difference was found between the two groups (all P = NS). Repeat
blood tests at the time of catheter removal showed that in patients without infection
recurrence, WBC count, serum BUN, creatinine, CRP, IL-6, and procalcitonin levels
returned to the normal range. In patients with infection recurrence, all of these
parameters were significantly reduced from the preoperative levels but serum CRP
and IL-6 levels were still significantly higher than the normal range. Comparing the
two groups, there was no significant difference in terms of BUN and creatine levels
(all P = NS) but WBC count, serum CRP, IL-6, and procalcitonin levels were
significantly higher in patients with infection than in those without (all P < 0.05). In
addition, drainage duration and the length of catheter inside the body measured by
CT scan were significantly longer in patients with infection than in those without (P =
0.025 and P < 0.0001, respectively).
Bivariate correlation and multivariable logistic regression analysis revealed that
WBC count, serum CRP and procalcitonin levels, and length of the catheter were
independent predictors for infection recurrence (all P < 0.05) (Table 4).
Receiver operating characteristic curves for the observed values of WBC, serum
CRP and procalcitonin levels and catheter length are shown in Figure 1. Only WBC
count (cut-off value ≥ 9.95 × 109/L) and serum procalcitonin level (≥ 0.05 ng/mL) had
high sensitivity and specificity to predict infection, while the sensitivity and
specificity of serum CRP level (cut-off point ≥ 7.37 mg/L) were moderate for the
prediction of infection. If using 8.05 cm as a cut-off value, the catheter length
measured by CT scan was highly sensitive but not very specific to predict the
infection recurrence after catheter removal (Table 5).

DISCUSSION
In the present study, we investigated the incidence and predictors of infection
recurrence after minimally invasive treatment for IPN. Our data demonstrated that
infection recurred in 7.30% of IPN patients at 7 (4-10) d after catheter removal
following successful minimally invasive procedures. Of them, 10 patients were
managed successfully with needle puncture aspiration and antibiotics. Other patients
required additional PCD and recovered successfully. WBC count, serum levels of CRP
and procalcitonin, and length of the drainage catheter were identified as independent
predictors for infection recurrence. Of these, WBC and serum procalcitonin level were
highly sensitive and specific.
There are limited published data available regarding long-term infection recurrence
following minimally invasive treatment for IPN patients. Seewald et al[22] reported
6.25% of recurrent fluid collections after endoscopic drainage and necrosectomy in
patients with symptomatic pancreatic fluid collection. In this study, only 36 of 80
patients had infected walled-off necrosis. Freeny et al [16] also reported 6.5% of
collection recurrence after catheter removal in 23 patients with infected pancreatic
fluid collections following the PCD procedure. In a study by Zerem et al[23], 19 of 86
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Table 2 Demographics of patients who underwent minimally invasive treatment for infectious pancreatic necrosis
Patients without recurrent infection, n = 156

Patients with recurrent infection, n = 13

P value

Age in yr

53 ± 1

56 ± 4

0.435

Male sex, n (%)

96 (61.54)

6 (46.15)

0.128

Smoke, n (%)

54 (34.62)

5 (38.46)

0.224

Alcohol, n (%)

24 (15.38)

0 (0)

0.126

Pancreatitis

27 (17.31)

1 (7.69)

0.243

Cardiovascular Disease

10 (6.41)

2 (15.38)

0.180

Diabetes

3 (1.92)

1 (7.69)

0.246

Renal disease

8 (5.13)

0 (0)

0.520

Liver disease

14 (8.97)

0 (0)

0.311

23.63 ± 0.13

23.99 ± 0.43

0.430

Medical history, n (%)

2

BMI in kg/m

Quantitative data are presented as the mean ± standard error of the mean. BMI: Body mass index.

(22.1%) patients with IPN had infection recurrence following step-up procedure. In
this study, most patients were critically ill but infection recurrence rate was only
7.30%. If we include all IPN patients who were treated in our department, the
incidence of infection will be even lower. Nevertheless, our findings indicate that
long-term infection complication remains in a small proportion of critical IPN patients
even if minimally invasive procedures are successful. In order to prevent it, further
exploration into the prediction of infection recurrence is certainly worthwhile for
clinical practice.
To date, there is no standard criterion for catheter removal following minimally
invasive procedures in IPN patients. The Italian Association for the Study of the
Pancreas recommends removing catheters after PCD procedure for patients with
severe acute pancreatitis when drainage is less than 10 mL in a 24 h period and a
fistula or a peri-pancreative cavity is ruled out by CT scan[9]. In a study by Baudin et
al[24], the catheter removal criteria not only included the above indicators but also
included stable return of WBC count and CRP level to normal range. Unfortunately,
this study did not evaluate long-term complications after catheter removal. Therefore,
it is not clear whether infection can be prevented by following these criteria.
According to our criteria, patients should be asymptomatic for at least 2 wk without
fistula and peripancreatic cavity presented in repeat CT scan, and drainage is negative
in culture and less than 20 mL/d with low amylase level (< 100 IU/L). However, it
still failed to completely prevent infection in severe IPN patients. Therefore,
additional risk factors or predictors should be considered. We found that WBC count,
serum CRP and procalcitonin levels, and the length of the catheter inside the body can
predict infection recurrence, of which WBC count and serum procalcitonin level had a
high sensitivity and specificity particularly. It is well known that WBCs play a very
important role in fighting viruses and bacteria. We found that using a cut-off value of
WBC count ≥ 9.95 × 10 9 /L (normal up limit in clinical practice is 10.00 × 10 9 /L)
provided 77% sensitivity and 83% specificity for the prediction of infection recurrence
after catheter removal. As a routine test in clinical practice with low cost, monitoring
WBC prior to catheter removal is cost-effective for the prevention of infection.
Previous studies have identified inflammatory cytokines such as IL-6, CRP, and
procalcitonin for early prediction of necrosis infection in acute necrotizing
pancreatitis[25,26]. Similarly, others studies have also shown that a cut-off procalcitonin
level > 0.5 ng/mL has 80% sensitivity and 91% specificity for prediction of infected
pancreatic necrosis[27]. These evaluations have been performed during the developing
period of IPN, which is different from the present study that evaluates cytokines after
treatment with interventional approaches and antibiotics. The cut-off serum levels of
inflammatory cytokines are therefore different. Our results demonstrated that a cutoff value of procalcitonin ≥ 0.05 ng/mL has high sensitivity and specificity to predict
infection recurrence after catheter removal. However, when interpreting the change of
serum procalcitonin level, it is important to remember that procalcitonin is only a
nonspecific marker for bacterial infection[28,29]. It is valuable for the prediction of
infection but not for treatment purposes. According to our analysis, the sensitivity
and specificity of serum CRP level were moderate at a cut-off point ≥ 7.37 mg/L. It
may be due to a delayed response of CRP to infection progress[30]. Interestingly, we
found that serum level of IL-6 significantly correlated with infection recurrence but
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Table 3 Clinical characteristics of patients who underwent minimally invasive treatment for infectious pancreatic necrosis
Patients without recurrent infection, n =
156

Patients with recurrent infection, n =
13

P value

53 ± 1

55 ± 5

0.796

Biliary

92 (58.97)

6 (46.15)

0.543

Alcohol

23 (14.74)

3 (23.08)

0.136

Idiopathic

5 (3.21)

1 (7.69)

0.386

Hypertriglyceridemia

36 (23.08)

3 (23.08)

1.000

BISAP score

3.53 ± 0.05

3.62 ± 0.14

0.632

APACHE II score

9.56 ± 0.18

8.92 ± 0.40

0.328

Impaired mental status, n (%)

