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Abstract

Nonalcoholic fatty liver disease (NAFLD) or metabolic-associated fatty liver
disease has been characterized by the lipid accumulation with injury of
hepatocytes and has become one of the most common chronic liver diseases in the
world. The complex mechanisms of NAFLD formation are still under identi-
fication. Carnitine palmitoyltransferase-II (CPT-II) on inner mitochondrial
membrane (IMM) regulates long chain fatty acid p-oxidation, and its abnormality
has had more and more attention paid to it by basic and clinical research in
NAFLD. The sequences of its peptide chain and DNA nucleotides have been
identified, and the catalytic activity of CPT-II is affected on its gene mutations,
deficiency, enzymatic thermal instability, circulating carnitine level and so on.
Recently, the CPT-II dysfunction has been discovered in models of liver lipid
accumulation. Meanwhile, the malignant transformation of hepatocyte-related
CD44* stem T cell activation, high levels of tumor-related biomarkers (AFP, GPC3)
and abnormal activation of Wnt3a expression as a key signal molecule of the
Wnt/B-catenin pathway run parallel to the alterations of hepatocyte pathology.
This review focuses on some of the progress of CPT-II inactivity on IMM with
liver fatty accumulation as a possible novel pathogenesis for NAFLD in hepato-
carcinogenesis.
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Core Tip: The complex mechanisms of nonalcoholic fatty liver disease formation are still under identi-
fication. Hepatic carnitine palmitoyl transferase-II (CPT-II) on inner mitochondrial membrane regulates
long chain fatty acid f-oxidation and this abnormality has had more attention paid to it by basic and
clinical research. The sequences of its peptide chain and DNA nucleotides have been identified and the
catalytic activity of CPT-II is affected on its gene mutations, deficiency, enzymatic thermal instability,
circulating carnitine level and so on. CPT-II dysfunction has been discovered in models of lipid accumu-
lation. Meanwhile, the malignant transformation of hepatocyte-related CD44* stem T cell activation, high
levels of tumor-related biomarkers and abnormal Wnt3a expression as a key signal molecule of the Wnt/(3-
catenin pathway run parallel to the alterations of hepatocyte pathology.

Citation: Yao M, Zhou P, Qin YY, Wang L, Yao DF. Mitochondrial carnitine palmitoyltransferase-1I dysfunction:
A possible novel mechanism for nonalcoholic fatty liver disease in hepatocarcinogenesis. World J Gastroenterol
2023;29(12): 1765-1778

URL: https://www.wjgnet.com/1007-9327/full/v29/i12/1765.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i12.1765

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) or metabolic-associated fatty liver disease (MAFLD) is a
general term of liver diseases characterized by inflammation, fatty accumulation and hepatocyte
dysfunction, except of alcohol or other clear liver injury factors[1-3]. Up until now, NAFLD has become
a potentially serious liver disease that affects approximately 25% of the adult population in the world
[4], and is divided into non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH) with
or without liver fibrosis[4,5]. It has been shown that balloon like hepatocyte injury is based on NAFL.
Most patients have no obvious symptoms and may not be diagnosed until they develop into liver
cirrhosis or progress to hepatocellular carcinoma (HCC), and the effect of early clinical screening is poor
[6]. Once NAFLD progresses to liver cirrhosis, it is difficult to reverse and there is a risk that HCC can’t
be ignored. Not only that, it also involves the occurrence of multiple systemic diseases in the body
which are closely related to cardiovascular disease, chronic kidney disease and colorectal tumor which
all threaten human health[7,8]. Therefore, finding the monitoring target in the malignant transformation
of NAFLD has practical clinical significance for the prevention of NAFLD-related liver malignant
diseases[9].

Lipid metabolism rearrangements in NAFLD contribute to disease progress that has emerged as one
of the most risks for HCC, where metabolic reprogramming is a hallmark[10]. Hepatic carnitine
palmitoyl transferases (CPTs) are critical for long-chain fatty acids (LCFAs) -oxidation, as they are
capable of transport through the mitochondrial membrane[11]. CPT is made up of two separate proteins
(CPT-1 and CPT-II). CPT-I is located in the outer mitochondrial membrane (OMM) with three isoforms
(liver CPT1a, muscle CPT1b and brain CPT1c) and CPT-II is in the inner mitochondrial membrane
(IMM)[12,13]. The amino acid and cDNA nucleotide sequences of the ubiquitous CPT-II have been
elucidated. The mutations or dysregulation of the CPTs, which are associated with many serious and
even fatal diseases, are promising targets for developing drugs to treat type 2 diabetes (T2D) and
obesity[14,15]. Dysregulated lipid metabolism is involved in human diseases, including chronic inflam-
matory diseases and inflammatory-related tumors[16]. CPTs play an important role in lipid metabolism
and fatty acid oxidation (FAO) in mitochondria. CPT-II has been confirmed as a rate-limiting enzyme
and in regulation of host immune responses[17,18]. However, the pathological role of CPT-II alteration
with NAFLD remains to be identified[19]. This review summarizes the latest research findings of CPT-
11, which are important for accurate or early monitoring of NAFLD malignant transformation.

CPT2 STRUCTURE

The most important function of the CPT family is to ensure that fatty acids enter the mitochondria for -
oxidation. Transmembrane protein CPT-I is located in OMM and CPT-II is in IMM. Human CPT-II gene
(CPT2) as an autosomal recessive trait encoded gene localizes on chromosomes 1 (1p32) and the gene
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full length contains 3090 nucleotides and 5 exons, which can encode the enzyme protein peptide chain
composed of 658 amino acids[20]. Summaries of CPT2, CPT-II and total numbers of its reported mutated
sites are shown in Table 1. Human CPT-II (NM_000098) is a mitochondrial protein in IMM. CPT-II
together with CPT-I oxidize LCFA in the mitochondria and play pivotal roles in the LCFA transport
across the mitochondrial membrane for p-oxidation[21]. In molecular genetic aspects, CPT2 is identified
in about 70% of mutant alleles. There are variations in the CPT2 genome, most of which are single-base
substitutions, small insertions or discrete deletions[22,23]. Among the enzymatic system, CPT-II plays a
rate-limiting role in the entry of fatty acids into mitochondrial FAO and is considered to be a key
component of cellular metabolic homeostasis[24]. Anti-cancer drug oxaliplatin can activate CPT-II in
gastrointestinal cancer cells and promote the catabolism of fatty acids[18]. Knocking down of CPT2 by
patient-derived xenograft models confirmed the regulating role of mitochondrial FAO in Src activation
and metastasis of breast cancer[25]. However, a subset of substitutions, insertion or deletion, tend to
cluster in all exons, especially in exon 4 and exon 5, suggesting that CPT2 clustering is due to a
combination of factors such as the rate of heterogeneous mutations in the genome, biophysical charac-
teristics of exogenous carcinogens, endogenous dysregulation and large mutation events related to
genome instability[26].

The enzymatic system that facilitates the transfer is known as CPT mainly in OMM or IMM and plays
an important role in maintaining its structural and functional integrity. Liver cells must keep related
metabolic homeostasis in a wide range of conditions and meet their ATP needs depending on FAO[27,
28]. CPT-II catalyzes transesterified acylcarnitine’s transferred from cytosol into the intermembrane
space (IMS) and the remaining acyl of acylcarnitine is changed back to CoA on IMM, which is next
available for FAO. Meanwhile, the released carnitine is returned to the IMS of the mitochondrion via
CACT and is available for fatty acid re-transport[29]. However, the deficiency or gene mutation of CPT-
I can significantly affect mitochondrial FAO. Bezafibrate, as a well-known hypolipidemic drug, was
tested to stimulate CPT2 mutation, but it should be a challenge to restore normal LCFA oxidation from a
series of other fatty acid mitochondrial diseases[30,31], indicated that CPT-II not only provides ATP for
liver cells via FAO, but also its down-regulated expression affects the growth and malignant
transformation of hepatocytes via cell damage, related signal molecules, stem cells, immunology and so
on[32]. Therefore, the study of CPT-II will help to understand the pathogenesis and to develop a
promising treatment of NAFLD.

Previous studies of CPT2 mutations have identified the presence of single-base substitutions, and
many other events such as double-base and multiple-base substitutions, insertions or deletions. The
reported mutations among all five exons of CPT2 and 89 mutated sites are shown in Table 2[33,34]. Most
of CPT2 or CPT-II mutations are located in exon 4 or exon 5. Biochemical consequences of these
mutations are still controversial. The ¢.338 C>T (P.S113L) variant can be detected in most cases of
Caucasians; in Japanese, ¢.1148 T>A (P.F383Y) is the most frequent variant allele and can obviously
cause severe infant forms of symptoms. Among them, it may include deficiency of enzyme protein,
enzyme inactivity or abnormality of enzymatic regulation. The protein encoded by this gene is a nuclear
protein which is transported to the IMM. Due to the low activity, thermal instability, and short half-life
of CPT-II, the CPT II variant exerts a dominant negative effect on homologous tetrameric proteins
associated with mitochondrial LCFA oxidation impairment[35]. Recently, based on animal models or
clinical studies, the crystal structures of CPT-II were determined in uninhibited forms and in complexes
with inhibiting substrate analogs with anti-diabetic features. The crystal structures have a deep
understanding of the enzymatic structure-function relationship which is conducive to the discovery of
new inhibitors through structure-based drug design[36].

MITOCHONDRIAL CARNITINE SHUTTLE SYSTEM

Using fatty acids as ATP requires more than 20 enzymes and transporters, which are involved in the
activation and transport of fatty acids into the mitochondria. The membrane transport system of fatty
acid B-oxidation in mitochondria is shown in Figure 1. Mitochondrial FAO is one of the major pathways
for fatty acid degradation and is critical for maintaining ATP balance in the human body[37,38]. When
the glucose supply is limited, fatty acids are an important source of energy after absorption and during
fasting. But even when glucose is sufficient, FAO still is the main source of energy for human tissues. A
series of enzymes, transporters and other facilitating proteins with biochemistry and physiological
functions are involved in FAO (Figure 1). The role of CPT in the LCFA oxidation, and this system
includes CPT-I, carnitine-acylcarnitine translocase (CACT) and CPT-II. The acyl-CoA synthetase located
in OMM catalyzes fatty acids to form acyl-CoA with ATP and CoA participation, and then, transports
long-chain acyl-CoA by the delivery system into mitochondria, that is a carnitine shuttle system to enter
the process for p-oxidation. Most genes encoding CPT-II are known to be recessive genetic defects and
the clinical manifestations of the related diseases may include hypoglycemia, cardiomyopathy,
arrhythmias and rhabdomyolysis; It also illustrates the importance of FAO during fasting and in liver
and (heart) muscle function[39,40].
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Table 1 Summary of CPT2 gene and reported mutation sites

Mutation sites

Exon Size in bp Nucleotides Amino acids Mut. no.
Amino acids Others
1 668 1-668 1-51 5 2 3
2 81 669-749 52-78 4 2 2
3 107 750-856 79-113 5 3 2
4 1305 857-2161 114-548 59 49 10
5 929 2162-3090 549-658 16 12 4

Mut no.: Total numbers of nucleotide mutation including insertion, delete or peptide variation from codon substitution; Others: Mutations from double or

more nucleotide insertion, deletes and so on.

Table 2 List of known human carnitine palmitoyltransferase-ll mutated sites[33,34]

Exon Amino acid substitution

Others

1 Pro41Leu; Pro50His

2 Pro55Arg; Ala67Gly

3 Cys84Arg; Alal01Val; Ser113Leu

36-38 insGC; 6_43dupGGGCCC;
113_114dupGC

182_203del 22; 153-1G>A (Intron 2)’

256_257del AG; 232+1G>A (Intron 3)’

4 Tyr120Cys; Leul21GIn; Argl124Gln; Argl24Ter; Asn146Thr; Arg151Gln; Argl51Trp; Argl61Trp; 1569_1570delCA; 1444_1447del ACAG;
Lysl64Ter; Argl67GIn; Prol73Ser; Glul74Lys; Tyr210Asp; Asp213Gly; Met214Thr; GIn216Arg; 1634_1636delAAG; 1646_49del;
Pro227Leu; Arg231Trp; Arg247Trp; Lys274Met; Arg296GIn; Arg296Leu; Arg296Ter; Gly310Gly; 1273_1274delAC; 1238_1239delAG;

Cys326Tyr; Asp328Gly; Met342Thr; Phe352Cys; Val368lle; His369GIn; Arg382Lys; Phe383Tyr; 1543_1546delGCCT; 907_918ins11; 533insT;
GIn413GIn; Phe448Leu; Argd50Ter; Gly451Glu; Glu454Ter; Lys457Ter; Tyr479Phe; Tyr479Cys; 534-558del25; 1645+5G>A (Intron 5)l
Gly480Arg; Glu487Lys; Gly497Ser; 11e502Thr; Arg503Cys; Pro504Leu; Phe516Ser; Glu545Ala

5 Arg560GIn; Leu575Pro; Asp576Gly; Ser588Cys; Ser590Asn; Gly600Arg; Pro604Ser; Val605Leu; 1816_1817delGT; 1923_1935del; 340+1G>A
Asp608His; Tyr628Ser; Arg631Cys; Leu644Ser (Intron 4) 1 340+5G>A (Intron 4)l

ntron.

Mutations are listed on Human Gene Mutation Database from Stenson et al[33] and Yao et al[30].

JBaishideng®

The carnitine shuttle system controls fatty acid translocation across the mitochondrial membrane. Key
enzymes determine the competition of glycolysis vs mitochondrial FAO defined by the Randle cycle.
This transport system with CACT is an important part of fatty acid esterification through OMM and
IMM of mitochondria (Figure 1). First, CPT-I at OMM catalyzes long-chain acyl-CoA along with
carnitine conversion to long-chain acylcarnitine and CoA is transported to the mitochondrial interior
with help of translocase on the mitochondrial intima[41,42]. After that, the transesterified acylcarnitine’s
are transported from the cytosol into the IMM space as CACT acylcarnitine releases carnitine by CPT-II
catalysis, and converts it to an acyl group from carnitine to acyl-CoA, available for B-oxidation. Released
carnitine returns to the IMM space of the mitochondria for fatty acid re-transport[43]. CPT-II plays an
important regulatory role in FAO and its function affects fatty acid metabolism. More importantly, CPTs
in the carnitine shuttle system can be used as a drug target to reduce gluconeogenesis or restore
liposome balance. Therefore, it has the potential value of gene therapy or immunotherapy, and the
further study of the mechanism of CPTs could provide useful ideas for clinical treatment of related
diseases[44,45].

EFFECT FACTORS OF CPT-Il ACTIVITY

Lipid metabolism involves a variety of biological processes, including the most important lipid
metabolic pathway (FAO with carnitine shuttle system). The mutations or dysregulation of hepatic CPT-
IT have been linked to many serious or even fatal human diseases, and it should be a promising target
for developing drugs to treat T2D or obesity[46]. However, the deficiency, over-expression or
inactivation of liver CPT-II might ultimately lead to disruption of immune homeostasis, thereby
increasing the risk of various inflammatory diseases and even tumors. There is some evidence that CPT-
IT or the associated mitochondrial LCFA are involved in the development and progression of these
related diseases. Thus, the agonists or inhibitors targeting the CPTs or carnitine shuttle system have
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Figure 1 Transport system of fatty acid oxidation in outer mitochondrial membrane and inner mitochondrial membrane[11,65]. Fatty acid p-
oxidation is catalyzed by enzymes located in outer and inner mitochondrial membrane to form acyl-coenzyme A (CoA) in the participation with ATP and CoA.
Carnitine palmitoyltransferase (CPT)-I promotes the conversion of acyl-CoA to acyl-carnitine that is transported to mitochondrial interior with the help of translocase
on the intima of mitochondria. Under the catalysis of CPT-Il, acylcarnitine releases carnitine, and then converted to acyl-CoA to enter B-oxidation. The CPT system
with carnitine acyl-carnitine translocase play a vital part in the transport system for esterification of fatty acids through the mitochondrial membrane and CPT-Il as a
key rate-limiting enzyme for fatty acid p-oxidation. OMM: Outer mitochondrial membrane; IMM: Inner mitochondrial membrane; CACT: Carnitine acyl-carnitine
translocase; CPT: Carnitine palmitoyltransferase; CoA: Coenzyme A.

emerged as novel therapies for these diseases[47]. Normal function of FAO in IMM is closely dependent
on the catalytic activity of CPT-II that could be affected by CPT2 variation, the amino acid substitution
of enzyme, inhibition of enzyme activity, circulating carnitine level and so on.

CPT-ll deficiency

Hepatic CPT-II deficiency is one of the most common forms of mitochondrial FAO disorders (FAODs)
and have several clinical presentations that have been known for a long time. However, its phenotypic
variability remains fascinating[48]. The clinical phenotypes of CPT-II deficiency are classified into
muscular, severe infantile and fatal neonatal types. In addition, neonatal-onset CPT-II deficiency is often
accompanied by brain and kidney organ dysfunction features, such as in the 1*mo of life, and is almost
always fatal. Three different phenotypes (neonatal, infant and adult onset) have been identified, all with
autosomal recessive inheritance patterns[49]. The clinical phenotype of adult CPT-II deficiency is mostly
benign, and only with additional external stimuli, such as high-intensity exercise, can lead to major
myopathy symptoms. However, the perinatal and infantile CPT-II deficiency usually involves multiple
organ systems, especially when occurring in the perinatal period as it is the most serious form and is
often fatal[50]. The application of mass spectrometry technology to analyze acylcarnitine profiles in
blood has revolutionized the FAOD diagnosis, including CPT-II deficiency. In most cases, the number of
CPT2 mutations is increasing and there is a clear genotype-phenotype correlation. However, the clinical
variants in some patients might contain other genetic or environmental factors[51].

In the clinical setting, the manifestations of patients with CPT-II deficiency include severe infant liver
disorders, myocardial infarction, fatality in neonates and myopathy (usually mild, from infancy to
adulthood). Some patients have serious multi-system disease that includes liver function failure,
cardiomyopathy, epilepsy, hypoglycemia and premature death, while others are characterized by
muscle pain and weakness which is sometimes accompanied by myoglobinuria[52]. The proband was
diagnosed for CPT-II deficiency by finding a decrease in muscle CPT activity or by identifying a biallelic
variant of CPT2 in a molecular genetics test. A total of six mutations have been identified, including four
new ones. Among those mutations, the S113 L mutation is common in about 50% of the mutant alleles.
Three of the six mutations (3/6) have been found in a few unrelated patients, while others have been
found in only one family with genetic heterogeneity. To date, about 100 CPT2 mutations have been
discovered. Prenatal diagnosis is provided when the risk of infant/severe CPT-II deficiency is 1/4.
Infantile CPT-II presents as a severe hypoglycemic episode of ketoacidosis, occasionally associated with
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heart damage and usually resulting in sudden death before age 1[50]. Treatment for CPT2 deficiency
includes a low-fat diet in rich triglyceride or carnitine and avoiding fasting or hyperkinesis[53].

Thermal instability of CPT-Il

CPT-II activation is associated with disorders of mitochondrial B-oxidation of LCFA in IMM. Based on
the crystal structure of mouse CAT, the active site of CPT-II is located at the interface between two
domains, extending in tunnels through the enzyme protein centers, alone or in complex with its
substrate carnitine or CoA[54]. In this tunnel, carnitine combines with CoA and its opposite is catalytic
His** residue. The information of CPT-II structure provides a molecular basis to understand the
catalytic activity of CAT or to design their inhibitors. In addition, the carnitine might contribute to the
catalytic stabilization of oxygen ions in the reaction intermediates. Hepatic CPT-II is sensitive to
inhibition by metabolites of fatty acids, Triton X-100, or malonyl-CoA[55].

Artificially recombinant His6-N-hCPT2 and His6-N-hCPT2/S113L showed the same enzymatic
activity for wild-type or S113L variants of CPT-II[56]. However, the mutant CPT-II exhibited abnormal
destabilization at 40 °C or 45 °C and was more sensitive to be inhibited by malonyl-CoA. The thermal
solubility of mutant CPT-II, which may explain the symptoms of CPT-II deficiency may mainly occur
during prolonged exercise, infection, and exposure to cold. In addition, CPT II abnormalities are likely
to be largely suppressed when fatty acid metabolism is stressed[54]. The unstable CPT II variants with
enzymatic inactivity might lower mitochondrial fuel utilization under the phenotypic threshold during
patients with hyperthermia, thus suggesting that hepatic CPT-II should play a pathological role in
NAFLD progression.

High-risk patients have thermolabile genetic backgrounds of CPT-II in LCFA metabolism. However,
until now, no related mutation of CPT-II was reported in NAFLD patients[57,58]. Almost fatal or
handicapped virus-associated encephalopathy cases exhibited transiently higher serum LCAC levels
during fever more than 40 °C. The specific activity of patients” CPT-II (0.4 £ 0.06 nMol/min/mg) was
36% of normal control (1.1 = 0.3 nMol/min/mg protein) at 37 °C. The CPT-II specific activity in the
patient group was down to 50% for 2 h at 41 °C, and CPT-II in the normal control group still was 91.4%,
and the sequencing analysis of patients’” CPT2 gene revealed compound (1055T>G/F352C) + (1102G>A/
V368I) heterozygous variations[46,59]. F352C substitution was only reported in the Japanese study, and
V3681 polymorphic variation has relatively mild effects related to CPT-II deficiency[47,60]. The CPT-II
mutation or dysregulation has been linked to more serious, even fatal diseases, and these data should be
promising molecule targets to develop therapeutic agents for NAFLD in future.

Carnitine level

Carnitine as a substance has a wide range of biological functions, including transport of LCAD from the
cytoplasm to the mitochondrial matrix, regulation of acetyl-CoA/CoA, control of acyl transport
between organelles and prevention of oxidative stress[58]. Maintaining normal fat metabolism depends
on carnitine concentration that is synthesized in most eucaryotic organisms[61]. The methylation of
lysine initiates the biosynthesis of carnitine. The formed trimethyllysine is then converted to
butylbetaine in all tissues and finally hydroxylated to carnitine in the liver and released from the tissues,
which are then actively absorbed by all other tissues[62,63]. This transfer requires the enzyme and
transporter that accumulates carnitine within the cell (OCTN2 carnitine transporter), which is
conjugated to LCFA (CPT-I), to transfer acylcarnitine’s through IMM (CACT), and to transfer carnitines
through the IMM (CACT), fatty acids were conjugated back to CoA for subsequent -oxidation (CPT-II).
The regulation of carnitine synthesis is still incompletely understood because the turnover of carnitine
in the human body is slow[64].

Carnitine is essential for proper fat metabolism, producing ATP, and the transport of LFAC or
medium fatty acid chains (MFAC). It attracts LFAC and MFAC, after it breaks them down, and then
takes them to the cell's mitochondria for FAO. And as it turns out, the body burns more fat, providing
the body with more natural energy in the process[65,66]. According to the previous study, using a
carnitine antagonist 3-(2,2,2-trimethylpropionate hydrazine dihydrate, THP) resulted in lipid accumu-
lation with increased liver weight in wild-type mice. The competition between THP and carnitine
inhibited CPT-II activity, resulting in carnitine deficiency, acyl CoA and fat accumulation[67]. Clinical
data showed that the blood carnitine concentration in NAFLD patients was lower than those in healthy
people, and the level in NAFLD cases with liver cirrhosis accounted for only 22% of normal people[68,
69]. The concentration of carnitine in patients with liver disease is low, the fat accumulation in rat liver
tissue, the content of total fatty acids, free fatty acids, short chain fatty acids (SCFC) and LCFA in liver,
and the content of chain, long chain, short chain and total fatty acids in circulating blood also change.
During patients with hepatitis B or hepatitis C virus infection, or with mitochondrial FAODs present
with NAFLD or severe liver diseases, enough carnitine should play an important role in the
mitochondrial carnitine shuttle system, suggesting that circulating carnitine level affects FAO,

ameliorates mitochondrial dysfunction, reduces insulin resistance and improves NAFLD progression
[70,71].
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CPT-Il INACTIVITY IN NAFLD

NAFLD pathogenesis is much more complicated with multi-factorial events. Recently, the low activity
of CPT-II on IMM during NAFLD progression has attracted much attention both in basic and clinical
aspects[72,73]. Although many theories of NAFLD with abnormal lipid metabolism[8,74,75] such as
insulin resistance (IR), lipid peroxidation, cytokine expression, iron overload, genetics, environment,
immunity, drugs, living habits and so on. However, there are still many problems in the study of
NAFLD pathogenesis. According to these theories, the IR stimulates liver fat accumulation and trigly-
cerides, resulting in the first strike to NAFLD formation; then oxidative stress and lipid peroxidation
aggravate hepatocyte injury to develop into the second strike that starts with asymptomatic steatosis,
and continues to cell inflammation, steatohepatitis, fibrosis or hepatocyte malignant transformation[76,
77]; hence a "multiple hit" hypothesis seems a more accurate proposal[78,79]. Up to now, the new
discovery of loss of CPT-II activity has been confirmed in lipid accumulating models that should be one
of the NAFLD mechanisms.

Ideal NAFLD models should correctly reflect both histopathology and pathophysiology, and imitate
certain aspects of NAFLD which are divided into genetic, dietary and combination models referring to
advantages and disadvantages[80,81]. Also, the models based on biological knowledge are reliable and
reproducible, having low mortality, and being compatible with simple and feasible methods, not only in
elucidating pathogenesis for understanding NAFLD but also in examining therapeutic effects of various
agents to develop tools and giving crucial information. Inhibiting CPT-II activity is related to a disorder
of lipid metabolism, which may be related to NAFLD pathogenesis and down-regulating CPT-II in liver
tissues. Gene defects are associated with mitochondrial LCFA oxidation disorders[82,83].

In order to determine the independent and interdependent roles of triglyceride (TG) hydrolysis and
FAO, liver-specific defects in mice were generated in TG hydrolysis (AtgIL7") , FAO (CPT2L"), or both
(double knockout)[73,84]. Loss of a single component of FAO [CPT2, adipose TG lipase (Atgl), and
peroxisome proliferators-activated receptor-a (PPAR-0)] resulting in a major independent effect on the
morphology of liver cells, gene expression, and intermediate metabolism in response to fasting[84].
However, the mice in the high-fat diet (HFD) model revealed an interdependent role for Atgl and CPT2,
as deletion of only one gene lead to NAFLD; But loss of both components leads to significant hepatocyte
inflammation and liver fibrosis[85].

CPT-Il IN HEPATOCARCINOGENESIS

During NAFLD progression, the transcription factors E2f1 and E2f2 contributed to NAFLD-associated
mice HCC and their involvement in metabolic recombination[72,85]. The expressions of E2f1 and E2f2
were significantly increased in the NAFLD-associated HCC in mice induced with HFD plus diethyl-
nitrosamine (Den). However, the E2f1” and E2f2” mice were resistant to DEN-HFD-induced hepatocar-
cinogenesis and were associated with lipid accumulation. The administration of DEN-HFD in the E2f1”
and E2f2-/- mice enhanced FAO and increased expression of CPT2 because of CPT2 as an essential
enzyme for FAO, whose down-regulation was linked to the NAFLD-related hepatocarcinogenesis[86].
The mouse models of obesity-driven and NASH-driven HCC typically exhibit robust steatosis in HCC
cells, as seem to be seen in the human NASH-HCC. The livers and HCC tissues from diethyl-
nitrosamine-injected mice fed either control or HFD were subjected to comprehensive metabolome
analysis[80,87]. Extensive acylcarnitine’s accumulation was seen in liver cancer tissue and in the sera of
HFD-fed mice. A similar increasing level was seen in sera from patients with NASH-associated liver
cancer. The increase of acylcarnitine might be related to the CPT-II down-regulation, suggesting that
acylcarnitine is a surrogate marker of the down-regulation of CPT-II and directly participates in the
development of hepatocarcinogenesis.

The down-regulation of CPT-II caused FAO inhibition which might be the cause of steatosis in HCC.
The knockdown of the CPT2 gene in HCC cells could inhibit the Src-mediated activation of JNK and
produce anti-lipotoxicity. Furthermore, oleylcarnitine promotes spheroid formation in HCC cells
through STATS3 activation[88,89]. HFD feeding and carnitine supplementation synergistically enhance
hepatocarcinogenesis with acylcarnitine accumulation in vivo. The CPT-II level in HCC mice was
significantly lower than those in control or NAFLD mice, and was negatively correlated with the degree
of hepatocyte malignant transformation[90,91]. A series of experiments confirmed that CPT-II was
inactivated, suggesting that low CPT-II expression in IMM might lead to liver lipid accumulation and
participate in promoting NAFLD malignant transformation[92].

CPT-Il INVERSE-CORRELATED WITH HCC MARKERS

Based on clinical and basic evidences, abnormal lipid accumulation was associated with NAFLD
malignant transformation. However, only a few studies have been reported on the relationship between
CPT-II activation and HCC progression. The alteration of CPT-II expression might be an important link
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in the obstruction of FAO and abnormal lipid accumulation[93]. Based on above findings, some scholars
sequenced the whole gene of the mitochondrial CPT-II in NAFLD patients, and found that CPT2
variation was significantly associated with CPT-II activity that might be the key factor of NAFLD or
related cirrhosis/HCC because its inactivation is closely related to an energy production disorder in
models of NAFLD[94,95]. The dynamic alterations of CPT-II expression located on IMM during
malignant transformation of hepatocytes in SD rats induced by chemical carcinogens (2-flu-
orenylacetamide, 2-FAA) were investigated under lipid accumulation[19]. For the first time, the
progressively decreasing expression of CPT-II at mRNA or protein level were reported, and the
significantly increasing HCC related to molecular markers were confirmed during the rat hepatocarci-
nogenesis.

There has been a rise in the prevalence of NAFLD, paralleling a worldwide increase in MAFLD and
HCCJ[96]. According to the dynamic pathological alterations of the model, a continuum of morpho-
logical abnormalities on liver sections has a variable course, from normal hepatocytes, lipid accumu-
lation, cell denaturation, precancerous lesion and HCC formation. Compared with the control liver
sections, there was a large amount of fat in the hepatocytes of the model rats by the oil red O staining; In
the meantime, transmembrane glycoprotein CD44 activation promotes inflammatory cell recruitment
and plays a key role of being linked to NAFLD progression to HCC[97-99]. CPT-II has been
demonstrated to interact in forming supramolecular complexes that facilitate the passage of acylcar-
nitine and its expression was gradually decreased in malignant trans-formation of hepatocytes in
NAFLD. However, the reported HCC biomarkers such as AFP, GPC3[100] and Wnt3a[101] were
significantly increasing expressions in hepatocarcinogenesis except for CD44 as one of the most
frequently reported cancer stem-like cell markers[102]. These data suggested that the alteration of CPT-
II expression should be associated with the malignant progression of NAFLD.

Metabolically related NAFLD is emerging as a major cause of HCC in Western countries[103-105].
This presents an additional challenge, as NAFLD-related HCC tend to be advanced in elderly patients
with comorbidities and their prognosis is very poor[106]. The pathogenesis of NAFLD-associated HCC
is multifactorial and remains to be identified, although the risk of hepatocarcinogenesis is undoubtedly
increased as NAFLD progresses to NASH and cirrhosis[107]. The new findings of CPT-II are useful for
understanding NAFLD and HCC and should hopefully lead to the development of clinically relevant
biomarkers and strategies to help identify high-risk patients, early use of preventive measures or better
treatment[108]. Energy metabolism is a prerequisite for maintaining normal life activities. NAFLD is
caused by excessive lipid accumulation in hepatocytes and is regarded as one of the most common liver
diseases[109,110]. The down-regulation of CPT2 in IMM was one of the main causes of acyl carnitine
accumulation, which was also seen in malignant transformation of hepatocytes, suggesting that CPT-II
inactivity or dysfunction might become a new mechanism of blocked lipid oxidation for HCC.

CONCLUSION

Owing to its high prevalence and potential risk, NAFLD has become a major health concern worldwide.
Hepatocyte CPT-II variation or activity alteration undoubtedly has a significant impact on aggravating
liver fatty accumulation, inducing activation of cancer-related stem cells, and malignant transformation
of hepatocytes (Figure 2), especially in patients with HBV chronic infection. The phenomenon of CPT-II
inactivation as warning signs of NAFLD malignant transformation needs attention. However, its
specific regulatory mechanism is unknown, so this is a good research prospect. At present, the exact
relationship between CPT-II and NAFLD remains to be explored. It is believed that with the vigorous
development of molecular biological theory and technology, understanding the function of CPT-II
physiology will continue to deepen, which has guided significant knowledge for CPT-II alteration
during NAFLD progression. At the same time, it also brings hope and provides a theoretical basis for
the assumption of early intervention of NAFLD or human related diseases and CPT-II can be used as a
molecular target for monitoring or therapy.

Hepatocyte CPT-II variation or activity alteration undoubtedly has a significant impact on
aggravating liver fatty accumulation, inducing activation of cancer-related stem cells, and malignant
transformation of hepatocytes.
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Figure 2 Carnitine palmitoyltransferase-Il inactivity in hepatocarcinogenesis. Disorder of lipid metabolism may be related to the pathogenesis of
nonalcoholic fatty liver disease with malignant transformation of hepatocytes. AFP: Alpha-fetoprotein; CoA: Coenzyme A; CPT2: Carnitine palmitoyl transferase 2;
FAOQ: Fatty acid oxidation; HCC: Hepatocellular carcinoma; VEGF: Vascular endothelial-derived growth factor.
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Abstract

Obesity is prevalent within the inflammatory bowel disease (IBD) population,
particularly in newly developed countries. Several epidemiological studies have
suggested that 15%-40% of IBD patients are obese, and there is a potential role of
obesity in the pathogenesis of IBD. The dysfunction of mesenteric fat worsens the
inflammatory course of Crohn’s disease and may induce formation of strictures or
fistulas. Furthermore, obesity may affect the disease course or treatment response
of IBD. Given the increasing data supporting the pathophysiologic and epidemi-
ologic relationship between obesity and IBD, obesity control is being suggested as
a novel management for IBD. Therefore, this review aimed to describe the
influence of obesity on the outcomes of IBD treatment and to present the current
status of pharmacologic or surgical anti-obesity treatments in IBD patients.
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Core Tip: Obesity is prevalent within the inflammatory bowel disease (IBD) population, particularly in
newly developed countries. The dysfunction of mesenteric fat worsens the inflammatory course of Crohn’s
disease and may induce formation of strictures or fistulas. Furthermore, obesity may affect the disease
course or treatment response of IBD. Along with the increasing data that support pathophysiologic and
epidemiologic relationship between obesity and IBD, attention is being focused on obesity control as a
novel management of IBD. The main purpose of this review is to describe the influence of obesity on the
outcomes of IBD treatment and to present the current status of pharmacologic or surgical anti-obesity
treatments in IBD patients.
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INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), is a
chronic inflammatory condition with an unclear etiology and pathophysiology that remain to be fully
elucidated[1,2]. Obesity is a pathological condition in which there is an abnormal or excessive accumu-
lation of body fat resulting from an imbalance between energy intake and consumption. In Western
populations, a body mass index (BMI) exceeding 25 kg/m? is commonly classified as an overweight
condition, and a BMI over 30 kg/m? is regarded as an obese condition. In Asian populations, the
diagnostic thresholds for obesity and overweight have been established as BMIs of 25 kg/m? and 23
kg/m?, respectively[3]. Obesity is a clear risk factor for a spectrum of chronic diseases, including type 2
diabetes, cardiovascular disease, respiratory problems, and cancer. Moreover, obesity is also associated
with the occurrence of autoimmune diseases such as rheumatoid arthritis, psoriasis, and systemic lupus
erythematosus[4].