21 (13.46)

2 (15.38)

0.302

SIRS, n (%)

146 (93.59)

12 (92.31)

0.395

15.32 ± 0.601

0.466
0.440

Time onset of IPN in d
Cause of IPN, n (%)

Pre-operative blood test
WBC as 109/L

14.59 ± 0.281
1

BUN in mmol/L

10.45 ± 0.50

9.09 ± 0.971

Creatinine in µmol/L

156.86 ± 9.091

115.61 ± 10.601

0.195

CRP in mg/L

66.47 ± 5.63

1

1

42.66 ± 10.44

0.230

IL-6 in pg/mL

62.25 ± 7.791

53.05 ± 8.451

0.735

Procalcitonin in ng/mL

2.44 ± 0.191

2.29 ± 0.551

0.823

Minimally invasive treatment

0.157

Sole treatment with PCD/VARD/LATOD, n
(%)

86 (55.13)

4 (30.77)

Combined treatment, n (%)

70 (44.87)

9 (69.23)

WBC as 109/L

7.37 ± 0.21

11.00 ± 0.61

0.000

BUN in mmol/L

6.89 ± 0.21

6.92 ± 0.75

0.974

Creatinine in µmol/L

86.82 ± 2.78

74.85 ± 7.46

Post treatment blood test

0.227
1

CRP in mg/L

7.68 ± 0.54

18.97 ± 3.84

0.000

IL-6 in pg/mL

8.28 ± 0.68

18.76 ± 4.241

0.000

Procalcitonin in ng/mL

0.04 ± 0.01

0.09 ± 0.01

0.000

Duration of drainage in d

79 ± 3

104 ± 13

0.025

Catheter length in cm

7.13 ± 0.26

10.68 ± 0.66

0.000

1

Abnormally higher than normal range. Quantitative data are presented as the mean ± standard error of the mean. IPN: Infectious pancreatic necrosis;
BISAP: Bedside index for severity in acute pancreatitis; APACHE II: Chronic Health Evaluation II; SIRS: Systemic inflammatory response syndrome; WBC:
White blood cell; BUN: Blood urea nitrogen; CRP: C-reactive protein.

multivariate logistic analysis failed to identify it as an independent predictor. The
discrepancy between the present study and aforementioned studies may be due to
two factors. First, the role of IL-6 in the inflammatory process is complicated[31]; thus,
the change in IL-6 level may be less sensitive to predict the onset of infection. Second,
the serum level of IL-6 in our study at the time of catheter removal may be too low to
predict inflammation compared to other reports[32]. Nevertheless, assessing serum
procalcitonin and CRP levels before catheter removal may help to predict infection
recurrence. It is noteworthy that for all prediction evaluation, the cut-off point is
increased for the specificity while the sensitivity will be not preferable. In this context,
high specificity for infection prediction seems to be more meaningful.
Another independent predictor for infection recurrence identified in this study is
the length of the catheter inside the body. The length of the catheter measured by CT
scan (≥ 8.05 cm) was highly sensitive but not very specific to predict the infection
recurrence after catheter removal. There hasn’t been any previous report regarding
this issue. It is possible that an increased length in the drainage catheter will increase
the chance of catheter blockage and residual infectious fluid after catheter removal. In
addition, the delayed occlusion of the catheter tunnel will also provide opportunities
for residual bacteria to grow after catheter removal. Therefore, we strongly suggest
that when patients meet the removal criteria, the drainage catheters should be
gradually withdrawn over a few days in order to continuously drain the residual fluid
remaining in the tunnel.
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Table 4 Bivariate and multivariate correlation analysis to identify factors associated with
infection recurrence after drainage catheter removal
Variable

Pearson's correlation coefficient

B

Wald

P value

WBC

0.328

0.661

8.622

0.003

CRP

0.265

0.205

7.74

0.005

IL-6

0.192

0.075

2.247

0.134

Procalcitonin

0.327

24.779

4.533

0.033

Duration of drainage

0.159

0.011

0.712

0.399

Catheter length

0.277

0.589

6.032

0.014

WBC: White blood cell; CRP: C-reactive protein; IL-6: Interleukin-6.

In our study, there were only nine deaths in 193 IPN patients undergoing
minimally invasive treatment. The mortality rate was lower than that in previous
reports.
There were some limitations for the present study. First, it was difficult to recruit a
big cohort of patients in a single-center study. As a result, the sample size for infection
analysis is small. Moreover, patients with other complications such as fistula were
excluded, which further reduced the study population. Second, the retrospective
nature of the study may result in lower sensitivity and specificity of each individual
parameter. Third, we defined drainage less than 20 mL in a 24 h period as one of the
criteria for catheter removal, which is bigger than other studies. We did not evaluate
whether this had any relationship to the infection incidence. Finally, our data were
collected from the procedures performed within a large teaching hospital with a high
volume and diverse patient population. Given the availability of the advanced
technological facilities and experts at the hospital, our results may not apply to small
medical centers without the same dedicated resources. This may also be the reason
why the mortality rate is very low in our center (9 of 193 IPN patients treated with
minimally invasive approaches). Nevertheless, with a large patient population, our
findings still provide meaningful information for the prediction of infection
recurrence after successful minimally invasive treatment for IPN.
In conclusion, WBC count, serum procalcitonin, and CRP measurements may be
valuable for predicting infection recurrence after drainage catheter removal. Including
these biomarkers in catheter removal criteria may help to prevent infection recurrence
following successful minimally invasive treatment in IPN patients. In addition,
gradually removing the drainage catheters over a few days may also help to reduce
opportunities for infection caused by residual bacteria.
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Table 5 Cut-off value and ability of independent risk factors to predict infection recurrence
Area under curve (95%CI)

P value

Cut-off

Sensitivity

Specificity

WBC as 10 /L

× 0.856 (0.739-0.972)

0.000

9.95

0.77

0.83

CRP in mg/L

0.787 (0.670-0.904)

0.001

7.37

0.77

0.62

PCT in ng/mL

0.854 (0.767-0.941)

0.000

0.05

0.85

0.75

Catheter length in cm

0.800 (0.699-0.900)

0.000

8.05

0.85

0.61

9

CI: Confidence interval; WBC: White blood cell; CRP: C-reactive protein; PCT: Procalcitonin.

Figure 1

Figure 1 Receiver operating characteristic curves of the values for white blood cell, serum C-reactive protein, and procalcitonin measured after catheter
removal, and length of the catheter measured by computerized tomography scan. WBC: White blood cell; CRP: C-reactive protein; PCT: Procalcitonin; IAP:
Intra-abdominal pressure.

ARTICLE HIGHLIGHTS
Research background
Infected pancreatic necrosis (IPN) is a vital condition. Without interventional treatment, its
mortality rate is high. In recent decades, the development of minimally invasive interventional
therapies provides benefits in reducing postoperative multiple organ failure and mortality.
Therefore, they have been applied to an increasing number of IPN patients. There are limited
data in clinical guidelines regarding infection recurrence.

Research motivation
To date, the most commonly reported complications of minimally invasive treatment in IPN
patients include fistula, perforation, colonic injury, and pericatheter leaking. However, the
infection recurrence after treatment in this patient population is not clear. The study in this
aspect will certainly provide evidence for its clinical management and prevention.

Research objectives
This study investigated the incidence and prediction of infection recurrence following successful
minimally invasive treatment in IPN patients.

Research methods
Medical records for IPN patients who underwent minimally invasive treatment were
retrospectively reviewed. Patients, who survived after the treatment, were divided into two
groups: one group with infection after drainage catheter removal and another group without
infection. The morphological and clinical data were compared between the two groups.
Significantly different variables were introduced into the correlation and multivariate logistic
analysis to identify independent predictors for infection recurrence. Sensitivity and specificity
for diagnostic performance were determined.

Research results
Of the 193 IPN patients, 178 were recruited into the study. Of them, 9 (5.06%) patients died and
169 patients survived but infection recurred in 13 of 178 patients (7.30%) at 7 (4-10) d after
drainage catheters were removed. WBC count, serum CRP, IL-6, and procalcitonin levels
measured at the time of catheter removal were significantly higher in patients with infection
than in those without (all P < 0.05). In addition, drainage duration and length of the catheter
measured by computerized tomography scan were significantly longer in patients with infection
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(P = 0.025 and P < 0.0001, respectively). Although these parameters all correlated positively with
the incidence of infection (all P < 0.05), only white blood cell (WBC), C-reactive protein (CRP),
procalcitonin levels, and catheter length were identified as independent predictors for infection
recurrence. The sensitivity and specificity for infection prediction were high in WBC count (≥
9.95 109/L) and serum procalcitonin level (≥ 0.05 ng/mL) but moderate in serum CRP level (cutoff point ≥ 7.37 mg/L). The length of catheter (cut-off value ≥ 8.05 cm) had a high sensitivity but
low specificity to predict the infection recurrence.

Research conclusion
This study confirmed that WBC count, serum procalcitonin, and CRP levels may be valuable for
predicting infection recurrence following minimally invasive intervention in IPN patients. These
biomarkers should be considered before removing the drainage catheters.

Research perspective
This is the first study to unveil the high sensitivity and specificity of WBC count and serum
procalcitonin level for predicting infection recurrence following minimally invasive treatment in
IPN patients. Our findings suggest that these factors should be considered before removing the
drainage catheters in clinical practice. Further study in a big patient population is required.
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Abstract
BACKGROUND
Several studies have employed animal models to explore the association between
microbiota and interleukin (IL) 10 signaling; however, limited information is
available about the human microbiome.
AIM
To characterize the microbiome in patients with IL10RA mutations and to explore
the association between gut dysbiosis and disease severity.
METHODS
Fecal samples were collected from patients who were diagnosed with loss-offunction mutations in the IL10RA gene between January 2017 and July 2018 at the
Children's Hospital of Fudan University. Age-matched volunteer children were
recruited as healthy controls. Patients with Crohn's disease (CD) were used as
disease controls to standardize the antibiotic exposure. Microbial DNA was
extracted from the fecal samples. All analyses were based on the 16S rRNA gene
sequencing data.
RESULTS
Seventeen patients with IL10RA mutations (IL10RA group), 17 patients with
pediatric CD, and 26 healthy children were included. Both patients with IL10RA
mutations and those with CD exhibited a reduced diversity of gut microbiome
with increased variability. The relative abundance of Firmicutes was substantially
increased in the IL10RA group (P = 0.02). On further comparison of the relative
abundance of taxa between patients with IL10RA mutations and healthy children,
13 taxa showed significant differences. The IL10RA-specific dysbiosis indices
exhibited a significant positive correlation with weighted pediatric CD activity
index and simple endoscopic score for CD.
CONCLUSION
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Core tip: Understanding the role of microbes in sub-populations of inflammatory bowel
disease patients is important. The focus on this relatively unique and uniform interleukin
(IL)10RA group provides an excellent opportunity. In this study, clinical variables of
IL10RA-deficient patients (such as disease course) were linked with changes in the stool
microbiome, which implies potential clinical relevance of the changes in microbial
populations.
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INTRODUCTION
Inflammatory bowel disease (IBD) includes Crohn's disease (CD), ulcerative colitis,
and IBD unclassified. The pathogenetic mechanism of IBD is believed to involve
inappropriate immune response to gut microbiota in genetically susceptible
individuals. Recent studies have provided some insights into the role of complex hostmicrobiota interactions in the pathogenesis of IBD[1]. The next-generation sequencing
approaches have helped unravel the genetic factors involved in the pathogenesis of
infantile-onset IBD (age at diagnosis: < 2 years)[2]. The interleukin (IL)10 gene is one of
the important genes that are known to affect the risk of IBD.
IL10 is an anti-inflammatory cytokine that inhibits intestinal inflammation. Patients
with IL10 or IL10R deficiency can develop severe infantile colitis resembling CD[3].
Recent studies have revealed an association between host genetic variants and gut
microbial changes; in addition, the underlying interactions were found to contribute
to the onset and severity of IBD[4-7]. However, the role of microbiota in patients with
infantile-onset IBD who have IL10 signaling defects is not clear. Several studies have
employed animal models to explore the association between microbiota and IL10
signaling, because the link between aberrant IL10 signaling and IBD was first
established in IL10-/- mice[8]. Colitis occurs in the presence of intestinal microbiota and
changes in intestinal microbiota may also modulate the inflammatory response. For
example, introduction of Lactobacillus plantarum 299v, Lactobacillus salivarius 433118,
and Bifidobacterium infantis 35624 was shown to attenuate colitis [ 9 - 1 1 ] , while
introduction of Enterococcus faecalis, Escherichia coli, Helicobacter bilis, and Helicobacter
hepaticus exacerbated the inflammation[12-14]. IBD (in animal models) occurs only in the
presence of intestinal microbiota, as germ-free animals do not develop colitis.
However, information pertaining to human microbiome is not well characterized.
Mutations in IL10RA, a gene that encodes one of the subunits of IL10R, have been
identified as the most common causal mutations in infantile-onset IBD in China[15-17].
Thus, we conducted this study to characterize the microbiome in patients with
IL10RA mutations and to explore the association between the disease severity and gut
dysbiosis.

MATERIALS AND METHODS
Study design and sample collection
This was a single-center observational study. Pediatric patients (age: 0–18 years) who
were initially diagnosed with loss-of-function mutations in the IL10RA gene at the
Children's Hospital of Fudan University (China) between January 2017 and July 2018
were enrolled (IL10RA group). IL10RA gene mutations were identified by wholeexome sequencing or targeted gene panel and confirmed by Sanger sequencing, as
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described elsewhere[16,17]. Patients who did not undergo endoscopy at our center or
who had been diagnosed with IL10RA gene mutations before transfer to our hospital
were excluded. Moreover, we excluded patients with a history of ostomy and those
with a history of extensive bowel resection. Two groups were used as controls. Agematched volunteer children who did not receive any medical treatment or antibiotics
and had no evidence of gastrointestinal disease or symptoms were recruited as
healthy controls (HC group). Patients with a confirmed diagnosis of CD based on
radiological, endoscopic, and histopathological evaluations after a minimum of 6-mo
follow-up were enrolled as CD controls. CD patients who developed the disease at the
age of less than 6 years were screened for relevant mutations by whole exosome
sequencing; the sequencing results were negative for all these patients. Fecal samples
were collected prior to bowel preparation for endoscopy. Samples were transported to
the laboratory and stored at -80°C prior to further processing.

Data collection and definitions
Clinical data pertaining to the following variables were obtained from the medical
records: Age, sex, weight, age at onset, medical history, diet, disease behavior,
laboratory results, clinical diagnosis, treatment, and endoscopic findings. Laboratory
results included hemoglobin, C-reactive protein (CRP), and IL6 levels. Clinical activity
was assessed at sample collection using Simple Endoscopic Score for CD (SES-CD),
weighted pediatric CD activity index (wPCDAI), and Mucosal-Inflammation NonInvasive (MINI) index [a newly developed noninvasive index that incorporates fecal
calprotectin, CRP, erythrocyte sedimentation rate (ESR), and the stool item from the
PCDAI for pediatric CD[18]].