The worldwide prevalence of obesity has nearly tripled since 1975[5], and IBD has also shown a
similar trend[6]. This analogous increase is perhaps related to lifestyle changes caused by western-
ization and urbanization, including the lack of exercise and a westernized diet, which are common risk
factors for obesity and IBD. Historically, it has been common for clinicians to associate IBD patients with
a low or normal BMI due to the complications of IBD such as decreased food intake, malabsorption,
weight loss, and nutritional deficiencies. However, obesity is increasingly being associated with IBD due
to its overall pro-inflammatory effect. Several epidemiological studies have suggested that 15%-40% of
IBD patients are obese[7-11], and hypothesize that obesity contributes to the development of IBD.
Furthermore, obesity may affect the disease course or treatment response of IBD. With the increasing
data supporting pathophysiologic and epidemiologic relationship between obesity and IBD, research
interest on interventions for obesity as a novel management of IBD is also increasing,.

The present review aims to provide a comprehensive summary of the pathophysiology of obesity in
IBD, the influence of obesity on IBD outcomes, the effect of obesity on IBD management, and the
potential impact of obesity treatment on IBD outcomes. Further, this review aimed to present the
current status of anti-obesity treatments in IBD patients.

PREVALENCE OF OBESITY IN IBD PATIENTS

Previous studies have reported that 15%-40% of IBD patients are obese and 20%-40% are overweight[7-
11]. Additionally, severe obesity (BMI = 40 kg/m?) is also reported in 2%-3.2% of IBD patients[7]. The
prevalence of obesity among IBD patients has been observed to increase over time, which appears to
correspond with the global trend of rising obesity rates. A single-center study in France confirmed that
the proportion of obesity among CD patients from 1974 to 2000 increased from 1.7% before 1981 to 4%
after 1990[12]. A single-center study in Korea, utilizing data from the Asan IBD Registry from 1989 to
2016, reported that out of 6803 patients diagnosed with IBD, 16 with CD and 27 with UC were classified
as obese (BMI = 30 kg/m?). The study did not reveal any clinically meaningful differences between the
obese and non-obese patient groups[13]. An analysis of 10282 CD patients enrolled in a randomized
controlled clinical trial revealed a significant increase in mean BMI at enrollment, which rose from 20.8
kg/m?in 1991 to 27.0 kg/m? in 2008[14].
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RELATIONSHIP BETWEEN OBESITY AND IBD

Obesity as a precursor to the onset of IBD

Obesity may be a potential risk factor for developing IBD, particularly CD (Table 1). In the Unite States
Nurses” Health Study, which followed around 110000 women, found that obesity at age 18 was a
significant predictor for the development of CD but not UC, when compared to individuals with a
normal BMI [adjusted hazard ratio (aHR) = 2.33; 95% confidence interval (CI): 1.15-4.69][15]. This study
exhibited that a higher degree of weight gain (between the ages of 18 and enrolment) was linked with
elevated risk of developing CD (weight gain > 13.6 kg vs < 2.3 kg; HR = 1.52; 95%CI: 0.87-2.65). The
Copenhagen School Health Records Register cohort study investigated the potential association
between BMI during the ages of 7 to 13 years and the onset of adult-onset IBD[16]. Obesity in early
adolescence has been shown to increase the risk of CD before the age of 30 years (HR =1.2; 95%CI: 1.1-
1.3) while decreasing the risk of UC (HR = 0.9; 95%CI: 0.9-1.0). In a recent meta-analysis of five
prospective cohort studies, obesity was found to be associated with an elevated risk of developing
older-onset CD, while no significant association was found with UC[17]. The analysis showed that obese
patients had an increased risk of developing CD compared to those with a normal BMI (aHR = 1.34;
95%ClI: 1.05-1.71; I* = 0%). Moreover, every 5 kg/m? increase in baseline BMI was found to correspond
to a 16% increase in the risk of CD (aHR = 1.16; 95%CI: 1.05-1.22; I* = 0%). However, the European
Prospective Investigation into Cancer and Nutrition-IBD study, which involved a large sample size,
concluded no significant correlation between BMI and the incidence of IBD, showing contrasting results
to previous studies[18].

Obesity caused by IBD

Weight gain may occur during the treatment of IBD. Several preclinical data suggest that, in IBD
patients, imbalance of gut microbiota and altered metabolic intestinal signaling mediated by hormones,
bile acids, and satiety-related peptides have been implicated in the development of obesity and
dysmetabolism[19,20]. Smoking cessation as a lifestyle modification and utilization of corticosteroids
could affect the weight gain in IBD patients[21,22]. Additionally, there are a few studies investigating
weight gain among IBD patients treated with biologic therapies, especially anti-tumor necrosis factor
alpha (TNF)-a therapy. In 21 CD patients, total abdominal fat increased by 18% after 8 wk of infliximab
induction therapy (P = 0.027)[23]. A recent retrospective study examined the longitudinal changes in
weight among patients with IBD receiving different biologic drugs including infliximab, adalimumab,
vedolizumab and ustekinumab[24]. The study revealed a statistically significant increase in body weight
over time among patients receiving infliximab and vedolizumab, with the infliximab/vedolizumab
group experiencing a greater degree of weight gain as compared to the adalimumab group. Moreover,
observed weight gain among IBD patients undergoing biologic therapy was found to be linked with
other clinical factors, such as male gender, high levels of C-reactive protein (CRP), and low serum
albumin.

OBESITY AND IBD PATHOGENESIS

Obesity induces a chronic, low-grade inflammatory state, characterized by the release of multiple pro-
inflammatory signaling molecules from hypertrophic adipocytes in mesenteric visceral adipose tissue
(VAT)[25-27]. Mesenteric VAT is characterized by the presence of M1 macrophages that secrete a variety
of inflammatory cytokines and it has the potential to affect intestinal barrier function[28,29]. Several
studies have established a relationship between adipocyte mass and the degree of cytokine expression
[30]. Obesity has been shown to be positively associated with visceral adiposity, as determined by
volumetric cross-sectional imaging analysis. Furthermore, in obese individuals, there is a direct
correlation between visceral adiposity and circulating levels of interleukin-6 (IL-6). Additionally, BMI
has been found to be linked with increased levels of CRP in this population[31].

Other mechanisms of obesity in IBD include intestinal barrier dysfunction and alterations in the
intestinal microbiota (Figure 1). Obesity and IBD are associated with dysbiosis along with a reduction in
bacterial diversity[32]. High fat diet during obesity decreases the diversity of the gut microbiota
(dysbiosis), which, in turn, leads to the reduction of anti-inflammatory bacterial species or metabolites.
These changes can trigger innate immune system by activation of pattern recognition receptors,
including Nod-like receptors or Toll-like receptors, which are present on intestinal epithelial cells or
dendritic cells. Pro-inflammatory cytokines secreted from innate immune system can also contribute to
increased intestinal permeability, which may increase the risk of bacterial translocation[17,25].
Numerous studies have demonstrated that impaired gut barrier function is a characteristic feature of
obesity. This dysfunction permit increased bacterial translocation, leading to the subsequent initiation of
systemic inflammation[33,34].

Accumulating evidence suggests a connection between changes in the mesenteric fat and IBD, in
particular CD[27]. Intestinal barrier dysfunction and transmural inflammation may induce bacterial
translocation to the surrounding mesenteric adipose tissue, which subsequently leads to the adipocyte
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Table 1 Relationship between obesity and inflammatory bowel disease (obesity as a precursor to the onset of inflammatory bowel

disease)
Ref. Study design and study population  Key findings
Khaliliet  United States Nurses” Health Study Obesity at age 18 was an independent risk factor for the development of CD compared to normal
al[15], cohort study: Prospective cohort study of ~ BMI (aHR = 2.33, 95%ClI: 1.15-4.69). No association between BMI at age 18, baseline BMI, and
2015 United States women (1 = 111498 updated BMI and risk of UC. Higher weight gain was associated with increased risk of CD (P4
women); BMI at age 18, baseline, and =0.04). A greater magnitude of weight gain (from age 18 to age at enrolment) associated with
every 2 yr since baseline was obtained; increased risk of developing CD (weight gain > 13.6 kg vs < 2.3 kg, HR = 1.52, 95%CI: 0.87-2.65).
2028769 person-years of follow up. CD (n  No association between weight change (from age 18 to baseline) and risk of UC (Pt,,,q=0.17)
=153); UC (n = 229) (weight gain > 13.6 kg vs < 2.3 kg, HR = 0.92, 95%ClI: 0.60-1.40)
Harpsge  Danish National Birth Cohort study: A An increased risk of developing fetal CD in both underweight (HR = 2.57, 95%CI: 1.30-5.06) and
etal[101], large population-based cohort study (n = obese women (HR =1.88, 95%CI: 1.02-3.47) compared with normal-weight women, pointing to a
2014 75008 women); BMI: Obtained at study U-shaped association. No association between pregnancy obesity and risk of developing UC (HR
baseline (based on prepregnancy body =0.77,95%ClI: 0.48-1.25)
weigh); median 11.4 yr of follow-up. CD (
n =138); UC (n = 394)
Jensenet  Copenhagen School Health Records Obesity in early adolescence (at each age from 7 to 13 yr) increased the risk of CD diagnosed
al[16], Register cohort study: Cohort from the before age 30 yr (HR = 1.2, 95%CI: 1.1-1.3) while decreasing the risk of UC (HR = 0.9, 95%CI: 0.9-
2018 Copenhagen School Health Records 1.0). No associations between changes in BMI between 7 and 13 yr and later risk of CD or UC
Register (n = 316799); relationship
between BMI in the ages of 7 to 13 yr and
adult-onset IBD; BMI: Obtained at ages 7
through 13 yr; approximately 10 million
person-years of follow-up. CD (1 = 1500);
UC (n =2732)
Chan et al Pooled analysis of 5 prospective cohort Obesity was associated with an increased risk of older-onset CD but not UC. The risk of
[17],2022  studies from the Dietary and Environ- developing CD increased in obese patients compared against those with a normal BMI (aHR =
mental Factors IN-IBD study (1 = 601009): 1.34, 95%Cl: 1.05-1.7, I = 0%). Each 5 kg/m? increment in baseline BMI was associated with a 16%
BMI: Obtained at study baseline and increase in risk of CD (aHR = 1.16, 95%CI: 1.05-1.22; I = 0%). With each 5 kg/m? increment in
during follow-up period; 10110018 early adulthood BMI (age 18-20 years), there was a 22% increase in risk of CD (pooled aHR =1.22,
person-years of follow-up. CD (n=563);  95%CI: 1.05-1.40, I = 13.6%). An increase in waist-hip ratio was associated with an increased risk
UC (n =1047) of CD that did not reach statistical significance (pooled aHR across quartiles = 1.08, 95%CI: 0.97-
119, = 0%). No associations were observed between measures of obesity and risk of UC. For
every 5 kg/m? increase in BMI, the multivariable-adjusted HR was 1.00 (95%CI: 0.90-1.05). For
every 5 kg/m? increase in early adulthood BMLI, the multivariable-aHR for UC was 1.05 (95%CL:
0.90-1.22, > = 0%)
Chanetal European Prospective Investigationinto ~ No associations with the four higher categories of BMI compared with a normal BMI for UC (P4
[18],2013 Cancer and Nutrition-IBD study (n = =0.36) or CD (P, .q = 0.83). The lack of associations was consistent when BMI was analyzed as a

300724): BMI: Obtained at study baseline
and during follow-up period. CD (n = 75);
UC (n=177)

continuous or binary variable (BMI 18.5 < 25.0 vs > 25 kg/m?). Physical activity and total energy
intake, factors that influence BMI, did not show any association with UC (physical activity, P4 =
0.79; total energy intake, P4 = 0.18) or CD (physical activity, P4 = 0.42; total energy, P,
0.11)

trend trend rend ~

BMI: Body mass index; IBD: Inflammatory bowel disease; aHR: Adjusted hazard ratio; CI: Confidence interval; CD: Crohn’s disease; US: Ulcerative colitis.

hypertrophy (red arrow, Figure 1). The hypertrophic adipocytes releases pro-inflammatory cytokines,
adipokines, and chemokines such as TNF-o, IL-6, leptin, resistin, and monocyte chemoattractant
protein-1). These pro-inflammatory mediators can induce the infiltration of M1 macrophages and CD4+
T cell activation into T helper (Th) 1 and Th17 cells[35]. This process may contribute to the development
of hypertrophic mesenteric fat wrapping around the inflamed intestine, known as “creeping fat” that is
pathognomonic of CD[27]. Creeping fat itself is thought to be an intrinsic component of inflammatory
dysregulation in the pathogenesis of CD. Compared to other VAT, creeping fat demonstrates greater
immunological activity. Additionally, there is a significant correlation between the extent of creeping fat
and the degree of histological inflammation, as well as the level of infiltration by lymphocytes or
macrophages[36]. In addition, the creeping fat formation may be induced by migration of preadipocytes
from mesenteric VAT in response to the increased fibronectin signal released from activated muscularis
propria smooth muscle cells in inflamed gut[37]. The presence of creeping fat in CD patients has been
associated with various pathological changes, including muscularis propria hyperplasia, transmural
inflammation, and intestinal fibrosis. These alterations may contribute to the stricturing form of the
disease[37,38]. Notably, creeping fat has been found to contain higher levels of fibrotic tissue and T cells
in the ileum, as compared to colonic fat from patients with either CD or UC[39]. Creeping fat secretes a
broad spectrum of pro-inflammatory and pro-fibrotic mediators such as adipokines, cytokines, fatty
acids, and growth factors[40]. Moreover, expression of leptin and adiponectin is elevated in the creeping
fat of CD patients. The severity and activity of CD have been correlate with the levels of other
adipokines, including resistin[41]. A case-control study showed that the gene expression profile of
creeping fat in CD patients was similar to that of VAT from obese patients, indicating a greater inflam-
matory state as compared to VAT obtained from non-obese individuals[42].
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Figure 1 High fat or Western diets decreases the diversity of the gut microbiota (dysbiosis), leading to the reduction of anti-inflammatory
bacterial species or metabolites. These changes can trigger innate immune system by activation of pattern recognition receptors such as Toll-like receptors or
Nod-like receptors on intestinal epithelial cells or innate immune cells. Pro-inflammatory cytokines secreted from innate immune system induces barrier dysfunction
and subsequent bacterial translocation. Low grade chronic inflammation in gut and bacterial translocation to mesenteric adipose tissue leads to the adipocyte
hypertrophy (red arrow). The hypertrophic adipocytes release adipokines, pro-inflammatory cytokines, and chemokines such as tumor necrosis factor alpha,
interleukin-6, leptin, resistin, and monocyte chemoattractant protein-1. These pro-inflammatory mediators can induce macrophage recruitment and polarization and
CD4+ T cell activation into T helper 1 (Th1) and Th17 cells. Finally, this process can drive the hypertrophic mesenteric fat wrapping around the inflamed bowel,
creeping fat. Creeping fat secretes a broad spectrum of mediators, and induce smooth muscle hypertrophy/hyperplasia, transmural inflammation, intestinal fibrosis.
TLR: Toll-like receptor; NLR: Nod-like receptor; TNF-a: Tumor necrosis factor alpha; IL-6: Interleukin; MCP-1: Monocyte chemoattractant protein 1; Th: T helper.
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IMPACT OF OBESITY ON THE NATURAL HISTORY AND OUTCOMES OF I1BD

The effect of obesity on the disease phenotype of IBD remains uncertain. While a retrospective review
has indicated that obesity may be a risk factor for perineal disease in IBD[12], other studies have not
found any differences in disease distribution or behavior between patients with UC or CD who are
obese compared to those who are not[8,43]. Obesity has been linked to increased disease activity and
unfavorable clinical outcomes in several chronic inflammatory diseases, such as psoriasis and
rheumatoid arthritis[44,45]. However, evidence regarding the effect of obesity on outcomes in IBD is
limited and inconclusive. A study of 581 IBD patients showed that obese individuals had significantly
lower frequencies of hospitalization (42.1% vs 66.0%, P < 0.001) and a reduced likelihood of requiring
surgical intervention (41.1% vs 61.1%, P = 0.02), when compared to those patients with normal BMI[8].
However, in other population-based study for 143190 IBD patients, it was demonstrated that obesity
was an independent predictor of higher rates of all-cause re-admission at both 30 d [18% vs 13%;
adjusted odds ratio (aOR) = 1.16; P = 0.005] and 90 d (29% wvs 21%; aOR = 1.27; P < 0.0001), in com-
parison with non-obese patients[46]. A systematic review reported that there is no significant difference
in the rates of corticosteroid usage, hospitalization, surgical intervention, or emergency room visits
between obese and normal-weight individuals with IBD[7]. This finding has been supported by a recent
retrospective study conducted in South Korea, which found no significant differences in clinical features
or treatment outcomes between obese and non-obese patients with IBD, as measured by the cumulative
probabilities of receiving various treatments[13].

In CD, many studies show that obesity may indeed have a beneficial effect. A previous report
supports this hypothesis by showing that the small VAT adipocytes in CD patients exhibit higher anti-
inflammatory genes, which implies a potential protective role of VAT in CD[42]. A retrospective
analysis of 221 patients with CD found that an increase of 1 kg/m? in BMI at diagnosis led to a 5%
reduction in the risk of requiring surgical intervention in the future (HR = 0.95; 95%CI: 0.91-0.99).
Whereas, the risk of corticosteroid use or future hospitalization did not differ[47]. The results of a
retrospective study showed that obese patients with CD had lower frequencies of corticosteroid usage,
anti-TNF treatment, hospitalization, and surgery in contrast to those with normal weight[8]. However,
there were also contrasting results. For instance, one study reported that obese patients with CD were
more at risk of active disease (OR = 1.50; 95%CI: 1.07-2.11) or hospitalization (OR = 2.35; 95%CI: 1.56-
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3.52)[12]. Alternatively, a prospective case-control study revealed no correlation between BMI and the
risk of undergoing surgery or using corticosteroids in the future[9].

In UC, several studies suggest that obesity may have a worse prognosis. In one population-based
cohort study that included 267 patients with UC, each incremental increase in BMI by 1 kg/m? was
associated with a 3.4% increase in the risk of hospitalization (P = 0.052) and a 6% increase in the risk of
surgery (P = 0.01)[47]. A recent population-based cohort of 417 UC patients, of whom 20.6% were obese,
confirmed that obesity among individuals with UC may have unfavorable prognostic implication,
particularly with regards to the subsequent hospitalization (HR = 1.72; 95%CI: 1.10-2.71; P = 0.018) and
corticosteroid usage (HR = 1.026; 95%CI: 1.00-1.05; P = 0.05) in comparison to patients with normal
weight[48]. Moreover, an increase of 1 kg/m? in BMI was associated with a 5% escalation in the
probability of subsequent hospitalization (HR = 1.05; 95%ClI: 1.01-1.08; P = 0.008) and a 2.6% increase in
the chance of requiring corticosteroid usage (HR = 1.026; 95%CI: 1.00-1.05; P = 0.05). However, the
retrospective analysis of 284 UC patients showed that obese people displayed a reduced risk of
developing complications[8].

IMPACT OF OBESITY ON THE MANAGEMENT OF IBD

Medical management

There is evidence to suggest that obesity may be an adverse prognostic factor in a patient’s response to
drug therapy. The reason being obesity is considered a chronic inflammatory state and obesity can affect
the pharmacokinetics of drugs. Obesity may decrease drug half-life and trough levels due to an increase
in drug clearance and volume of distribution.

Immunomodulators: Despite extensive clinical experience with thiopurine, few studies have evaluated
clinical predictors of response to thiopurine in IBD. A retrospective study of 1176 IBD patients
evaluating azathioprine responsiveness based on BMI found that a reciprocal association between BMI
and outcomes in patients with UC and CD. More specifically, favorable outcomes were observed in UC
patients with a BMI below 25 kg/m? and in CD patients with a BMI exceeding 25 kg/m?[49]. In a cohort
of 132 patients with IBD treated with thiopurines dosed according to BMI, a study found that patients
with obesity were less likely to reaching optimal therapeutic concentrations of the thiopurine
metabolite, 6-thioguanine, which has been shown to correlate with remission of IBD[50].

Anti TNF-a therapy: Several data have suggested that obesity may induce a reduced response to anti-
TNF-a agents[51]. The augmented clearance and expanded volumes of distribution associated with
obesity can lead to lower trough levels, resulting in either a diminished response or a heightened risk of
response loss to anti-TNF-o agents. For adalimumab, body weight has been shown to be the most
significant predictor of drug clearance and volume of distribution in psoriasis patients[52]. In contrast to
other rheumatoid conditions, studies examining the impact of obesity on anti-TNF therapy in IBD have
produced inconsistent findings.

Obesity has been linked to an increased risk of failure of anti-TNF therapy, irrespective of the method
of administration (subcutaneous vs intravenous) and dosing regimens (weight-based vs fixed-dose
regimens). These results could imply that there is an intrinsic factor to obesity that reduces treatment
response, regardless of drug level and mode of exposure. A recent meta-analysis found that obese
patients with UC were at a greater risk of anti-TNF-a treatment failure (OR = 1.41; 95%CI: 1.01-1.98; P =
0.045) than non-obese patients, irrespective of whether they received fixed-dose or weight-based
treatment regimens[53]. Furthermore, in another study that evaluated 160 UC patients treated with
various biologic agents, both weight-based (infliximab) and fixed-dose regimens (adalimumab, certol-
izumab, vedolizumab, and golimumab), regardless of the type of biologic used, an increase in BMI of 1
was associated with a 4% greater risk of treatment failure (aHR = 1.04; 95%ClI: 1.00-1.08) for all patients
[54]. However, a pooled data analysis of over 1200 infliximab-treated IBD patients reported that BMI did
not have a significant effect on clinical remission rate[55]. A metaanalysis for multiple immune-
mediated diseases showed that obesity was associated with anti-TNF therapy failure in several
rheumatic diseases, but no such association was observed in IBD[56]. However, in a recent meta-
analysis including the newer 6 articles into the meta-analysis, obesity was associated with higher risk of
failing anti-TNF therapy in UC patients, but not in CD patients[53]. Although there are insufficient
studies on the impact of obesity on safety of biologic agents, a cohort study of over 6000 biologic-treated
IBD patients reported no association between obesity and an increased risk of serious infections[57].

Vedolizumab: There is insufficient data regarding the potential impact of obesity on the therapeutic
efficacy of vedolizumab in the management of IBD. Vedolizumab trough drug levels are known to be
inversely proportional to body weight[58]. A recent retrospective study showed that obesity was not
significantly related to increased rates of dose escalation for vedolizumab therapy[59]. However, a
higher BMI was linked to reduced rates of vedolizumab discontinuation and CRP normalization,
although not with endoscopic remission.
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Ustekinumab: In chronic inflammatory conditions other than IBD, such as psoriasis and rheumatoid
arthritis, obesity may negatively affect the clinical response to biological drugs. Of note, anti-interleukin
drugs appear to be more strongly affected by BMI than anti-TNF-o drugs. However, in IBD, there is
very little research on the impact of obesity on treatment response with this drug. A post hoc analysis of
IM-UNITI study, which evaluated the efficacy of ustekinumab for maintenance of CD, revealed a statist-
ically significant decrease in ustekinumab trough levels among obese patients (median 2.98 mcg/mL)
compared to patients with overweight (4.84 mcg/mL; P = 0.021) and underweight or normal weight
(4.43 mcg/mL; P = 0.014)[60]. While BMI appeared to have an impact on ustekinumab drug levels, it
was not found to be a significant predictor of clinical remission.

Tofacitinib: A pharmacokinetic profile of tofacitinib revealed that increased body weight had some
effect on the drug’s plasma concentrations, with higher body weight associated with lower peak and
higher trough concentrations. However, these differences were considered to be not clinically significant
[61]. The evidence suggests that psoriatic arthritis patients with a baseline BMI over 35 kg/m? have
lower rates of response to tofacitinib than those with lower baseline BMI[62]. However, in a post hoc
analysis of the OCTAVE studies, effectiveness and safety profile of tofacitinib in UC patients is not
impacted by obesity[63]. In the UC population, BMI was not identified as a significant predictor of
outcomes, and no clear relationship between BMI and adverse events was observed.

Surgical management

It has been well established that obesity increase operative time and the risk for conversion to
laparotomy[64]. Obesity also may heighten the risk of short-term perioperative complications, such as
surgical site infections and wound complications after abdominal surgery[65]. Obesity also makes
surgery for IBD more challenging, particularly those requiring pelvic exposure. A study involving
382637 inpatient hospitalizations for surgery in IBD patients revealed that obese patients had
significantly higher rates of postoperative complications. Specifically, the study found that obese
patients had increased odds of postoperative wound complications (OR = 1.35, P = 0.01), pulmonary
complications (OR =1.21, P = 0.02), infections (OR = 1.16, P = 0.02), and shock (OR =1.30, P = 0.02)[66].
A recent meta-analysis strongly supported the association between obesity and postoperative complic-
ations in IBD[67].

Stoma creation and ileal pouch-anal anastomosis (IPAA) in obese patients are more difficult to
perform and also appear to increase the risk of complications in IBD patients. Obesity has been
identified as a risk factor for stoma-related complications[68]. Additionally, it may increase the
likelihood of postoperative complications, including pelvic sepsis, which has been shown to have a
negative impact on long-term pouch function[69]. However, several studies have indicated that
overweight and obese patients who undergo a three-stage IPAA procedure with the utilization of a
diverting stoma may achieve comparable long-term outcomes to non-obese patients[64].

IMPACT OF OBESITY TREATMENT ON IBD OUTCOMES

Given the rising prevalence of obesity within the IBD population, there is a growing need to explore the
effects of weight loss interventions on outcomes of IBD. It is widely recognized that weight loss can
have a favorable influences on the outcome of numerous chronic diseases[70]. Despite considerable
evidence that obesity has a negative influence on the response to therapies for IBD, there is currently a
lack of data regarding whether interventions aimed at treating obesity can improve outcomes in
individuals with IBD. To date, no interventional studies have been conducted specifically to investigate
the impact of intentional weight loss on IBD.

Current therapeutic strategies to obesity includes lifestyle modifications, pharmacologic treatment,
bariatric surgery, and bariatric endoscopic applications, of which the intragastric balloon is the most
widely used. The European Society for Clinical Nutrition and Metabolism (ESPEN)/United European
Gastroenterology (UEG) guidelines suggest that the management of obesity in patients with IBD should
involve a stepwise approach, starting with dietary and lifestyle interventions. If necessary, anti-obesity
drugs or bariatric surgery can be considered as options (Table 2). However, the guidelines do not
provide a one-size-fits-all approach and individualized care is recommended[71].

Lifestyle and dietary interventions

A combination of dietary adjustments, physical exercise, and behavioral modifications as part of a
lifestyle intervention is generally considered the preferred approach for achieving weight loss in the
general population. Of course, IBD patients should also consider this approach, but there are special
considerations in this cohort that require the advice of a certified dietitian. Specifically, individuals with
active IBD may find it challenging to tolerate certain “healthy” foods, such as fruits and vegetables,
which are commonly recommended as part of a healthy diet. Additionally, IBD patients, despite being
overweight, may be vulnerable to the deficiency of various vitamins and micronutrients, and thus
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Table 2 Impact of obesity treatment on inflammatory bowel disease outcomes

Interventions Study design Key finding Ref.
Lifestyle and dietary Diet: No data on the effects of overall calorie ~ Retrospective study: (1) Diet-adherent CD and UC improved Chiccoet
interventions intake or supervised dietary weight loss on Impact of mediterranean BMI (UC: -0.42, P =0.002; CD:-0.48, P al[72],
outcomes in IBD patients diet on the liver steatosis, =0.032) and waist circumference (UC: 2021
clinical disease activity, and -1.25 cm, P =0.037; CD: -1.37 cm, P =
QoL in IBD patients (n = 0.041). The number of patients affected
142); (2) 84 UC, 58 CD; and by liver steatosis of any grade was
(3) BMI: Collected at study  significantly reduced in both groups
baseline and after 6 mo after mediterranean diet intervention
(UC:36.9% vs 21.4%, P = 0.0016; CD:
46.6% vs 31.0%, P < 0.001). Mediter-
ranean diet improved QoL in both UC
and CD
Exercise: (1) Anti-inflammatory effects Prospective study: IBD IBD patients performed low-intensity =~ Ng et al
through a variety of mechanisms, including patients with mild active walking at an interval of 3 times per [103], 2007
reducing visceral fat, reducing the secretion of ~disease or in remission (n = week for a duration of 3 mo. IBD
inflammatory adipokines, and reducing 32) patients who exercise have improved
stress-induced intestinal barrier dysfunction; sense of well-being and QoL
and (2) Experts have recommended a
prescription of exercise for IBD patients that 30 patients with moderate-  No significant difference in total IBDQ Klare et al
consists of walking 20-30 min at 60% of to-mild CD. Randomized to  scores, IBDQ social subscores did [104], 2015
maximal heart rate 3 d per week along with moderate-intensity running  improve in intervention group (P =
resistance training 2-3 times per week forits 3 X weekly for 10 wk vs 0.023). No disease exacerbation
impact on bone mineral density[102], usual care
however this has not been tested
prospectively Prospective study: Using the Reduced risk of CD exacerbation (RR  Jones et al
Crohn’s and Colitis =0.72, 95%CI: 0.55-0.94), reduced risk  [74], 2015
Foundation of America of UC exacerbation (RR = 0.78, 95%CT:
Partners Internet-based 0.54-1.13), with higher levels of
cohort of IBD patients (n = exercise
1857); 549 UC, 1308 CD
Pharmacologic Orlistat: (1) By inhibiting gastric and No data on the effect of Orlistat on outcomes in IBD patients
treatment: BMI of 30  pancreatic lipases, reducing absorption of
kg/m?or a BMI of 27 monoaclglycerides and free fatty acids; and
kg/m? with obesity-  (2) Should be avoided in IBD patients because
related diseases (e.g.,,  of the mechanism of action and common side
hypertension, type 2 effect
diabetes mellitus,
and sleep apnea) Liraglutide: Glucagon-like peptide-1 receptor ~ Case report: CD patient Switching from insulin to liraglutide Kuwata et
agonist also known as incretin mimetics with type 2 diabetes and improved glycemic control and the al[76],
active CD QoL scores 2014
A nationwide cohort study A lower risk of adverse clinical events ~ Villumsen
using Danish registries: (a composite of the need for oral et al[77],
Patients with IBD and type 2 corticosteroid treatment, need for 2021
diabetes (n = 3751) TNF-o-inhibitor treatment, IBD-related
hospitalization, or IBD-related major
surgery) amongst patients treated with
GLP-1 based therapies compared with
treatment with other antidiabetic
therapies (adjusted IRR = 0.52, 95%CI:
0.42-0.65)
Naltrexone/bupropion: Naltrexone and Uncontrolled studies of IBD Low dose naltrexone induced clinical ~ Lie et al
bupropion alone may have anti-inflammatory patients not in remission (1~ improvement in 74.5%, and remission  [78], 2018
properties =47): Low-dose naltrexone  in 25.5% of patients
for 12 wk
Retrospective study of IBD  Initiation of low-dose naltrexone in Raknes et
patients who had received ~ IBD was followed by reduced al[79],
low-dose naltrexone (1 = dispensing of several drugs considered 2018
582) essential in the treatment of IBD
Phentermine/topiramate: (1) A highly Large retrospective cohort ~ Topiramate use was not associated Crocket et
efficacious oral weight-loss agent, which acts  study using United States with markers of IBD flares including  al[83],
centrally to suppress appetite and increase administrative claims data ( steroid prescriptions (HR =1.14, 2014
satiety; and (2) Early experimental data on n =1731): Compared new 95%ClI: 0.74-1.73), initiation of biologic
topiramate suggested that it could users of topiramate with agents (HR = 0.93, 95%CI: 0.39-2.19),
significantly reduce colonic tissue damage in  users of other anticon- abdominal surgery (HR =1.04, 95%CI:
animal models of IBD vulsant/anti-migraine 0.17-6.41), or hospitalization (HR =
medications 0.86, 95%ClI: 0.62-1.19)
Bariatric endoscopic  Intragastric balloon: Weight loss achieved Case report of UC patient UC worsened after insertion of an Manguso
applications through endoscopic bariatric interventions intragastric balloon for the treatment et al[88],
might achieve the same effect on outcomes in of obesity 2008
IBD as in other autoimmune diseases, but has
not been studied
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Bariatric surgery: Bariatric surgery: (1) Several studies have Case-control study of 85 IBD Bariatric surgery is a safe and effective Reenaers
BMI > 40 kg/m? or demonstrated that bariatric surgery is likely ~ patients, matched to non- procedure in obese IBD patients: (1) At et al[93],
35-39.9 kg/m? with  feasible, safe, and effective weight loss IBD patients with BS (n = a mean follow-up of 34 mo, mean 2022
obesity-related stratege, that may lead to improved outcomes 85): (1) 20 UC, 64 CD, 1 weight was 88.6 + 22.4 kg; (2) Complic-
comorbidities and of IBD patients; and (2) No RCTs or unclassified IBD; (2) BMI ations: 8 (9%); and (3) No difference

previously failed to  prospective studies were found that 41.6 5.9 kg/m>% and (3) 3 was observed between cases and

achieve adequate compared the different bariatric procedures in RYGB/73 SG/12 LAGB controls for postoperative complic-

weight reduction patients with IBD ations (P = 0.31), proportion of weight

with non-surgical loss (P = 0.27), or postoperative

interventions deficiencies (P = 0.99)