16S rRNA gene sequencing
Microbial DNA was extracted using the FastDNA SPIN Kit (MP Biomedicals, Santa
Ana, CA, United States) according to the manufacturer's instructions. DNA
concentration and purity were measured using the NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, United States), and DNA quality
was checked by 1% agarose gel electrophoresis. V3-V4 hypervariable regions of the
bacteria 16S rRNA gene were amplified using the thermocycler PCR system
(GeneAmp 9700, ABI, United States). Purified amplicons were pooled in equimolar
and paired-end sequenced on the Illumina MiSeq Platform (Illumina, San Diego,
United States) according to standard protocols of the Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).

Statistical analysis
Data analyses were performed using Stata 13.1 for Windows (Stata Corp LP, TX,
United States), Prism 6 version 6.02 (GraphPad Software, lnc, San Diego, CA, United
States), and MedCalc Statistical Software version 19.0.4 (MedCalc Software bvba,
Ostend, Belgium). Categorical variables are presented as frequencies (percentages).
Continuous variables are presented as the mean (standard deviation). Fisher’s exact
test was used to compare categorical variables when cell sizes were less than 1. The
Mann-Whitney U test was used to compare continuous variables between two
groups, while the Kruskal-Wallis method was used to compare three or more groups.
Spearman correlation analysis was performed to assess correlation between variables.
The conservative Bonferroni correction was adopted for multiple tests. Two-tailed P
values < 0.05 were considered indicative of statistical significance. For bioinformatics
analyses, the α-diversity metrics and β-diversity were calculated using unweighted
unifrac distances and represented in principal co-ordinates analysis (PCoA) using the
open-access online Majorbio I-Sanger Cloud Platform (www.i-sanger.com).

RESULTS
Clinical characteristics of the patients
A total of 32 IL10RA-deficient patients were admitted to our hospital during the study
reference period. Fifteen patients were excluded for the following reasons: Six patients
were undergoing follow-up for disease revaluation; of these, four had undergone allohematopoietic stem cell transplantation while the other two were in remission after
treatment with thalidomide. Four patients were excluded because of a history of
ostomy. Five patients had confirmed IL10RA gene mutations and had undergone
endoscopy prior to referral to our hospital. Our study finally included 17 IL10RAdeficient patients, defined as the IL10RA group (Supplementary Table 1). In addition,
17 patients with CD and 26 healthy children were also enrolled. The detailed clinical
characteristics and medication history are shown in Table 1.
Among patients in the IL10RA and CD groups, 76% were exposed to antibiotics
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Table 1 Clinical characteristics of the study population
IL10RA

CD

HC

17

17

26

Age (mean ± SD, yr)

1.00 ± 0.68

8.92 ± 4.80

1.61 ± 1.71

< 0.001

Sex (M/F)

10/7

11/6

17/9

0.724

Weight (mean ± SD, kg)

7.31 ± 2.58

27.18 ± 13.04

NA

< 0.001

BMI (mean ± SD)

14.53 ± 2.20

15.25 ± 2.44

NA

0.6175

CRP (mean ± SD, mg/L)

40.65 ± 28.13

34.06 ± 31.92

NA

0.4486

wPCDAI (mean ± SD)

52.21 ± 17.65

40.88 ± 20.02

NA

0.1253

SES-CD (mean ± SD)

20.56 ± 7.56

12.94 ± 8.60

NA

0.0158

MINI index (mean ± SD)

19.88 ± 4.96

16.47 ± 2.92

NA

0.0027

9.93 ± 7.75

7.10 ± 9.30

NA

0.0706

Ileum only (%)

0 (0)

3 (18)

NA

< 0.001

Colon only (%)

17 (100)

3 (18)

NA

Both (%)

0 (0)

11 (64)

NA

Montreal classification B1 (%)

11 (65)

15 (88)

NA

0.106

Montreal classification B2 (%)

5 (29)

2 (12)

NA

0.203

Montreal classification B3 (%)

4 (24)

0 (0)

NA

0.033

Montreal classification P (%)

16 (94)

4 (24)

NA

< 0.001

122.47 ± 152.22

37.50 ± 25.08

NA

0.0211

Cesarian section (%)

11 (65)

8 (47)

NA

0.300

Breast feeding (%)

14 (82)

13 (76)

NA

0.671

Mesalazine (%)

11 (65)

11 (65)

NA

1.000

Steroids (%)

1 (6)

2 (12)

NA

0.542

Thalidomide (%)

4 (24)

0 (0)

NA

0.014

Antibiotics (%)

13 (76)

13 (76)

NA

1.000

Proton pump inhibitors (%)

1 (6)

9 (53)

NA

0.001

Marzulene-S (%)

1 (6)

1 (6)

NA

1.000

Amino acid formula (%)

2 (12)

0 (0)

NA

0.089

Extensive hydrolyzed formula (%)

3 (18)

1 (6)

NA

0.277

Other diet (%)

12 (71)

10 (59)

NA

0.473

Number of samples

P value1

Demographics

Weight and BMI

Disease activity

Disease duration and anemia
Disease duration (mean ± SD, mo)
Disease location

Disease behaviour

Serology
IL6 (mean ± SD, pg/mL)
Birth and breast feeding

IBD medication

Other medication

Self-reported diets

1

P value for the comparison between IL10RA group and CD group. IL10RA: IL10RA group; CD: Crohn's
disease group; HC: Healthy control group; NA: Not applicable; BMI: Body mass index; CRP: C-reactive
protein; wPCDAI: Weighted pediatric Crohn's disease activity index; SES-CD: Simple endoscopic score for
Crohn's disease; MINI: Mucosal-inflammation non-invasive; IL6: Interleukin 6.

within the last month before sample collection (Table 1). The average age at diagnosis
in the IL10RA group was significantly lower than that in the CD group (P < 0.001). In
addition, patients in the IL10RA group showed a significantly lower level of
hemoglobin (P = 0.0035), higher level of IL6 (P = 0.0192), and a more severe
phenotype [as reflected by a higher SES-CD score (P = 0.0157) and MINI index (P =
0.0025)] as compared to those in the CD group. Colon and the perianal region
appeared to be more commonly affected in the IL10RA group (Table 1). We then
performed receiver operating characteristic (ROC) curve analysis to evaluate the
ability of these clinical variables in discriminating the IL10RA group from the CD
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group. Of the clinical variables that showed significant differences between the
IL10RA and CD groups, the age at initial admission showed the best predictive ability
[area under the curve (AUC) = 0.925] with a sensitivity of 94.12% and specificity of
88.24%. Other predictive factors were MINI (AUC = 0.861), SES-CD (AUC = 0.786),
hemoglobin (AUC = 0.780), and IL6 (AUC = 0.757); this showed that IL10RA-deficient
patients had more severe disease than patients in the CD group (Supplementary Figure 1).

Decreased diversity and increased variability of gut microbiome in IL10RA group
Both patients with IL10RA deficiency and patients in the CD group exhibited a
reduced microbial diversity. The Shannon index values for the IL10RA, CD, and HC
groups were 1.39 ± 0.85, 1.45 ± 0.87, and 2.36 ± 0.61, respectively (Figure 1A). This
result was consistent with the Simpson index as an indicator of microbial diversity.
The average Simpson index values were 0.47 ± 0.27, 0.44 ± 0.29, and 0.19 ± 0.11,
respectively (Figure 1B). The IL10RA group showed a significantly reduced microbial
diversity (P < 0.0001) as compared to the CD group (P < 0.001). As for beta diversity
measured by the unweighted unifrac distance of the OTU community structure, the
microbiome of the HC group clustered together and shared similar microbial profiles;
however, the microbial composition in the IL10RA group was scattered and showed
greater heterogeneity than that in the CD group (Figure 1C).