Case-control study of 25 IBD IBD patients with weight loss after BS ~ Braga
patients who underwent BS, had fewer IBD-related complications ~ Neto et al

matched to IBD patients compared with matched controls: (1) [95], 2020
who did not undergo BS (n = Median decrease in body mass index
=47) after bariatric surgery was 12.2; and (2)

Rescue corticosteroid usage and IBD-
related surgeries were numerically less
common in cases than controls (24% vs
52%, OR = 0.36, 95%CI: 0.08-1.23; 12%
vs 28%, OR = 0.2, 95%ClI: 0.004-1.79)

Retrospective review (1 = BS is safe and mitigate IBD: (1) Weight Aminian
20): (1) 13 UC, 7 CD; (2) BMI  loss: 14.3 5.7 kg/m? or 58.9% + et al[91],
50.1 + 9 kg/m?% and (3) 9 21.1%; (2) Complications: Early 7 (5 Dr, 2016
SG/7RYGB/3 AGB/ 1 AGB 1PE, 1 WI), late 5 (2 Pnt, 2 VH, 1 MU),
to RYGB mortality 1 (unrelated); and (3) IBD

status after BS: Remit 9, exacerbate 2,

no change 9

Prospective case-control BS is safe and effective and IBD Rx Colombo
study (n =6/101): (1) 1 UC,  decreasing: (1) Weight loss: 11.45 +2.8 et al[105],
5 CD; (2) BMI 40.6 + 3.74 kg/m? or 28.14% * 6.6%; (2) Complic- 2015
kg/m? and (3) 1 Maclean ations: Late 1 (1 vomiting/dysphagia);
gastroplasty /1 SG + end and (3) IBD status after BS: Remit 5,

colostomy /2 SG/2 SG + exacerbate 1

ileocecal resection

Prospective study (1 =10):  BS s effective and safe: (1) Weight Keidar et
(1)2UC,8CD; (2) BMI42.6  loss: 71.4 5.9 EWL%; (2) Complic-  al[106],
+5.6kg/m% and (3) 9 ations: Early 1 (1 SLL) late 4 (4 VitD); 2015
LSG/1 LAGB and (3) IBD status after BS: Remit 2,

exacerbate 3, no change 3, improved 1

Retrospective case-control ( SG is safe in CD: (1) Weight loss: 32.8 + Ungar et al
n=4): (1) 4 CD; (2) BMI 45+ 4.3 kg/m?or 60.2% * 13.7% EWL; (2) [107], 2013
5.3 (40-51) kg/m% and (3) 4  Complications: Early 1 (1 SLB); and (3)

LSG IBD status after BS: Remit 4

Retrospective inpatient Complications: 0.4% malnutrition, Sharma et
study (n =493/15319): (1) 0.2% thromboembolism, 12% al[108],
245 UC, 248 CD; (2) BMI strictures, 0.6% renal failure; prior- 2018

40.6 + 3.74 kg/m?; and (3) bariatric surgery was associated with

48% SG, 35% RYGB, 17% decreased IRR for renal failure, under-

LAGB nutrition, and fistulae formation in
morbidly obese IBD patients [(IRR =
0.1; 95%CI: 0.02-0.3; P < 0.001), (IRR =
0.2; 95%CI: 0.05-0.8; P = 0.03), and (IRR
=0.1; 95%CI: 0.2-08; P = 0.03),
respectively]

IBD: Inflammatory bowel disease; QoL: Quality of life; CD: Crohn’s disease; UC: Ulcerative colitis; RR: Risk ratios; IBDQ: Inflammatory bowel disease
questionnaire; IRR: Incidence rate ratio; BS: Bariatric surgery; OR: Odds ratio; Dr: Dehydration; EWL: Excess weight loss; LAGB: Laparoscopic adjustable
gastric banding; MU: Marginal ulcer; PE: Pulmonary embolism; Pnt: Pancreatitis; Rx: Treatment; SG: Sleeve gastrectomy; SLB: Staple line bleeding; SLL:
Staple line leak; VH: Ventral hernia; VitD: Vitamin deficiency; WI: Wound infection; CI: Confidence interval; RCT: Randomized control trial; RYGB: Roux-
en-Y gastric bypass.

careful consideration of a balanced diet is essential. One study involving IBD patients showed
improvements in body weight, waist circumference, and steatosis when a mediterranean diet was
prescribed[72]. There is no available data to provide evidence on the impact of overall calorie intake or
supervised dietary weight loss on outcomes in patients with IBD.

Moreover, exercise may have a positive effect on regulating IBD activity. Moderate-intensity exercise
has been shown to have anti-inflammatory effects through a variety of mechanisms, such as reducing
visceral fat, decreasing the secretion of inflammatory adipokines, and reducing stress-induced
dysfunction of the intestinal barrier[73]. A prospective study suggested that high levels of physical
exercise may be associated with a lower risk of active disease in IBD patients[74]. However, it should be
noted that these studies have primarily relied on subjective measures of well-being and have not
utilized specific objective indicators of disease activity.
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Pharmacologic treatment

Currently, anti-obesity treatment is often recommended for patients with a BMI of 30 kg/m? or above,
or a BMI of 27 kg/m? or higher in the presence of obesity-related comorbidities[75]. There are several
prescription drugs (orlistat, liraglutide, phentermine-topiramate and naltrexone-bupropion) available
for weight loss, but there are no randomized controlled trials of these anti-obesity drugs in patients with
IBD. The ESPEN/UEG guideline recommends that anti-obesity drugs may be utilized in patients with
IBD, provided they are indicated for such use, with the exception of orlistat. Orlistat should be avoided
due to its mechanism of action and associated adverse effects. Notably, a case report demonstrated the
use of liraglutide, a glucagon-like peptide 1 (GLP-1) receptor agonist, in a patient with active CD and
type 2 diabetes resulted in improved glycemic control and quality of life scores following a switch from
insulin therapy[76]. A recent cohort study of patients with both IBD and type 2 diabetes showed that
treatment with GLP-1-based therapies was linked with a lower risk of adverse clinical events, defined as
a composite of the need for oral corticosteroid treatment, TNF-a-inhibitor treatment, IBD-related hospit-
alization, or IBD-related major surgery, as compared to treatment with other antidiabetic therapies
[adjusted incidence rate ratio (IRR) = 0.52, 95%CI: 0.42-0.65)[77]. These observations suggest that GLP-1
based therapies may be a novel treatment option for IBD. Naltrexone and bupropion individually may
have anti-inflammatory properties. Two small uncontrolled studies of IBD patients showed that
naltrexone alone reduced disease activity and induced endoscopic response[78]. The initiation of low-
dose naltrexone in IBD patients has been found to result in a decrease in the prescription of several
medications that are typically deemed crucial for the treatment of IBD[79]. Bupropion has been
associated with clinical improvement in case reports and case series in IBD patients[80,81].
Phentermine-topiramate is a weight-loss drug that has demonstrated highly efficacy in promoting
weight loss in obese individuals. While the precise mechanisms are still being investigated, preclinical
studies have provided evidence supporting the anti-inflammatory properties of both topiramate and
phentermine. Early experimental evidence indicated that topiramate could significantly reduce colonic
tissue injury in animal models of IBD. However, these findings were not corroborated in a subsequent
retrospective cohort study conducted in human subjects[82,83]. A phase 2 clinical trial is currently in
progress to investigate the effectiveness and safety of phentermine-topiramate in obese biologic-treated
patients with UC (NCT04721873). Sodium-glucose linked transporter 2 inhibitor is the new glucose
lowering drug, which has shown beneficial effects on the obesity and heart failure as well as type 2
diabetes[84]. This drug significantly improved acetic acid-induced IBD in animal models by activating
autophagy signaling, inhibiting apoptosis and pro-inflammatory cytokines, lowering oxidative stress,
and increasing wound healing[85-87].

Bariatric endoscopic applications

Intragastric balloon therapies are a minimally invasive and temporary treatment for inducing weight
loss in obese patients. While this approach has been used successfully in the management of obesity,
there is limited research on the effectiveness and safety of intragastric balloon therapy in patients with
IBD. Although a small series has examined the application of intragastric ballooning in patients with
IBD, reports that detail the long-term outcomes associated with weight loss and complications are
lacking. The use of intragastric balloon is currently contraindicated for IBD patients due to concerns
about the potential for exacerbation of symptoms and complications. A case report demonstrated that
the placement of an intragastric balloon for weight loss may exacerbate symptoms of UC[88]. Further,
there is currently a scarcity of high-quality evidence regarding the efficacy of other endoscopic
procedures for weight loss in patients with IBD.

Bariatric surgery
For the general population, in obese patients with BMI > 40 kg/m? or 35-39.9 kg/m? with obesity-related
comorbidities and previously failed to achieve adequate weight reduction with non-surgical
interventions, bariatric surgery is superior to lifestyle and diet interventions and reduces mortality[89].
There are several different techniques for bariatric surgery, the most common being a Roux-en-Y gastric
bypass (RYGB) and a sleeve gastrostomy (SG). These are now mainly performed laparoscopically.
Although data are sparse, bariatric surgery may be a viable, effective, and safe weight loss approach
that could potentially result in improved outcomes for patients with IBD[90-93]. In most cases revised
from two systematic reviews, weight loss resulting from bariatric surgery can be beneficial in achieving
remission, reducing disease activity, and decreasing medication dependence in patients with IBD[92,
94]. Bariatric surgery resulted in similar weight loss and risk of complications in IBD patients as in non-
IBD patients. A case-control study that included 88 bariatric procedures performed on 85 IBD patients,
matched 1:2 for age, sex, BMI, hospital of surgery, and type of bariatric surgery with non-IBD patients
who underwent bariatric surgery, found that bariatric surgery was a safe and effective intervention for
weight loss, producing similar results to those observed in the control group over a 2-year period[93]. A
case-control study involving 25 patients with IBD who received bariatric surgery, and matched with
IBD patients who did not undergo bariatric surgery, found that the usage of rescue corticosteroids and
the requirement for IBD-related surgery were less prevalent in the former group than in the controls
[95]. However, long-term effects of bariatric surgery in IBD patients are poorly understood.
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Although conclusive findings have yet to be derived from randomized trials, current evidence
suggests that SG may confer an advantage over RYGB in patients with IBD, as SG solely involves the
stomach and thus may minimize the risk of small intestinal bacterial overgrowth[90,96]. By avoiding
anatomical alterations in the small intestine, the risk of complications such as strictures, abscesses, and
fistulas may be reduced and future IBD-related surgeries may be simplified.

De-novo IBD after bariatric surgery

The development of de-novo IBD subsequent to bariatric surgery has been reported in several studies.
The potential mechanisms underlying this association include exposure to viable toxins as a result of
anatomical alterations, increased release of cytokines due to changes in adipose tissue, and alterations in
the gut microbiome[95,97]. A Danish nationwide population-based cohort study has reported that
bariatric surgery is related to an increased risk of developing new-onset CD, but not UC[98]. After
bariatric surgery, the onset of IBD symptoms varied from 1 mo to 16 years[97]. In a case series, it was
found that 44 patients who had previously received bariatric surgery, with RYGB being the most
common procedure, developed de-novo IBD after a median latency period of 7 years[99]. Recent metal-
analysis including 149385 patients reported that the pooled odds ratio for the de-novo IBD following
bariatric surgery is 1.17[100]. Thus, the possibility of de-novo IBD should be taken into account as a
potential cause of symptoms such as abdominal pain and diarrhea in patients who have undergone
bariatric surgery.

CONCLUSION

Both obesity and IBD are rapidly increasing in modern society, and the proportion of obesity among
IBD patients is also reported to be higher now than that in the past. There are claims that obesity
contributes to the pathogenesis of IBD or that there are common factors contributing to both diseases,
such as dysbiosis, but it is still insufficient to know the causal relationship or direction between them.
Although data to assess the effect of obesity on outcomes in IBD are sparse and inconclusive, obesity
may have a protective effect in CD and a poorer prognosis in UC. Obesity can clearly affect the
treatment of IBD or surgery. Therefore, clinicians need to be aware that obesity can affect the treatment
response to drugs and increase surgical complications. Although there are few studies, obesity
treatment appears to have the potential to have a relatively favorable effect on IBD outcomes. Bariatric
surgery appears to be relatively safe and effective in obese IBD patients. Therefore, it is necessary to
compare the benefits and side effects of bariatric surgery for IBD patients. Some patients develop new
onset IBD, especially CD, after bariatric surgery, so clinicians are advised to keep this in mind.
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Abstract

Primary biliary cholangitis (PBC) is a chronic cholestatic liver disease charac-
terized by immune-driven destruction of small intrahepatic bile ducts leading a
proportion of patients to hepatic failure over the years. Diagnosis at early stages
in concert with ursodeoxycholic acid treatment has been linked with prevention
of disease progression in the majority of cases. Diagnosis of PBC in a patient with
cholestasis relies on the detection of disease-specific autoantibodies, including
anti-mitochondrial antibodies, and disease-specific anti-nuclear antibodies
targeting sp100 and gp210. These autoantibodies assist the diagnosis of the
disease, and are amongst few autoantibodies the presence of which is included in
the diagnostic criteria of the disease. They have also become important tools
evaluating disease prognosis. Herein, we summarize existing data on detection of
PBC-related autoantibodies and their clinical significance. Moreover, we provide
insight on novel autoantibodies and their possible prognostic role in PBC patients.

Key Words: Primary biliary cholangitis; Anti-mitochondrial antibodies; Primary biliary
cholangitis-specific antinuclear antibodies; Anti-sp100; Anti-gp210; Prognosis
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Core Tip: The diagnosis of primary biliary cholangitis (PBC) relies on the detection of disease-specific
autoantibodies, including anti-mitochondrial antibodies and disease-specific antinuclear antibodies
targeting sp100 and gp210. In this review, we summarize existing data on detection of PBC-related
autoantibodies and their clinical significance. Moreover, we provide insight on novel autoantibodies and
their possible prognostic role in PBC patients.
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INTRODUCTION

Primary biliary cholangitis (PBC), known until 2014 as primary biliary cirrhosis, is a chronic
autoimmune cholestatic liver disease, its main features being presence of anti-mitochondrial antibodies
(AMA), female predominance and progressive destruction of small intrahepatic bile ducts[1]. A
proportion of PBC patients progresses over the years to fibrosis and eventually to cirrhosis leading to
hepatic failure. Diagnosis at early stages in conjunction with ursodeoxycholic acid (UDCA) treatment
has been linked with prevention of disease progression in the majority of cases. Over the years,
significant progress has been achieved in the armamentarium used for disease diagnosis and prognost-
ication, including autoantibody testing and on-treatment prognostic indicators[1].

Originally PBC was reported in 1851 in a woman with jaundice and xanthomata and its clinical
phenotype was described in 1949[2,3]. The first association of PBC with autoantibodies was reported by
Mackay[4] in 1958 in a case with high titers of circulating complement-fixing antibodies to liver, kidney
and other human tissue antigens[4]. Later on, in 1965, Walker et al[5] have reported the presence of
AMA by indirect immunofluorescence (IIFL) in patients with PBC[5].

The discovery of AMA in conjunction with advances in their diagnostic testing and increased disease
awareness has led to diagnosis at earlier stages. Moreover, treatment with UDCA, which is the standard
of care for naive PBC patients has been associated with improved long-term survival. All these factors
have significantly contributed to the increase in prevalence rates throughout the years[6,7]. The highest
incidence and prevalence rates have been reported in Europe and the United States (incidence and
prevalence rates range from 3.3 to 32 per million person-years and 19 to 402 per million respectively)[8-
11]. Discrepancies between regions may reflect differences in patients’ accessibility to healthcare
services, increased disease awareness depending on physician’s expertise and widespread use of AMA
and antinuclear antibody (ANA) testing during diagnostic work-up. Still, it is debatable whether
increases in prevalence and incidence rates represent true changes over the years.

PBC is considered a prototype autoimmune disease, based on the abundance of AMA, female
predominance and increased rate of other autoimmune diseases. Genetic and environmental factors are
regarded as key players in the induction of immune tolerance loss to biliary epithelial autoantigens, a
notion well appreciated also on work performed in animal models of the disease[12-15].

Higher disease rates between family members, especially siblings, formed the initial pathogenetic link
between genetics and PBC. Genome wide association studies from Europe, North America, Japan and
China have identified human leukocyte antigens (HLA) and non-HLA alleles that confer susceptibility
to PBC, though discrepant results between ethnicities are apparent[16]. The majority of reported loci are
encoding proteins implicated in the control of immune response mechanisms, including HLA,
interleukin (IL)-12 production, B and T cell activation, interferon (IFN)-y production and production of
immunoglobulins. The contribution of genetics is also emphasized by the fact that monozygotic twins
display significantly higher concordance rates compared to dizygotic twins (63% vs 0%)[17]. Still, lack of
remarkable concordance rates between identical twins in PBC strongly supports the implication of
environmental factors and epigenetics.

Numerous studies have revealed the important contribution of environmental exposures, including
chemical xenobiotics, pollutants, cosmetics and also infectious agents, in immune tolerance loss and in
the initiation of disease process[18-21].

Studies on animal models of the disease have underlined the likely input of specific environmental
factors in the initiation and perpetuation of disease progression, adding further support for their
significant input in genetically prone individuals[15].
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DIAGNOSIS OF PBC

The cornerstone for PBC diagnosis is the detection of AMA and/or PBC-specific ANA when invest-
igating a patient with cholestasis (Table 1)[6]. It is important to stress that AMA are one of the few
autoantibodies being included in diagnostic criteria of a disease[6]. Liver histology is essential when
AMA are not detected in a patient with cholestasis with high suspicion of PBC, or when indications of
variant forms exist[6,22].

AUTOANTIBODIES

AMA

Since their first description in 1965 by Walker et al[5], AMA have been uninterruptedly used as the most
reliable marker for the diagnosis of PBC[5]. This landmark paper did not showcase only the close
association of AMA with PBC, but provided also a straightforward technique for its detection, which
has been routinely used up to this time, namely IIFL[5]. Later on, in 1968, a trypsin-sensitive antigen
was identified by Berg et al[23] to react in vitro with sera from PBC patients, which was located in the
inner mitochondrial membrane and was called M2[23]. The same group proposed a classification of
AMA antigens from M1 to M9[24]. This nomenclature was subsequently abandoned, as several studies
have failed to link PBC with any of these antigens, except for M2[25,26].

M2 antigens consist of components of the 2-oxo-acid dehydrogenase multienzyme complexes;
namely, pyruvate dehydrogenase (PDC), 2-oxoglutarate (OGDC) and branched-chain 2-oxo acid
(BCOADC)[27]. Each complex is formed by several copies of at least three enzymes (E1, E2 and E3) that
form high molecular-weight multimers and are localized in the inner mitochondrial membrane. The E2
enzyme, based at the structural core of the complex, contains the lipoyl group, which is bound to lysine
and plays significant role in the catalytic cycle[27].

The next major breakthrough was the cloning and sequencing of a 74 kDa mitochondrial autoantigen,
that led to the identification of E2 subunit of PDC-E2 as the major autoantigen in PBC[27,28]. Several
reports were able to establish the fine characteristics of response to antimitochondrial antigens in PBC
patients[29]. In detail, up to 95% of PBC patients show reactivity to PDC-E2 and to lesser extend (50%-
70%) towards OGDC-E2 and BCOADC-32[29]. Few AMA positive PBC patients react only towards
PDC-E2 and even less solely to OGDC-E2 or BCOADC-E2. The predominant anti-M2 reactivity is the
one against the E2 component of PDC and also BCOADC and OGDC enzyme complexes, while less
commonly reactivity to PDC-Ela and PDC-E1b subunits and also the dihydrolipoamide dehydrogenase
(E3)-binding protein has been reported[29]. It is of interest that the E2 subunit of the OADC is highly
conserved between species and also between various complexes. All immunodominant epitopes include
a ExDKA motif with a lipoic acid attached to K at position 173, which is essential for T-cell antigen
recognition[30].

Several studies have tried to elucidate mechanisms involved in loss of tolerance towards 2-OADC
components located on the inner mitochondprial surface of biliary epithelial cells (BECs), finally leading
to BECs injury and are reviewed elsewhere[31]. A multi-lineage loss of tolerance against major AMA
epitopes appears to be one of the key features leading to progressive destruction of bile ducts in PBC
where both CD4+ and CD8+ T cells orchestrate an immune response against the PDC-E2 complex in the
liver as well as in the periphery[31]. IL-12 and IFN-y prevail in PBC inducing Th1 immune responses at
initial stages of the disease[32]. Perpetuation of liver injury during the disease process is linked with
skewing towards a Th17 phenotype[31,32]. T follicular helper cells, known to assist B cell-specific
antibody production, were found in increased numbers in livers of PBC patients, while T regulatory
cells, that promote self-tolerance, were found numerically or functionally impaired in PBC patients[31].

Over the years, the role of BECs has been upgraded from regulators of fluidity and alkalinity of bile,
to active participants of innate and adaptive immune responses contributing to bile duct injury and
evolution of liver disease[1,33]. Why BECs are the targets of autoimmune attack, considering that PDC-
E2 is not confined solely to these cells but is abundant in mitochondria of all nucleated cells, remains
elusive. Several studies have proposed a hypothesis according to which small BECs, by undergoing
apoptosis, transfer immunologically intact PDC-E2 to apoptotic bodies and form an apotope (antigenic
epitope). This apotope in concert with macrophages and AMA can induce locally acting proinflam-
matory cytokines resulting in inflammation and surrounding apoptosis in PBC[14].

Methods for AVMA detection

ITFL: Since its discovery, IIFL is considered the “gold” standard technique for the detection of AMA and
titers above 1/40 are regarded as positive[6,22]. The preferred tissue for the detection of AMA is liver,
kidney and stomach substrates, which displays a fluorescence pattern unique to AMA. AMA stains the
distal tubules on kidney sections, which contain more mitochondria compared to the proximal tubules,
while it produces a bright granular pattern on gastric sections and a faint cytoplasmic pattern on liver
sections[34]. Alternatively, on a substrate of human larynx epithelioma cancer cell line (HEp-2) cells,
AMA give a diffuse, granular cytoplasmic pattern, that is not consistent with other methods of AMA
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Table 1 Autoantibodies detected in primary biliary cholangitis and their clinical significance

- Diagnostic L
Autoantibodies Method Prevalence Specificity . Clinical significance
relevance
AMA IIFL, ELISA, Blot 90%-95%. Varies High (90%) Yes AMA presence and titer not
according to associated with severity of
method used PBC or prognosis of PBC

Antinuclear antibodies Yes

Against nuclear envelope IIFL (MND pattern), 30%-50% Very high (approx-  Useful in AMA-  Anti-sp100 is associated with

antigens: Anti-sp100; anti- ELISA imately 98%) negative patients  more severe disease, faster

PML; anti-sp140; anti-SUMO disease progression and worse
outcome

Against nuclear pore complex IIFL (Rim-like perinu-  30%-50% Very high. Up to Useful in AMA-  Anti-gp210 is associated with

antigens: Anti-gp210; anti- clear pattern; RL/M), 100% negative patients  more severe disease and

np62; anti-LBR ELISA, Immunoblot worse outcome

Anticentromere antibodies IIFL 10%-30% Low No Limited data on their role as
prognostic factor for complic-
ations related to portal
hypertension

Anti-KLHL12 antibodies ELISA 22%-36% Very high Yes. Useful in Anti-HK1 is associated with

AMA-negative worse outcome (needs
Anti-HK-1 antibodies Immunoblot pts validation)

sp100: Nuclear body speckled 100 kDa; sp140: Nuclear body speckled 140 kDa; SUMOs: small ubiquitin-related modifiers; PML: Promyelocytic leukemia
proteins; LBR: Lamin B receptor antibody; KLHL12: Anti-kelch-like 12 protein; HK-1: Anti-hexokinase 1, AMA: Anti-mitochondrial antibodies; MND:
Multi nuclear dot pattern; ELISA: Enzyme-linked immunosorbent assay; IIFL: Indirect immunofluorescence; PBC: Primary biliary cholangitis.

detection (i.e. IIFL with triple substrate or molecular based assays) and its use as a single method for
AMA detection is not recommended. Still, HEp-2 cells is recommended to be used in parallel with the
triple rodent substrate for the detection of PBC-specific ANA[34].

Data from few old studies have shown that AMA are not restricted to a specific immunoglobulin (Ig)
G subclass, though IgG3 appears to be the most predominant[35,36].

Solid phase assays: The identification of AMA molecular targets has revolutionized the diagnostic
approach of patients with PBC, since new molecular-based assays have been developed, which relay on
the use of recombinant or purified antigens. Amongst them are microtiter plate Enzyme-linked
immunosorbent assay (ELISA), chemiluminescence and fluorescent bead-based assays[37-43]. Commer-
cially produced ELISA’s have substantially gained ground over the years, considering they offer high
grade of standardization and automation and don’t require skilled personnel either for their application
or interpretation[44].

Gershwin’s group have created a recombinant fusion protein (MIT3), consisting of the major
immunodominant epitopes of the three main AMA targets (PDC-E2, BCOADCE2, OGDC-E2)[41]. An
ELISA utilizing MIT3 had increased sensitivity compared to IIFL and ELISAs with conventional anti-
M2, as it allowed the identification of AMA in 30%-50% of previously AMA-negative samples[39,45].
An improved technique, based on the coupling of the three recombinant mitochondrial autoantigens
(PDC-E2, BCOADC-E2 and OGDC-E2) with beads, found 20% of AMA-negative by IIFL patients to be
positive, while 100% of these new AMA positive patients were revealed as ANA positive[46]. The
development of another assay (anti-M2-3E ELISA),which included antibodies to MIT3 and purified PDC
to allow detection of additional less immunodominant mitochondrial antigens, like PDC-Ela and E1b,
increased further the diagnostic accuracy of AMA compared to IIFL, conventional anti-PDC ELISA and
also the anti-MIT3 ELISA[37].

Several studies have suggested that investigating individual AMA isotypes (IgG, IgM, IgA) could be
of clinical relevance, as different isotypes may correlate with biochemical, clinical and histological
features of the disease. As a secretory immunoglobulin, IgA is abundant in mucous membranes, while
IgA AMA have been detected in bile, saliva and urine samples of PBC patients and have been suggested
to contribute to bile duct injury[47,48]. Of relevance, PDC-E2 specific dimeric IgA, but not IgG resulted
in induction of caspase activation in Madine-Darby canine kidney cells transfected with the human
polymeric Ig receptor, in an experimental study[49]. Studies assessing the possible clinical significance
of IgA AMA in PBC patients have produced conflicting results up to the present[39,50-52]. Even if we
cannot recommend IgA AMA testing based on these remarks, we should stress that a minority of PBC
patients (2%-3%) have only AMA of IgA isotype[39]. In this context, if a patient is suspected to have
PBC based on clinical and biochemical features and IgG AMA are not detected, he should be tested for
AMA of IgA isotype.
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A study from China, has suggested that salivary AMA-M2, tested by ELISA is a useful biomarker for
the diagnosis of PBC. It is a non-invasive method, providing high specificity, as salivary AMA-M2 were
detected only in serum AMA-M2 positive PBC patients and none of the controls[53].

In PBC, SDS-PAGE followed by western blotting has been used in the past as a sensitive and specific
method in identifying individual mitochondrial antigens based on their molecular weight (74 kDa band
for PDC-E2, 52 kDa band for BCOADC-E2 and 48 kDa band for OGD-E2). Preparations of mitochondrial
fractions of primate and/or liver or bovine heart are usually used as source of AMA antigens, though
recombinant proteins are suggested to produce less background[54,55]. Immunoblotting with
recombinant protein results in 91% positivity in sera from PBC patients, compared to 81% when
recombinant PDC-E2 fusion protein is utilized[54]. Similar to ELISAs, the fact that a small portion of
PBC patients demonstrate reactivity only to BCOADC-E2 and/or OGDC-E2 could account for this
variance in sensitivity. A study applying computer-assisted imaging technology showed correlation
between AMA titers by IIFL and number and intensity of immunofixed 1-OADC bands in sera from
PBC patients[55]. However, immunoblotting is time consuming and in routine practice its usage has
been abandoned giving space for the most reliable and fully automated antigen-specific assays or
automated IIFL.

Data from a recent study suggests that M2-AMA dot blot is more specific than IIF-AMA[56]. This
study demonstrated increased sensitivity and specificity with increasing number of M2-AMA
specificities detected.

In recent years automated particle-based multi-analyte technology (PMAT) assays have been used for
the detection of autoantibodies, including those related to PBC. Data evaluating the performance of this
assay have been convincing and commercial assays based on this technology are widely available, as
they allow the concurrent detection of several antigen-specific autoantibodies[57].

AMA AND THEIR CLINICAL CORRELATIONS

AMA is the most characteristic feature of PBC, as up to 95% of patients are tested positive for these
autoantibodies. A 2014 meta-analysis including 24 studies showed that the pooled sensitivity and
specificity of AMA in the diagnosis of PBC is 84.5% and 97.8%, respectively[58]. The specificity of AMA
for PBC has been initially revealed in two small longitudinal studies, where the majority of AMA
positive patients with no evidence of cholestatic liver disease developed full blown PBC[59,60]. Still,
recent studies have shown a small proportion of AMA positive individuals to develop PBC through the
years[61,62]. These data should be interpreted with caution, as follow up duration might have been not
long enough in these latter studies to allow clinical presentation of PBC that is known to progress
slowly.

Data from Sun et al[63], though, have shown that 80% of AMA positive individuals with normal
alkaline phosphatase have histological features of PBC, stressing that cholestasis is not a prerequisite for
the establishment of PBC[63]. The pathogenic role of AMA is further supported by the case of two
newborns where liver disease had developed after transfer of AMA from their mothers via the placenta,
while liver pathology subsided when the autoantibodies disappeared.

However, AMA have been reported in up to 1% of healthy individuals[64,65]. Considering the
substantially lower PBC prevalence, only a small percentage of those AMA positive individuals is going
to advance to PBC. Moreover, longitudinal data on AMA kinetics in patients transplanted for PBC show
these autoantibodies to persist, though biochemical or histological features of PBC recurrence have been
reported in 36% 10 years post liver transplantation[66,67]. As autoantibodies can arise years before
disease presentation only long-term observational studies spanning a period of decades will be able to
elucidate this issue further.

Kisand et al[68] have suggested that development of PBC might arise in those who have or will
develop high titer AMA overtime of various specificities and subclasses compared to AMA positive
individuals with low titer antibodies of only one Ig class reactivity[68].

Whether AMA titers is a prognostic indicator for PBC needs to be assessed further, as several studies
up to the present have produced conflicting data. Early studies from the 80s and 90s have shown AMA
titers to correlate to disease activity and progression[69,70]. Another study demonstrated that PBC
patients had significantly higher AMA titers, tested by IIFL and higher anti-PDC-E2 avidity compared
to AMA positive individuals with normal biochemistry[71]. Moreover, Gabeta et al[39] have
demonstrated IgG and IgA AMA titers to positively correlate with the Mayo risk score[39].

Whether testing by IIFL for individual IgG AMA subclasses could assist in identifying prognostic
features of PBC patients remains obscure. Another study stressed that AMA of the IgG3 subclass
positively correlate with more advanced liver disease, as manifested by higher frequency of cirrhosis
and higher Mayo risk score[36].

Furthermore, treatment with UDCA was associated with a decrease in AMA titers in one of the first
trials of UDCA in PBC patients, while in a recent study from China, response to UDCA treatment at 1
year was linked to decreased AMA titers[72,73]. However, several other studies failed to prove AMA
titers or their longitudinal changes as prognostic markers of PBC progression[74-76]. In line with this, a
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small study on 9 asymptomatic PBC patients with inadequate response to UDCA, who continued with
combination of UDCA and fenofibrate, showed a decrease in AMA titers in 4 of these patients. These
data could suggest that AMA production may be regulated by peroxisome proliferator-activated
receptor o in PBC patients. Still, this is a hypothesis that needs to be confirmed in the future, as it was
not reproduced by other studies[77].

Anti-M2 AMA can also occur in the context of overlapping diseases, such as the autoimmune
hepatitis/ PBC variant, metabolic associated fatty liver disease/PBC variant, viral hepatitis (hepatitis B
virus, hepatitis C virus)/PBC variant and other rheumatic diseases, such as systemic sclerosis[6,78,79].
Their presence should be evaluated in the appropriated clinical context.

ANAIN PBC

Various ANA specificities have been reported in up to 70% of PBC patients[80]. HEp-2 cells are
preferred compared to the triple tissue substrate for the detection of ANA, as large nuclei and high rate
of mitosis of these cells permit the discrimination of different staining patterns[34]. A variety of staining
patterns, often coinciding, have been described in PBC patients, including rim-like (RLM), nuclear dot,
speckled, homogeneous and centromere staining pattern[81,82]. For diagnostic purposes, ANAs are
categorized into those not specific for PBC and those specific for the disease.

According to the official categorization of ANA patterns issued by the International Consensus on
ANA Patterns initiative, 2 IIFL patterns are defined as PBC-specific, namely the multiple nuclear dot
(MND) pattern (AC-6) and the punctuate nuclear envelope pattern (AC-12)[83].

ANA not specific for PBC

Anticentromere antibodies (ACA) and those against extractable nuclear antigens (anti-ENA),
recognizing various molecular targets, including nuclear ribonucleoproteins (nRNP), ribosomal
phosphoproteins and cellular enzymes such as DNA topoisomerase I (Scl-70) and histidyl-tRNA
synthetase (Jo-1) are non-specific ANA and can be detected up to 30% of PBC patients, at times
indicating co-existing autoimmune rheumatic diseases[80,84].

Originally, IIFL on HEp-2 cells was used for ACA detection and counter immunoelectrophoresis on
thymic and spleen extracts for anti-ENA detection. More sensitive methods, like ELISA and immunoblot
were developed for the detection of various molecular targets (i.e. nRNP, Sm, SSB/La, SSA/Ro 60 and
52). Their application has revealed anti-ENA reactivities in up to 30% of PBC patients, anti-SSA /Ro-
52kD being the most frequent one. The presence of anti-SSA /Ro-52 kD was associated with active and
advanced disease in one study[84]. ACA have been reported in 20%-30% of PBC patients and 80% of
patients with a PBC/Systemic Sclerosis overlap syndrome[51,84-86].

The diagnostic and clinical significance of ACA positivity in patients with PBC without SSc has
recently been under investigation, though with discrepant results[86-88]. Data from two studies have
suggested ACA to be a predictive factor for the development of complications related to portal
hypertension in PBC patients, though not for the progression to liver failure[86,88]. As both studies
were conducted in PBC patients of Asian origin, large scale data are needed to explore this hypothesis
further.