Key players of microbial dysbiosis in patients with IL10RA mutations
At the phylum level, Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes were the
predominant phyla in all groups (Figure 2A). The relative abundance of Firmicutes
and Actinobacteria showed significant differences among groups (Figure 2B). After
FDR correction for multiple tests, the relative abundance of Firmicutes in the IL10RA
group was substantially greater than that in the HC group (P = 0.02). On further
comparison of the relative abundance between the IL10RA and HC groups, significant
differences were observed with respect to 13 taxa, all of which belonged to phylum
Firmicutesor Actinobacteria (Table 2). Some microbial changes which were reported to
be associated with risk variants or mutations of other CD candidate genes are listed in
Table 2[4,6,7,19-23].
Subsequently, we used a random forest classifier and performed linear
discriminant analysis (LDA) to determine the effect size of taxa on the dysbiosis in
each group (Figure 2C). Of the identified taxa in the IL10RA group, Lactobacillales,
Bacilli, Enterococcaceae, Enterococcus, and Firmicutes were enriched in abundance with
variable importance (LDA) scores of greater than 5 (Figure 2C). The LDA scores of
Clostridia, Clostridiales, Bifidobacterium, Bifidobacteriales, Bifidobacteriaceae, and
Actinobacteria were greater than 5 in the HC group. The top five taxa contributing to
dysbiosis in the CD group were Veillonellaceae, Megamonas, Micrococcaceae, Rothia, and
Micrococcales (Figure 2C).

Dysbiosis index is associated with disease severity in the IL10RA group
We detected a strong correlation between SES-CD and wPCDAI (r = 0.71, P = 0.0026)
within the IL10RA group. However, SES-CD did not show any correlation with
wPCDAI or MINI index in the CD group (P > 0.05). On combining these two groups
together, we found a significant correlation of SES-CD with both wPCDAI (Spearman
r = 0.58, P = 0.0004) and MINI index (r = 0.52, P = 0.0020).
IL10RA-specific dysbiosis indices were calculated based on the relative abundance
of five taxa at the order level (Lactobacillales, Micrococcales, Veillonellaceae, Clostridiales,
and Selenomonadales), according to a previously defined method[24]. The dysbiosis
indices were associated with the Shannon indices in both the IL10RA (r = -0.66, P =
0.0052) and CD groups (r = -0.66, P = 0.0046); this suggests that the abundance of these
five taxa largely captured the dysbiosis. We found a significant correlation of
wPCDAI and SES-CD scores with the dysbiosis indices (Table 3). Hemoglobin level
and disease duration showed an inverse correlation with the dysbiosis indices. No
significant association was found between the dysbiosis index and the MINI index
and the level of IL6 or CRP. In our exploratory analysis, the dysbiosis index seemed to
fit better with SES-CD score, hemoglobin, and disease duration within the IL10RA
group as compared to that in the CD group (as reflected by higher values of the
correlation coefficient; Table 3).

DISCUSSION
In this observational study, we observed reduced diversity and increased variability
of gut microbiome in patients with IL10RA mutations based on the 16S rRNA
sequencing data. Patients with IL10RA mutations had early disease onset and
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Figure 1

Figure 1 Diversity of the gut microbiome at the operational taxonomic unit level. A: Box plot of Shannon and
Simpson index. For Shannon index, IL10RA vs healthy control (HC) group, P = 0.0007; Crohn's disease (CD) group
vs HC, P = 0.0020. For Simpson index, IL10RA vs HC, P = 0.0008; CD vs HC, P = 0.0040. bP < 0.001, dP < 0.0001;
B: PCoA using unweighted unifrac distance of operational taxonomic unit community structure. R = 0.2750, P =
0.0011. IL10RA: IL10RA group; CD: Crohn's disease group; HC: Healthy control group.

experienced more severe colitis. We also explored the association between intestinal
dysbiosis and the disease severity in these patients.
In previous studies, microbial diversity exhibited a negative correlation with
severity of IBD; however, the mutation status was not factored in these studies[4,7,20,23].
In our study, patients in both the IL10RA and CD groups showed a reduced diversity
compared with the healthy children. The lack of significant difference between these
two groups with respect to diversity indices was likely attributable to similar
antibiotic exposure (76%). Given the average age and BMI of the IL10RA-deficient
patients, this might also be due to the limitation of the synthetic diversity descriptor,
which potentially masks the multi-factor impact on microbiome [25] . Another
interesting finding was the variability in different groups. We speculate that the
resilience of the gut microbiota varied in individuals with different diseases. Patients
exposed to intrinsic factors (i.e., IL10RA deficiency) with an immature gut microbiome
may harbor the microbiome that is most vulnerable to environmental disturbances.
Gevers et al [24] reported the microbial dysbiosis in new-onset pediatric CD:
Increased abundance of Enterobacteriaceae, Pasteurellacaea, Veillonellaceae, and
Fusobacteriaceae and decreased abundance of Erysipelotrichales, Bacteroidales, and
Clostridiales. A systematic review showed that patients with active CD have lower
abundance of Clostridium leptum, Faecalibacterium prausnitzii, and Bifidobacterium[26].
Consistent with previous studies, we observed increased Veillonellaceae in the CD
group; Clostridiales and Bifidobacterium were decreased in the IL10RA group regardless
of the antibiotic exposure. Gevers et al[24] found that exposure to antibiotics amplified
the dysbiosis; however, exclusion of samples from subjects with antibiotic exposure
did not change the key players. In a study by Knights et al[20], recent antibiotic usage
was inversely associated with Firmicutes, Blautia, Ruminococcac, Tenericutes, and
Lachnospiraceae; however, Proteobacteria and Bacilli showed a positive correlation with
the medication history. Our study showed increased abundance of Bacilli in the
IL10RA group. However, the abundance of Firmicutes was also increased in the
IL10RA group.
Recent studies have shown the effects of Mendelian disorders on the intestinal
microbiome, the function of the intestinal mucosa, and the immune response in the
gut[4,6,7,19-23]. In parallel, studies have also identified the role of microbiota in initiating
and exacerbating the disease[12-14,19]. Besides genetic defects in IL10 and its receptor, a
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Table 2 Variants/mutations in Crohn's disease candidate genes and the alteration of intestinal microbiome
Ref.
[6,19]

Gene

Human/animal

Major findings

IL10

Il10-/- mice

Decrease in diversity and richness
↑Proteobacteria and Escherichia coli
(during onset of inflammation)
↓Bacteroidetes and Firmicutes

Current study

IL10RA

Human cohort

Decrease in diversity and increase in
variability
↑Firmicutes, Enterococcaceae,
Enterococcus, Lactobacillales, Bacilli,
and Micrococcales
↓Bifidobacteriales, Bifidobacteriaceae,
Bifidobacterium, Veillonellaceae,
Clostridiales, Clostridia,
Selenomonadales, and Negativicutes

[4,7,20]

NOD2

Human cohort

NOD2

Nod2-/- mice

↓Roseburia, Faecalibacterium
prausnitzii, Bacteroides and Bacteroidia
↑Eubacteriaceae and Enterobacteriaceae

[21]

Decrease in diversity and richness
↑Bacteroides, Bacteroidaceae, and
B.acidifaciens
↓Proteobacteria, Helicobacter hepaticus,
and Desulfovibro spp

[22]
[4]
[23]

ATG16L1

Human cohort

↑Fusobacteriaceae

CARD9

Human cohort

↓Firmicutes

CARD9

Card9-/- mice

Decreased stability
↓Adlercreutzia, Actinobacteria, and
Lactobacillus reuteri

set of causal variants and causative genes have also been identified in IBD. Variants of
genes that affect the risk of IBD and have been associated with altered composition of
the microbiome are listed in Table 2. These genes are involved in the intestinal
immune response to microbes. For instance, impaired function of nucleotide-binding
oligomerization domain-containing protein 2 (NOD2) in sensing the bacterial
lipopolysaccharide may cause an increase in bacteria that produce these products
(e.g., Escherichia species and Bacteroides vulgatus)[4,7,20,21]. Caspase recruitment domain
family member 9 (CARD9) was shown to affect the composition of the gut microbiota
by altering the production of microbial metabolites[23]. Mutations in ATG16L1 were
found to decrease the secretion of antimicrobial peptides by Paneth cells and to impair
the elimination of specific bacteria through phagocytosis [ 2 2 ] . In addition,
polymorphisms in MHC class II genes affect the production of IgA in response to
microbes[27]. In NHE3-deficient mice, altered electrolyte transport and mucosal pH
may represent a key mechanism of reduced colonic microbial diversity[27]. We found
no mutual microbial changes between patients with IL10RA mutations and those with
other reported risk variants in IBD; this indicates that IL10 signaling defects may
impact the microbiota via other pathways. Defects in STAT3, the signaling molecule
downstream of IL10 receptors, have been recently implicated in skin microbial
imbalance. In addition, failure of the MyD88-Stat3 signaling in Treg cells was shown
to result in dysbiosis[28,29].
IBD is a heterogenous disease. Owing to considerable dissociation between clinical
symptoms and mucosal inflammation in CD, development of therapeutic strategies
targeting different sub-groups of patients based on age, disease severity, and disease
location is a key challenge. Versions of PCDAI exhibited only a fair correlation with
SES-CD (r = 0.33-0.45)[18]. Few studies have performed parallel scoring of the dysbiosis
index, SES-CD, and wPCDAI. The MINI index was also validated in our cohort, but it
showed no superiority in the accordance of SES-CD. We found that the correlation
between SES-CD and wPCDAI was stronger in the IL10RA group.
This observational study was a pilot effort to characterize IL10RA-specific
microbial alterations and has several limitations. First, the descriptive nature of the
study does not permit any causal inferences. Prospective trials enrolling larger
treatment-naive populations at high risk with longitudinal follow-up would provide
insights into the role of microbes in the onset of inflammation. Second, 16S rRNA
sequencing has its limitations; shotgun metagenomic sequencing with a higher
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Figure 2 Community barplot and Kruskal-Wallis H test bar plot of the relative abundance of microbiome at
phylum level (A, B) and LEfSe bar of the different taxa between groups using the linear discriminant analysis
(C). Taxa with higher linear discriminant analysis scores had a greater effect on the dysbiosis in each group. IL10RA:
IL10RA group; CD: Crohn's disease group; HC: Healthy control group; LDA: Linear discriminant analysis.

taxonomic resolution may capture microbial shifts in full complexity. Further
investigations may be warranted to identify the shifts in functional or metabolic
capabilities of the microbiome. Third, comparison between CD patients and those
with IL10RA mutations was not corrected for other factors; patients with IL10RA
mutations are young and typically have a greater propensity for colonic disease.
In summary, the advent of new methodologies can facilitate a better understanding
of the interactions between genetic factors and the gut microbiome. To the best of our
knowledge, this is the first report of microbial dysbiosis in this sub-population of IBD
patients with IL10RA mutations; our findings may facilitate further attempts to
develop microbial therapeutics. Gut dysbiosis in patients with IL10RA mutations
showed a moderate association with disease severity in this study. Further studies
should focus on the precise role of the microbiota in the etiology of IBD in terms of
host genetic susceptibility; this constitutes an attractive target for a given host
genome.
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Table 3 Correlation of dysbiosis index with clinical variables
Variable

Combined, r1 (P value)

IL10RA, r (P value)

CD, r (P value)

wPCDAI

0.52 (0.002)

0.51 (0.040)

0.54 (0.027)

SES-CD

0.48 (0.005)

0.51 (0.044)

0.35 (0.174)

MINI index

0.26 (0.131)

0.32 (0.213)

0.17 (0.510)

CRP, mg/L

0.11 (0.532)

0.16 (0.526)

0.18 (0.493)

IL6, pg/mL

0.17 (0.346)

0.22 (0.417)

0.01 (0.961)

Hb, g/L

-0.54 (0.0009)

-0.56 (0.022)

-0.51 (0.037)

Disease duration (mo)

-0.35 (0.045)

-0.50 (0.043)

-0.40 (0.109)

1

Spearman's rank order correlation coefficient. wPCDAI: Weighted pediatric Crohn's disease activity index; SES-CD: Simple endoscopic score for Crohn's
disease; MINI: Mucosal-inflammation non-invasive; CRP: C-reactive protein; IL6: Interleukin 6; Hb: Hemoglobin.

ARTICLE HIGHLIGHTS
Research background
Several studies have employed animal models to explore the association between microbiota and
interleukin (IL)10 signaling; however, limited information is available about the human
microbiome. To the best of our knowledge, this is the first report of microbial dysbiosis in this
sub-population of inflammatory bowel diseases (IBD) patients with IL10RA mutations.

Research motivation
Patients with IL10RA mutations had early disease onset and experienced more severe colitis.
Recent studies have revealed an association between host genetic variants and gut microbial
changes; in addition, the underlying interactions were found to contribute to the onset and
severity of IBD. However, the role of microbiota in patients with infantile-onset IBD who have
IL10 signaling defects is not clear. Our findings may facilitate further attempts to develop
microbial therapeutics in these patients.

Research objectives
We aimed to characterize the microbiome in patients with IL10RA mutations and to explore the
association between gut dysbiosis and disease severity. We observed a reduced diversity and
increased variability of gut microbiome in patients with IL10RA mutations. We also explored the
association between intestinal dysbiosis and the disease severity in these patients. Further
studies should focus on the precise role of the microbiota in the etiology of IBD in terms of host
genetic susceptibility; this constitutes an attractive target for a given host genome.

Research methods
Fecal samples were collected from patients who were diagnosed with loss-of-function mutations
in the IL10RA gene. Age-matched volunteer children were recruited as healthy controls. Patients
with Crohn's disease (CD) were used as disease controls to standardize the antibiotic exposure.
Microbial DNA was extracted from the fecal samples. All analyses were based on the 16S rRNA
gene sequencing data.

Research results
Seventeen patients with IL10RA mutations, 17 patients with pediatric CD, and 26 healthy
children were included. Both patients with IL10RA mutations and those with CD exhibited a
reduced diversity of gut microbiome with increased variability. The relative abundance of
Firmicutes was substantially increased in the IL10RA group. On further comparison of the
relative abundance of taxa between patients with IL10RA mutations and healthy children, 13
taxa showed significant differences. The IL10RA-specific dysbiosis indices exhibited a significant
positive correlation with weighted pediatric CD activity index and simple endoscopic score for
CD. This observational study was a pilot effort to characterize IL10RA-specific microbial
alterations and does not permit any causal inferences.

Research conclusions
In patients with IL10RA mutations and early onset IBD, gut dysbiosis showed a moderate
association with disease severity. In this study, clinical variables of IL10RA-deficient patients
(such as disease course) were linked with changes in the stool microbiome, which implies
potential clinical relevance of the changes in microbial populations.