PBC-specific ANA

PBC-specific ANA have been reported in up to 50% of PBC patients, with wide variation in the
prevalence rate between studies depending on the method used[80]. They demonstrate high specificity,
though low sensitivity for PBC and is a valuable tool during diagnostic work-up of patients with
suspicion of PBC, especially in those tested negative for AMA[6,22]. Their identification is optimized
when HEp-2 cells are used as a substrate, as these cells have large nuclei and during their mitotic phase
ACA stain their chromosomes[34].

PBC-specific ANA display two distinct immunofluorescence patterns: A perinuclear/RLM and a
MND pattern[80,83]. The RLM pattern gives a distinctive punctuated pattern of the nuclear surface that
corresponds to a nuclear complex, This pattern is generated by reactivity to nuclear pore complexes
(NPC), which are multi-protein structures that mediate nucleocytosplasmic transport. Gp210 is the main
antigenic targets in PBC and is currently used for diagnostic purposes. Less immunodominant antigens,
not incorporated in the diagnostic work-up, are those of nucleoporin p62 and lamin B receptor. The
MND pattern consists of 3-20 dots scattered throughout the nucleus, but sparring the nucleoli and is
produced by reactivity to the nuclear body speckled 100 kDa (sp100) protein and the promyelocytic
leukemia (PML) protein, while more recently sp140 and small ubiquitin-related modifier (SUMO)
protein has been reported as additional antigenic targets[80,89,90].

The visualization of ANA can be hindered by AMAs presence and other ANA specificities[34]. This
could justify the perception that prevailed based on the results of early studies reporting of the presence
of PBC-specific ANA especially in AMA-negative patients[81]. For example, the MND pattern can be
easily mistaken with that produced by ACA; the anti-MND pattern consist of dots of various size and
numbers, while the ACA pattern is characterized by dots of equal size. ACA stain the cells’
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chromosome, whereas anti-MND don’t.

A multicenter study showed that the diagnostic performance of the conventional IIFL improved
further by the use of individual IgG (IgG1-4) isotypes instead of anti-total IgG sera, leading to increased
recognition of PBC-specific ANAs[91]. In detail, 65% and 15% of PBC patients were MND and/or RLM
positive using IgG isotype-specific antisera and anti-total IgG antiserum respectively[91].

The identification of the molecular targets of PBC-specific ANA has led to the development of
molecular based techniques, including ELISA and immunoblot, that are more sensitive and observer-
independent[80,92,93]. Accordingly, Invernizzi et al[92] demonstrated reactivity to NPC by immu-
noblotting in 22% of 105 patients known to be ANA negative by IIFL. There was no significant
difference in the percentage of anti-NPC positive amongst those being AMA positive and negative PBC
patients with the use of immunoblotting[92]. Similarly, Muratori et al[81] have reported on the increased
sensitivity of ELISA in detecting PBC-specific ANAs compared to IIFL, though they were more often
detected in AMA negative compared to AMA positive PBC patients[81].

Still, a major limitation of the molecular based assays is the selection of specific targets and exclusion
of others that might be of potentially equal importance, especially if reactivity to those subdominant
antigens is of diagnostic relevance (such is the case of single specificities).

The sensitivity of anti-gp210 has been reported between 5.71% and 55.88%, whereas specificity
ranged from 61.70% to 100% depending on the method used and the population studied[94-98].

ANA AND THEIR CLINICAL CORRELATIONS

Several studies have evaluated whether PBC-specific ANAs have a prognostic role in PBC patients.
Discrepant results between studies can be justified by differences in study design (i.e. methods to
evaluate the presence of antibodies, different antigenic preparations used), as well as heterogeneity of
patients investigated[86,94].

Early studies, based mainly on IIFL detection of autoantibodies, had failed to establish a link between
presence of PBC-specific ANAs and disease” prognosis[99,100]. During the last 20 years, several reports
relaying mostly on ELISA, western blot and line blot data, delineated the correlation of PBC-specific
ANAs with more severe disease and worse outcome, though differences between studies exist. Most
studies underline that positivity for anti-NPC antibodies and especially for anti-gp210 are associated
with more severe disease and worst disease outcome[81,87,91,92,97,101].

One of these studies using IIFL for the identification of autoantibodies, revealed anti-RLM of the IgG3
isotype to correlate with more severe liver disease[91]. A meta-analysis encompassing 5 studies in Asian
patients demonstrated anti-gp210 antibodies to be associated with worst disease outcome and suggested
their use as optimal predictors of PBC prognosis at the time of diagnosis[102].

Nakamura et al[103] reported that persistently positive anti-gp210 antibodies during follow up in
Japanese PBC patients under UDCA treatment confer a strong risk for progression to end-stage liver
disease, whereas these patients had histologically more severe interface hepatitis, lobular inflammation,
and ductular reaction[103]. These findings were not confirmed in a study assessing autoantibody
patterns during follow up in Greek PBC patients[104].

Anti-np62 antibodies are detected in 22%-31% of PBC patients, though their significance is not well
documented and their diagnostic relevance remains unclear[105,106]. A Japanese study suggested that
anti-np62 antibodies are associated with advanced disease. These results need to be confirmed by other
studies[105].

Anti-sp100, the most frequent amongst antibodies displaying the MND pattern, is detected in 8%-44%
of PBC patients, its specificity ranging from 63.8% to 100%[81,107-109]. The pooled sensitivity of anti-
sp100 for PBC has been estimated at 23.1% and the pooled specificity at 97.7%[98]. Importantly,
subgroup analysis could not identify significant differences in pooled specificity across the strata of
geographical regions or across various methods used for their identification[98].

The prevalence of anti-lamin B receptor antibodies have been reported in 9%-15% of PBC patients and
are considered highly specific[105,110]. Given their rarity and their unknown prognostic role, they are
not routinely tested in every day clinical practice.

Anti-MND and anti-sp100 antibodies tested by IIF and by ELISA respectively have been associated
with more severe disease, as attested by biochemical and histological features, faster disease progression
and worse outcome[91,107]. Moreover, anti-MND of the IgG3 isotype was associated with longer
disease duration and more severe histological picture[91].

Autoantibodies against PML are less frequently detected in PBC patients (12%-19%), and largely co-
exist with anti-sp100, though cases with single reactivity to PML have been also reported[93,107].
Double reactivity to sp100 and PML was suggested to be associated with unfavorable outcome of PBC
patients[93,107]. SUMOs have been exclusively linked to presence of anti-sp100 and anti-PML,
suggesting antigen spreading as a possible mechanism for anti-SUMO generation[90].

Zichner et al[107] reported anti-sp100 levels to remain stable during the course of the disease. Of
interest, alteration in the sp100 epitope recognition pattern in some patients during the natural course of
the disease was noted in a proportion of patients under UDCA treatment, which indicates that UDCA
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can modify immunoglobulin expression[107]. In accordance with these findings are those from a study
in 110 Greek patients, where serial determination of autoantibodies titers demonstrated that a decrease
in anti-sp100 levels was associated with response to UDCA treatment and improvement of the Mayo
risk score[104]. Akin to AMA, PBC-specific ANA are shown to persist after liver transplantation without
signs of disease recurrence[106,111].

Few studies have suggested infectious agents to have acted as potential triggers for the development
of anti-MND antibodies in PBC patients. Bogdanos et al[112] have demonstrated a strong correlation of
anti-sp100 reactivity and presence of AMA only in those PBC patients with recurrent urinary tract
infections[112]. Molecular mimicry between T-cell epitopes, first implicating mitochondrial and
afterward nuclear proteins, has been proposed[113].

A study conducted in a Han Chinese population demonstrated significant genetic predisposition for
sp100 but not for gp210. In detail, HLADRB1*03:01, DRB1*15:01, DRB1*01, and DPB1+*03:01 alleles were
associated with antibody production against sp100[114]. Whether this difference is indicative of diverse
roles of anti-sp100 and anti-gp210 in PBCs pathogenesis needs to be elucidated in the future. Besides, as
data of this study is confined to Chinese patients, these results need to be confirmed in other PBC
cohorts.

AMA NEGATIVE PBC

The percentage of AMA negativity by IFL widely varies amongst studies, ranging from 5%-20%. Soon
after the identification of the molecular targets of AMA and the development of molecular based assays,
it has become apparent that such assays can considerably increase the sensitivity for AMA detection,
leading to a significant drop of “true” AMA-negative cases[37,39,40,45,46,115]. By immunoblotting
testing, IgG antibodies against PDC-E2 are detectable in 97% of AMA positive PBC and in 66% of AMA
negative PBC[116].

Others have reported even higher prevalence of antigen-specific AMA in IFL AMA-negative PBC
patients, reducing even more the percentage of AMA negative PBC[117-119]. In our hands, only 16% of
IFL AMA-negative PBC patients had reactivity against mitochondrial autoantigens using a sensitive
immunoblot technique[55].

Nevertheless, even when the most sensitive AMA tests are used, still a proportion of PBC patients
may not have AMA. While some studies indicated that seronegative cases may convert to AMA
seropositive over the years, some others have elegantly shown that there are still patients that will never
develop these autoantibodies over the course of the disease. This is of fundamental importance as it
implies that breaking of immunological tolerance to the mitochondrial autoantigens of AMA is not the
sole cornerstone of PBC pathogenesis, and other non-mitochondrial antigen-driven mechanisms are
potentially involved. It is also of diagnostic importance because it highlights the importance for the
proper identification and routine use of diagnostic surrogate markers which can assist the diagnosis of
PBC in AMA negative cases. It also raises the question as to whether AMA positive and AMA negative
PBC are two entities with distinct characteristics or not.

It must be noted, that over the years and with the wealth of data provided, a consensus has been
reached that “true” AMA-negative PBC is an entity indistinguishable from AMA-positive PBC, in terms
of demographic, biochemical, clinical and histopathological features[117,118,120]. Though the total
number of AMA negative cases with PBC included in various studies can be considered small, and
despite the lack of multi-centre studies investigating in greater detail the features of AMA negative PBC,
the current evidence supports the notion that the natural history as well as the prognosis of AMA-
negative PBC is analogous to AMA-positive PBC[121,122]. Current guidelines indicate the therapeutical
and clinical management of AMA negative PBC should be the same with AMA positive PBC. Early
studies have reported that aside AMA status, some immunoserologic features may be different between
AMA-negative and AMA-positive PBC, such as lower IgM and higher gamma globulin in the former
rather than the latter group[117,118,120,123].

Several studies have published data reporting a significantly higher rate of positivity for ANA in
AMA-negative compared to AMA-positive PBC. Original studies were based on IFL testing, while most
recently such assays included ANA-specific antigen testing against sp100 and gp210. The wide range of
ANA positivity is attributed to technical reasons, such as the sensitivity of the assay used for
autoantibody detection and cohort selection bias or geographic/ethnic disparities. Early IFL studies
reported the prevalence of ANA to range between 71% to 100%, in AMA-negative PBC patients,
compared with 18% to 33% in AMA seropositive PBC patients[117,118,120,123].

The first point that at times is overlooked by the clinicians is that PBC-specific AN As are not confined
to AMA-negative PBC and therefore disease-specific ANA is by no means a characteristic feature of this
form of the disease. It has now become apparent that this striking over-representation was due to the
practical limitations imposed by IFL on tissue sections because ANA positivity could be obscured by the
simultaneous presence of AMAs, which could perplex the reading by the immunodiagnostician. This is
indeed true in week AMA positive cases were ANAs become more visible and can be present in
frequencies comparable to AMA negative PBC cohorts[81]. With the advent of assays using as antigenic
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substrate recombinant sp100 and gp210, a more accurate estimation of the respective autoreactivities has
been achieved, though great variation is still seen amongst studies. In a consecutive cohort, Muratori et
al[81] found ANA of any pattern in 53% of patients, including 27% with anti-Sp100, and 16% with anti-
gp210 antibody reactivity[81].

Most studies fail to report significant differences of anti-gp210 and anti-sp100 between AMA-positive
and AMA-negative PBC cohorts[124].

The relatively recent identification of novel autoantigens in AMA negative patients with PBC has
provided further hints regarding the diagnostic and clinical challenges of AMA-negative patients with
PBC and their relevance to the presence of disease-specific autoantibodies.

NOVEL AUTOANTIBODIES

During the last decade, antibodies against kelch-like protein (KLHL12) and hexokinase 1 (HK-1) were
proposed as novel biomarkers in PBC patients, especially those lacking AMA[125,126]. While KLHL12 is
a nuclear protein that is implicated in collagen export and ubiquitination of various proteins, HK-1 is an
enzyme that is localized in the outer mitochondria membrane, phosphorylates glucose and modulates
susceptibility to cellular apoptosis. Both display high specificity (= 95%), while their combination
improved their overall sensitivity from 48.3% to 68.5% by ELISA and from 55% to 75% by immunoblot
in AMA-negative PBC patients[125]. Recently, a study in Spanish PBC patients has confirmed the
aforementioned data on the utility of these autoantibodies to diagnose AMA-negative patients by
demonstrating anti-HK1 or anti-KLHL12 in a third of AMA negative and in 40% those negative for
AMA, anti-gp210 and anti-sp100[127]. Furthermore, anti-HK1 positivity was associated with
significantly higher possibility of liver decompensation and lower liver-related survival free of
transplantation[127]. A more recent study assessed the prevalence of anti-KLHL12 and anti-HK-1
antibodies by ELISA at 5 sites within Europe and North America and documented the presence of these
antibodies in patients with PBC in all geographies, irrespectively of the origin of the sera failing to
identify geographic factors which could imply that the genetic make-up of the patients is responsible for
the induction of these autoantibodies[128]. A Polish study reported the highest prevalence of anti-
KLHL12 antibodies so far (36%) in both AMA-positive and AMA-negative patients and confirmed their
high specificity for PBC diagnosis[110]. Their presence was linked to higher bilirubin levels and
advanced fibrosis[110]. The prognostic significance of these autoantibodies needs to be evaluated in
larger cohorts of PBC patients.

Bombaci et al[129] have proposed SPATA31A3 and GARP, as novel autoantigens in PBC, as PBC sera
demonstrated high reactivity to these antigens irrespective of AMA and PBC-specific ANA presence
[129]. Their combination with PDC-E2 assisted in discrimination of PBC from other diseases with high
sensitivity and specificity. The authors offer in addition pathophysiological evidences on GARP
expression in human cholangiocytes, which underlines the potential implication of this autoantigen in
the induction of the disease[129].

MULTIPLEX ASSAYS

Considering that the repertoire of autoantibodies related to several autoimmune diseases is increasing,
multiplex assays have become available in order to facilitate their simultaneous detection in a reliable,
automated fashion, without consuming substantial amount of time. Such an example is that reported by
Liu et al[130] in 2010 on a new PBC-screening assay that allows simultaneous detection of MIT3, sp100
and gp210 of IgG and IgA isotype by ELISA and compared these results with those from distinct IgG
ELISAs[130]. Testing of 1175 PBC patients and 1232 non-PBC controls revealed sensitivity and
specificity of PBC screen to be 83.8% and 94.7%, respectively, which is similar to that found from the
evaluation of the combined data from individual MIT3, sp100, and gp210 IgG ELISAs[130].

Furthermore, assessment of 253 AMA-negative PBC patients by IIFL with this assay, resulted in
positivity for PBC-specific autoantibodies in almost half of them (44.7%). Based on these data, PBC
screen has been proposed as a reliable first line test for the diagnosis of PBC[130]. Comparable were the
results from an Italian study, where examination of 100 AMA-negative PBC patients by IIFL showed
reactivity in 43% of these patients with the use of the PBC screen[131].

Data from a study using a multiplex line blot assay, designed for autoimmune liver diseases, that
contained AMA-M2, M2-E3 (a recombinant fusion protein including the E2 subunits of PDC, BCOADC
and OGDC), as well sp100, PML and gp210 recombinant proteins had an overall sensitivity and
specificity for PBC of 98.3% and 93.7% respectively. IIFL displayed lower sensitivity (86.2%), though
comparable specificity (97.9%)[132]. Recently, a new automated PMAT assay on the Aptiva instrument,
which includes MIT3, sp100, gp210, HK1 and KLp, facilitated the recognition of higher frequency of
AMA- negative PBC patients compared to conventional immunoassays[57]. Even though multiplex
technology seems to be a promising tool in the diagnosis of PBC, its use in the diagnostic algorithm of
PBC needs to be further evaluated.
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CONCLUSION

In conclusion, thorough discussion of the available literature reveals important aspects of the diagnostic,
clinical and prognostic significance of disease-specific autoantibodies in AMA positive and AMA
negative PBC patients[133]. Overall, identification of AMA and PBC-specific ANA is the cornerstone for
the diagnosis of PBC. PBC-specific ANA, including anti-gp210 and anti-sp100, have a pivotal role in
PBC diagnosis in AMA-negative individuals with high suspicion of the disease. Moreover, they have an
established role as predictive factors for more advanced disease and worse outcome. The role of novel
autoantibodies as diagnostic and prognostic tools in the management of patients with PBC needs to be
assessed further.
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Abstract

Pancreatic cancer (PC) has a low incidence rate but a high mortality, with patients
often in the advanced stage of the disease at the time of the first diagnosis. If
detected, early neoplastic lesions are ideal for surgery, offering the best prognosis.
Preneoplastic lesions of the pancreas include pancreatic intraepithelial neoplasia
and mucinous cystic neoplasms, with intraductal papillary mucinous neoplasms
being the most commonly diagnosed. Our study focused on predicting PC by
identifying early signs using noninvasive techniques and artificial intelligence
(AI). A systematic English literature search was conducted on the PubMed
electronic database and other sources. We obtained a total of 97 studies on the
subject of pancreatic neoplasms. The final number of articles included in our
study was 44, 34 of which focused on the use of Al algorithms in the early
diagnosis and prediction of pancreatic lesions. Al algorithms can facilitate
diagnosis by analyzing massive amounts of data in a short period of time. Correl-
ations can be made through Al algorithms by expanding image and electronic
medical records databases, which can later be used as part of a screening program
for the general population. Al-based screening models should involve a
combination of biomarkers and medical and imaging data from different sources.
This requires large numbers of resources, collaboration between medical practi-
tioners, and investment in medical infrastructures.