Research perspectives
16S rRNA sequencing has its limitations; shotgun metagenomic sequencing with a higher
taxonomic resolution may capture microbial shifts in full complexity. Further investigations may
be warranted to identify the shifts in functional or metabolic capabilities of the microbiome.
Prospective trials enrolling larger treatment-naive populations at high risk with longitudinal
follow-up would provide insights into the role of microbes in the onset of inflammation.
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Abstract
BACKGROUND
Splenic artery aneurysm (SAA) and pseudoaneurysm are rare vessel’s lesions.
Pseudoaneurysm is often symptomatic and secondary to pancreatitis or trauma.
True SAA is the most common aneurysm of visceral vessels. In contrast to
pseudoaneurysm, SAA is usually asymptomatic until the rupture, with high
mortality rate. The clinical onset of SSA’s rupture is a massive life-threatening
bleeding with hemodynamic instability, usually into the free peritoneal space and
more rarely into the gastrointestinal tract.
CASE SUMMARY
We describe the case of a 35-year-old male patient, with negative past medical
history, who presented to the emergency department for massive upper
gastrointestinal bleeding, severe anemia and hypotension. An
esophagogastroduodenoscopy performed in emergency showed a gastric bulging
in the greater curvature/posterior wall with a small erosion on its surface, with a
visible vessel, but no active bleeding. Endoscopic injection therapy with
cyanoacrylate glue was performed. Urgent contrast-enhanced computed
tomography was carried out due to the clinical scenario and the unclear
endoscopic aspect: The radiological examination showed a giant SAA which was
adherent to posterior stomach wall, and some smaller aneurysms of the left
gastric and ileocolic artery. Because of the high risk of a two-stage rupture of the
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giant SAA with dramatic outcome, the patient underwent immediate open
surgery with aneurysmectomy, splenectomy and distal pancreatectomy with a
good postoperative outcome.
CONCLUSION
The management of a ruptured giant SAA into the stomach can be successful
with surgical approach.
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Core tip: Splenic artery aneurysm (SAA) is a rare vessel’s lesion, despite is the most
common aneurysm of visceral vessels. We present herein, a rare case of spontaneous
rupture of a giant SAA into the stomach, in a previously healthy male patient. This case
highlights the importance of the contrast enhanced computed tomography in case of
unclear endoscopic aspect and the urgent surgical treatment in order to prevent a twostage rupture.
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INTRODUCTION
An aneurysm is a dilation of the lumen of the artery, usually due to pathological
changes taking place in its wall. Usually, the pathology concerns elastic fibers and
smooth muscle cells of the middle part of the vessel (e.g., fibromuscular dysplasia,
collagenopathy and atherosclerosis)[1]. There are true and false aneurysms. In a true
aneurysm, the vessel wall thins and bulges as a consequence of the damage of elastic
and muscle elements, which are replaced by non-elastic connective tissue bulging
under the pressure of blood. In most of the case, a false aneurysm is a lesion of the
vessel secondary to a trauma or to adhering inflammatory processes of the
surrounding tissue. Splenic artery aneurysm (SAA) is quite rare, although it is the
most frequent among the visceral vessel aneurysms with an incidence of 0.2% to 2%,
and it is the third most frequent intra-abdominal aneurysm[2]. The annual risk of
rupture of a SAA is among 2%-10%. These lesions have a higher incidence in females
(4:1), presenting as clinical emergencies in 22% of the cases, with an overall mortality
rate of 8.5%[3].
Small SAAs (up to 2 cm) are usually asymptomatic and considered incidental
findings [4] . Conversely, larger SAAs (5 cm) are symptomatic and can leads to
complications [5] . A giant SAA measure more than 10 cm in size and is rather
uncommon[6]. The risk of rupture in giant SAAs is up to 28%[7], with a mortality rate of
40%[8]. Usually SAAs can break into the peritoneal cavity, less than 30% of them
perforate into the lumen of intra-abdominal visceral organs[9]. Rupture of a SAA with
erosion into the stomach is a rare cause of massive upper gastrointestinal bleeding
(UGIB). The gastric fistula of a true giant SAA is even more rare and usually leads to
death.
We report the case of a patient presented with massive UGIB who was found to
have a true giant SAA. He was successfully treated using both endoscopic and
surgical approach. This case report is, to our knowledge, the first case with a good
outcome after sequential endoscopic and surgical approach of a giant true SAA
presenting with massive UGIB, following its rupture into the stomach.
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CASE PRESENTATION
Chief complaints
A previously healthy 35-year old male was referred from the emergency department
(ED) of a primary care hospital to the ED of a level-1 hospital for one episode of
massive UGIB.

Physical and Laboratory examinations
On admission, he presented signs of hypovolemic shock with paleness, sweating, low
blood pressure (BP of 100/50 mmHg), tachycardia (105 bpm) and acute anemia
(hemoglobin level of 9.9 d/dL on first check, and of 8 d/dL on second one). A
previously placed nasogastric tube showed drainage of 300 cc of blood.

History of past illness
No significant past medical history was recorded as well as drugs intake or alcohol
abuse.

Further work-up
Intensive treatment including fluids challenge, blood transfusion of one unite of red
blood cell, broad spectrum antibiotic and proton pump inhibitor intravenous (IV)
therapy was started.

Imaging examinations
An esophagogastroduodenoscopy (EGD) was performed in emergency setting, with a
standard gastroscope (Olympus Medical System® GIF-Q160). Endoscopy showed the
presence of a non-pulsatile bulging at the proximal third of greater curvature/
posterior wall of the corpus of the stomach (Figure 1). The gastric bulging measured
among 3 cm in diameter and presented a small erosion on its surface with a visible
vessel, but no active bleeding at the moment of the examination, despite the gastric
cavity was quite full of fresh blood. An endoscopic cyanoacrylate glue injection was
performed (n-Butyl 2-cyanoacrylate, Glubran®2, GEM, Italy): The glue was delivered
into the lesion through a 23-gauge injection needle catheter (Cook-Medical Inc.),
followed by injection of 1.2 cc of sterile water. No other lesions of the upper GI tract
were detected during the EGD.
The clinical scenario and the finding of such uncommon gastric lesion in a healthy
young man with negative past medical history led us to perform an urgent contrastenhanced computed tomography (CT) after the EGD.
At the CT angiography (Figure 2), the middle and distal third of the splenic artery
were fully replaced by a giant aneurysm (10.5 cm in maximum diameter); it was
packed to the posterior wall of the stomach, with a plugged fistula. No active bleeding
was noted, confirming that EGD treatment was successuful. The opacification of the
aneurysm was partial, because of its large volume and low pressure. Two small
aneurysms (< 2 cm in size) of the left gastric and ileocolic artery were also detected.

FINAL DIAGNOSIS
Histology of the resected specimen showed a spleen with features of congested and
dilated vessels of the surface and a normal sample of distal pancreas. An aneurysmal
dilatation of the middle-distal part of splenic artery was measuring 11 cm × 7 cm and
it could be considered true since it was fusiform, involving all the wall layers and
with no surrounding inﬂammation. Distorted elastin configuration, high collagen
content, reduced number of smooth muscle cells, and a high number of medial
microvessels and inflammatory cells were observed (Figure 3).

TREATMENT
According to the available literature, coil embolization of the aneurysm was
considered unfit for its size. Therefore, given the life-threatening related to an
impending two-stage rupture of the giant SAA, after informed consent statement, the
patient underwent immediate open surgery.
At laparotomy, no free fluid or emoperitoneum were evident. The aneurysm was
located in the distal part of the splenic artery and strictly aderent to the pancreatic tail
and the posterior wall of the stomach and fissureted at this level; it was undissectable
from the other structures and with high risk of uncontrolled rupture. Due to those
characteristics, after isolation of the origine of the splenic artery to obtain a good
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Figure 1

Figure 1 Esophagogastroduodenoscopy findings. A: Bulging at the proximal third of greater curvature/posterior
wall of the stomach (arrow); B and C: Minute erosion on the bulging surface with a visible vessel (arrow); D:
endoscopic cyanoacrylate glue injection into the lesion through a 23-gauge needle catheter (+).

vascular control, in case of unintended rupture of the giant aneurysm during surgical
manipulation, a standard distal splenopancreasectomy was performed including the
aneurysm; in order to obtain the en-bloc excision of the aneurysm, also a wedge
resection of the posterior gastric wall including the ulcer was carried out (Figure 4).

OUTCOME AND FOLLOW-UP
The length of postoperative care was two weeks, without complications. During the
hospital stay the patient underwent radiological and clinical work-up. Total body
multi-slice CT scan with IV contrast was performed in order to exclude any other site
of visceral aneurysms (chest and brain). Disease such as arterial and portal
hypertension, atherosclerosis, diabetes, alpha-1-antitrypsin deficiency, liver cirrhosis
and collagenopathy were ruled out. Full antibody screening test was negative.
Thrombophilia molecular screening evidenced only a heterozygous mutation in the
MTHFR gene, that is not related, as reported in literature, to thrombophilia[10].

DISCUSSION
SAAs are mostly detected incidentally during various imaging studies. Those are also
occasionally founded at emergency exploratory laparotomies performed for
hemoperitoneum or during autopsy. Upper abdominal pain and severe dysphepsia
are the most commonly reported symptoms for ruptured SAAs[11]. Our patient had a
rare onset of rupture with massive UGIB, without previous symptoms of alarm.
Risk of rupture for true aneurysms is very low (2% to 3%), but it becomes seriously
high for pseudoaneurysms (37% to 47%) with 90% mortality rate[12]. Spontaneous
ruptures of true SAAs are more frequent in case of aneurysms larger than 2 cm in
diameter and during the third trimester of pregnancy[12-15].
SAA rupture into stomach following fistula formation is less common than into the
peritoneal cavity and it is rarely secondary to a true SAA [16-18] . A few cases of
suspected true SAAs with intragastric rupture were reported, but the final histology
did not confirm them to be true aneurysms[16,19]. In contrast, intragastric bleeding is a
common feature of pseudoaneurysms of the splenic artery[20,21].
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Figure 2

Figure 2 Computed tomography angiography. A: Non contrast enhanced computed tomography (CT) shows a large mass, with partially calcified wall, adjacent to
the spleen; B and C: The opacification of the aneurysm is partial and low, because of its large volume and low pressure; C: It is packed to the posterior wall of the
stomach (arrow head); D and E: Two small aneurysms of the left gastric artery (D, arrow) and ileocolic artery (E, arrow) are also evident; F: After contrast injection, CT
shows a splenic artery fully replaced by a giant aneurysm (10.5 cm in maximum diameter, panel f, coronal view), partially thrombosed.

In case of intraperitoneal rupture of a SAA, the patient presents with acute
abdomen and hypovolemic shock[22,23]. In those case SAA rupture may be sudden, or
can take place in two stages, which occurs in 20 to 25% of cases[24]. “Double rupture” is
a well described manifestation for intraperitoneal bleeding of true SAA, with a first,
short, plugged bleeding into the lesser sac followed by more conspicuous bleeding
into the peritoneal cavity.
Until now, only one case of recurrent intragastric bleeding from a true but small (<
3 cm) SSA was reported[25]. In their experience, De Silva et al[25] described the case of a
young patient who presented with a first massive episode of UGIB and abdominal
pain, followed by recurrent intragastric bleeding with initial negative EGD. The
patient had a prolonged intermediate stable period, with a certain delay in making
diagnosis followed by sudden circulatory collapse and savage laparotomy.
Giant true SAAs with penetrating fistula to stomach are extremely rare and fatal
events. Our patient presented a sudden massive UGIB. The emergency endoscopy
detected recent signs of bleeding and a gastric lesion with uncommon features, in
relation to negative past medical history of the patient. Endoscopic haemostatis with
glue injection was performed to guard against any trouble re-bleeding and an urgent
CT angiography was carried out for further investigation, leading to the diagnosis of a
giant SSA.
A few similar cases of prompt diagnose of SAA were reported: A case of double
rupture of a splenic artery pseudoaneurysm, with negative EGD and ultrasonography[21]. Another case of a SAA was suspected by Tannoury et al[26] after seeing
during endoscopy a submucosal non-pulsatile gastric lesion. Boschmann et al [27]
reported a case in which an abdominal ultrasound scan was crucial to suspect a SAA
in a patient with recurrent GI bleeding.
Nowadays, no common guidelines are available for the management of SAA. Level
1 evidences are not available since the disease is rare, so the majority of studies are
retrospective and with few patients. Small (< 2.0 cm) and asymptomatic SAAs can be
followed up with radiological imaging[28]. Asymptomatic true aneurysms exceeding 2
cm in size are at a high risk of rupture, and so treatment is recommended [29-34] .
Pseudoaneurysms should be treated because their risk of rupture is not related to
their size[35]. Treatment is necessary for SAA that are growing rapidly, symptomatic,
or ruptured[36].
Treatment options include open surgical, laparoscopic, endovascular or
percutaneous transabdominal repair. The endovascular techniques most used include
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Figure 3 Morphological findings in keeping with aneurysm of the splenic artery. At histology (surgical specimen
stained with haematoxylin and eosin at 4 ×) there is evidence of marked alterations of the vascular wall, with
destruction of the internal elastic lamina and partial dissection, myxoid degeneration and phlogistic infiltrate, smooth
muscle hyperplasia in tunica media, destruction of the elastic fibers of the vessel wall.

embolization with or without stent, thrombin or Gelfoam injection, administration of
glue, plug placement, particle injection. Usually, in giant SAA, this can be a pre
surgical treatment, in order to reduce the intra operative risk of bleeding.
Surgical intervention is the most commonly described treatment modality for giant
SAA in literature, with an overall success rate (98%) comparable to that of recent
series[11,30]. This approach is particularly indicated in treating aneurysms that cause
mass effect, hemodynamic instability, in case of artero-venous fistula presence or
concomitant other complications [11] . The size and local anatomy of giant SAA,
however, create possible difficulties in surgical treatment. First, vascular control of the
proximal splenic artery is difficult to obtain and necessitates additional maneuvers, to
gain retroperitoneal access to the celiac trunk[37]. Second, giant SAAs can be usually
associated with fistula formation or tight adherence to adjacent organs, which request
further visceral resection as in our reported case.
The laparoscopic approach has recently been reported to be a safe and feasible
treatment in SAA management; it gives the advantages of lower morbidity, shorter
procedure and hospital stay when compared with open surgery. Nonetheless, it has
rarely been used for management of giant SAA in emergency setting[38,39].

CONCLUSION
Although rare, true SAAs can result in intragastric rupture with catastrophic GI
bleeding. The diagnosis of SAA should be excluded in case of recurrent UGIB with no
other pathological evidence or when a subspected gastric lesion is detected after a
massive haematemesis in an otherwise healty-patient. Perhaps, in this setting, the
avilability of the ecoendoscopy could be helpful to promptly diagnose the SAA. The
possibility of double or multiple ruptures should be considered when managing
patients with SAA.
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Figure 4

Figure 4 Surgical findings. A and B: Giant aneurysm adhered to the posterior wall of the stomach, and macroscopically normal distal pancreas.
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