Key Words: Pancreatic cancer; Early pancreatic lesions; Pancreatic neoplasia; Artificial
intelligence; Deep learning; Machine learning; Radiomics; Diagnosis; Pancreas
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Core Tip: To improve the clinical management and prognosis for patients with pancreatic cancer (PC), new
diagnostic methods should be developed to identify precursor lesions. Artificial intelligence (Al) is a tool
that can offer a personalized approach in this regard by analyzing a large quantity of heterogeneous data
and can also help in decision-making, increasing the prediction accuracy for an early diagnosis. The aim of
this study was to provide a comprehensive overview of the advances in detecting PC noninvasively with
an emphasis on early lesions and Al
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INTRODUCTION

The World Health Organization estimates that early cancer detection will result in 30% greater cure
rates for most cancer types[1]. Pancreatic cancer (PC) has a low incidence but is currently the 4* leading
cause of all cancer deaths. The 5-year survival rate for PC is between 7% and 20%, with the best
prognosis obtained for pancreatic neoplasms diagnosed in early stages[2-4]. Studies have reported that
the 5-year survival rate can be as high as 39.9% in localized pancreatic tumors, but in patients who
develop metastatic disease, the rate drops significantly to 2.9%[2-4].

There are two main types of PC, exocrine carcinomas and neuroendocrine neoplasms, with the
former accounting for more than 95% of pancreatic tumors[5]. Patients with exocrine tumors compared
with those with endocrine ones have a median survival of approximately 4 mo vs 27 mo[6]. Approx-
imately 90% of exocrine PC cases are pancreatic ductal adenocarcinoma (PDAC); 80% of PDAC patients
are in the advanced stage of the disease at the time of the first diagnosis[4,7]. A total of 49.6% of PDAC
patients are diagnosed with distant metastases, and only approximately 15% have a surgically
resectable tumor[1,2,4,7]. By 2030, PDAC is expected to become the second most common cause of
cancer-related death in Western countries[8]. An important aspect in the diagnosis of PC is the size of
the tumor, which correlates with outcome. For early-stage PDAC with node-negative, small tumors (<2
cm), the survival rate can be as high as 80%[8]. Less than 2% of PCs are pancreatic neuroendocrine
tumors (PNT). Current data have shown that an earlier diagnosis of PNTs is not associated with an
improved survival rate. Compared with PDACs, PNTs have a better prognosis[9,10].

Preneoplastic lesions that frequently arise in the exocrine pancreas include pancreatic intraepithelial
neoplasia (PanIN), mucinous cystic neoplasms (MCN), and intraductal papillary mucinous neoplasms
(IPMNSs)[11]. Low-grade PanIN is quite common (present in 40%-75% of adults), especially after the age
of 40[12]. The progression from low-grade PanIN to invasive tumors is unknown, and currently,
identifying this type of lesion is not sufficient to justify surgical intervention. However, if high-grade
PanIN is detected, surgery is highly indicated[1]. MCNs of the pancreas rarely progress to PC[11], while
IPMNs are fairly common and, if left untreated, can progress to cancer[13]. An association between
PDAC and IPMN has been reported in 11%-80% of cases[14]. Identifying high-risk IPMNs before
surgical intervention enables patients in the low-risk category to avoid unnecessary surgery for benign
disease. At this time, there are no accurate methods for the preoperative discrimination between high-
and low-risk IPMNs[3,15].

Pancreatitis and cystic lesions of the pancreas are considered risk factors for developing PDAC.
Chronic pancreatitis was identified in patients with PDAC 10 to 20 years earlier and acute pancreatitis 1
to 2 years before tumor diagnosis. Studies have shown that less than 5% of patients with chronic pancre-
atitis also develop PDAC. Cystic precursor lesions of PC include IPMN and MCNs, with IPMN being
the most commonly diagnosed[1,14]. Pancreatic cyst fluid cytologic analysis is a candidate method for
identifying progression to high-grade PanIN or cancer with a 25%-88% sensitivity in detecting
pancreatic malignancy[1,16].

A challenge in the early diagnosis PC is the absence of specific symptoms or clinical data for patients
with pancreatic tumors. The symptoms of PC, if present, are not specific and manifest approximately 6
mo after the identification of PDAC. Patients with symptoms from PC complain of abdominal pain and
unexplained weight loss and are often found to have jaundice[4]. The majority of patients are
asymptomatic, however[14].

Initial tests for evaluating patients suspected of having PC include serological investigation and
abdominal imaging[5]. The latter is often performed using magnetic resonance imaging (MRI), MRI
cholangiopancreatography, computed tomography (CT), endoscopic ultrasound (EUS), endoscopic
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retrograde cholangiopancreatography (ERCP), and positron emission tomography(5,14,17]. One of the
newest techniques in MRI involves diffusion-weighted imaging, which is capable of discriminating
between PC and pancreatitis[17]. Certain features can be indicative of malignancy on imaging studies of
early lesions for PC, including internal septation, mural nodularity, solid masses, duct dilatation, and
vascular invasion. In 36%-70% of IPMN-associated cancers, mural nodules are diagnosed[14]. CT and
MRI have a 56%-88% accuracy in detecting IPMN, but EUS has a higher resolution[14]. Pancreatic cysts
are found in 3% of CT scans and 20% of MRI scans and can reach a 40% incidence in patients over 80
years old[14]. The most common imaging methods used, however, are EUS and CT. New EUS
techniques (contrast-enhanced EUS and elastography) and the use of two or more imaging methods can
enhance the diagnostic accuracy[7].

Additional methods implemented for PC include the analysis of personal data, biomarkers, and
genomic features. Conditions such as family history of PC, body mass index, smoking, and alcohol
abuse are epidemiologically associated with PC[18]. A total of 75%-80% of PCs are found in the head of
the pancreas[14]. Diabetes is identified in 10%-40% of cases with IPMN, and a strong association
between insulin and the risk of IPMN has been reported[14]. Patients with Peuts-Jegher syndrome,
McCum-Albright syndrome, and familial adenomatous polyposis have also been diagnosed with IPMN
[12,14]. MicroRNAs are biomarkers that have shown potential as a diagnostic tool for PDAC because of
their high expression in the plasma of these patients[2]. MUC4, MUC16, differentially methylated DNA,
telomerase protease expression, and overexpression of Das-1 biomarkers are associated with PDACs
and are currently being validated for clinical use[1,14]. Elevated levels of carbohydrate antigen (CA)19-9
and carcinoembryonic antigen (CEA) and the identification of a new protein (cell migration-inducing
hyaluronan-binding protein) are considered useful in PC prediction[14,19]. High concentrations of CEA
are reported in mucinous pancreatic cysts but lack the potential to differentiate between IPMNs and
PDACs[14]. The only biomarker for PDAC commonly considered reliable is CA19-9, but in the early
stage disease, it has a sensitivity between 25% and 50% and is present in 51.1% of patients with PC stage
I 'and 44.1% of patients with stage II[1,5].

Specific genomic features have been described for PDAC[1]. The top genes targeted during pancreatic
carcinogenesis include KRAS, CDKN2A, TP53, and SMADA4. In patients with hereditary pancreatitis,
mutation of the PRSS1 gene is associated with a higher risk of PC[12]. In early lesions of low-grade
PanIN, KRAS mutations have identified, while inactivation of CDK2A and alterations in TP53, SMDAA4,
and BRCA2 occur in high-grade PanIN. Patients with these gene alterations can be classified as high-
risk PDAC cohorts and considered for PC screening. These cohorts can also include patients with
pancreatic cysts, pancreatitis, and new-onset diabetes who are 60 to 75 years of age[1]. KRAS, GNAS,
TP53, SMAD4, PIK3CR, PTEN, and AKT1 mutations have been reported in IPMN-associated neoplasms
with a 32%-89% sensitivity and 96%-100% specificity[14]. However, screening for PC asymptomatic
subjects without a well-defined high-risk group is currently considered cost prohibitive[1].

Surgery is seen as a potentially curative treatment for PC if the patient is diagnosed in the early stage.
For these patients, the pancreatic tumor can be completely resected, and by doing so, the survival rate
significantly increases to 50%[4]. Treatment for the advanced state of PC typically includes partial
resection, which is associated with tumor recurrence and a 5-year survival rate of less than 10%[4].
Unfortunately, pancreatic resection for PC has a high morbidity rate of up to 60%. Postoperative
pancreatic fistula, stroke, cardiac arrest, wound dehiscence, infection, hemorrhage, and renal failure
have been reported in patients the first month after pancreatic surgery[20]. Considering these factors,
predicting PC by diagnosing early lesions and implementation of a screening program for PC becomes a
matter of paramount importance. Artificial intelligence (AI) models integrating multisource risk factors
are the future of early PC diagnosis.

Machine learning (ML), deep learning (DL) and the ability of computers to independently solve
problems by using specific algorithms, is known today as Al. Although the terms ML and Al are
commonly used interchangeably, ML is a subfield of AIl. ML is based on developing mathematical
algorithms for the analysis of data with the goal of creating a prediction model by recognizing patterns
in these data. The algorithms can produce a machine-based diagnostic outcome for a specific disease.
ML algorithms can be supervised or unsupervised and represented by support vector machines (SVMs),
Bayesian interference, regressions, ensemble methods, decision trees, k-nearest neighbors, linear
discriminants, and neural networks[16,21]. Supervised algorithms are based on data previously known
by the computer, meaning that the computer is first trained with datasets from the domain of interest to
later accurately analyze new datasets with the same subject and produce the desired mathematical
outcome. In unsupervised algorithms, the computer sorts the input data and identifies features that are
grouped into clusters or associations and analyzes them to reach a desired outcome[22]. Reinforcement
learning is an advanced type of ML that is used to develop models that will help in the prediction of
cancer but also facilitate the decision-making process[23]. Deep reinforcement learning is the combined
process of reinforcement learning with DL. DL methods are trained to analyze large datasets through
multilayer neural networks[24]. Developing algorithms by using AI methods helps in analyzing large
amounts of data at the same time and integrating data obtained from different sources. Therefore, the
results of clinical tests, imaging, personal data, biomarkers, and genomic features can be quickly
analyzed, compared with existing knowledge, and used to reach an initial machine-made diagnosis. The
purpose of our study was to identify the current diagnostic methods for detecting PC by using
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METHODS

English-language literature published in the last 10 years covering diagnosing PC was searched by
accessing the PubMed electronic database and other sources. The following key words were used for the
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search: “Pancreatic cancer”, “early pancreatic lesions”, “predicting pancreatic neoplasia”, “artificial
intelligence”, “deep learning”, “machine learning”, “radiomics”, “diagnosis”, and “pancreas”. We
obtained a database of 97 studies on pancreatic neoplasms, including both single studies and reviews.
We then removed duplicates, resulting in 86 papers. We excluded abstracts, reviews with insufficiently
explained results, and articles not in the field of interest/irrelevant topics or with repetitive information.
The final number of articles included was 44. The article selection algorithm for the study is depicted in
Figure 1. We divided the remaining articles into two datasets. One contained the newest review articles
and studies on obtaining information about current knowledge in assessing PC (10), and the other
included studies that explored the use of Al algorithms in the diagnosis of pancreatic lesions (34). This
second dataset included 24 studies on the current status of Al diagnostic methods for PC and 10 studies
discussing the implications for early PC and prediction of the use of Al algorithms. The obtained data
from the two datasets are presented narratively. The results of our analysis on the PC prediction
methods for diagnosing early lesions are summarized in Table 1 and Figure 2.

BRIEF DESCRIPTION OF Al IN MEDICINE

ML in medicine is based on analyzing digital medical images from CT, MRI, and EUS and extracting
image features in a process called radiomics. These radiomics features are converted into data that can
be subjected to statistical analysis. In supervised methods, a human operator selects and labels the lesion
in an image that will constitute the input data before an ML algorithm analyses these data.
Unsupervised algorithms use a large amount of data for training and learn how to extract the region
that will be later subjected to analysis. These mathematical algorithms will then examine the input data
through a network similar to the neuronal network of the human brain. The human central nervous
system receives input through various receptors, and then sends this information to the brain via the
ascending pathway, where the data is then examined before a specific response is delivered through
descending pathways to the intended receiver organs. There are similarities between the Al network
and the human model of neural processing. We can consider humans as receptors of patient
information, the input data as the ascending pathways, computers organized in layers as the brain, and
output data as the descending pathways reaching the desired outcome as the receiver. Deep neural
network or DL models are composed of sets of so-called hidden layers capable of studying a large
amount of data. Each of the layers selects and amplifies certain features of the input information. For
example, the first layer identifies a specific region and its length, the next layer analyzes the depth,
another layer detects the pattern, and the subsequent layers compare the input with known or trained
patterns so that when the information is clear, it is transformed into the output represented by the
feature that best characterizes a specific type of lesion. In this way, Al is similar to humans but with
significantly reduced human intervention and fewer human errors[25].

The interest in Al in healthcare is growing. The SVM algorithm has been used to classify breast cancer
and has achieved a lower error rate than K-nearest neighbor, naive Bayes, and C4.5 algorithms[22,26,
27]. Electronic phenotyping algorithms have been built by researchers for predicting a disease correctly
by using the electronic health records of the patients[22]. A convolutional neural network (CNN) has
been used to prognosticate rectum toxicity in cervical cancer subjects with data provided from beam
radiotherapy and brachytherapy. An alternative to surgery for the treatment of PC is radiation therapy.
Given the challenging anatomy of the pancreas, sometimes the target area for treatment is difficult to
identify. For these patients, metallic fiducials are implanted into the tumor target. These fiducials,
however, can cause metal artifacts, obscure the tumor target, or be a source of complications such as
pancreatitis or infections, all leading to delayed treatment. Therefore, developing mathematical
algorithms for PC radiation therapy is a current subject of research. AI models using CT image data to
localize the target PC for radiation therapy and calculate the dose of stereotactic body radiation have
been reported with encouraging results[16,25]. DL algorithms have analyzed the mitotic rate of
neoplastic cells to classify tumors. DL involves up to 150 hidden layers in the neural network, while
traditional neural networks contain 2-3 layers. Some authors have suggested that tumors can be charac-
terized by using computer aided design tools with supervised and unsupervised DL algorithms using
CNN and transfer learning techniques. CNNs can be trained to automatically extract relevant features
from images and classify the objects in the images with acceptable accuracy[22]. For Al-driven techno-
logies to see further development in healthcare, ethical concerns must be addressed. Because Al
algorithms require large datasets for training and for validation, data collection, storage, processing,
confidentiality, and sharing must be considered[23].
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Table 1 Studies exploring artificial intelligence algorithms for the diagnosis of early lesions and prediction of pancreatic cancer

Type of Type of
Ref. Purpose of the model Type of study yp Input data y|.) . No. cases
model validation
Qureshi et al[19], Identifying predictive Retrospective NB 4000 radiomics from CT  External 72 (36 with PC)
2022 features on prediagnostic CT
scans for PDAC
Sekaran et al[22], Predicting PC Retrospective CNN 19000 images from CT Internal 80 (NS)
2020
Chen et al[36], 2018  Identification and classi- Retrospective CNN 863 images from MRI Internal 40 (20 with PC)
fication methods for PC on
MRI
Muhammad et al Prediction of PC risk Retrospective CNN 18 features of epidemi-  External 800144 (898 with
[18], 2019 ologic and clinical data PC)
Alves et al[8],2022  Detection and localization of ~ Retrospective DL 242 images from CT-CE  External 242 (119 with PC)
small PDAC lesions on
contrast-enhanced CT
Kuwahara et al[35], Investigate the value of EUS  Retrospective CNN 3970 radiomics from Internal 50 (23 malignant)
2019 in predicting malignancy in EUS
IPMN
Hussein et al[3], Identification of IPMN Retrospective CAD 171 MRI images Internal 171 (133 IMPN)
2019
Chakraborty et al Identification of high-risk Retrospective SVM 103 CT images Internal 103 (27 high-risk
[15], 2018 IPMN IMPN)
Liu et al[28], 2020 Classifying images as Retrospective CNN 21105 CT images Internal and 1242 (752 with
cancerous or noncancerous external PC)
PC
Lee et al[44], 2022 Prediction of risk for PC Retrospective DNN 9 factors Internal and 2952 (738 with
external PC)

NB: Naive Bayes; CT: Computed tomography; CNN: Convoluted neural network; PDAC: Pancreatic ductal adenocarcinoma; PC: Pancreatic cancer; NS: No
specification; DL: Deep learning; EUS: Endoscopic ultrasound; IMPN: Intraductal papillary mucinous neoplasms; CAD: Computer-aided diagnosis; SVM:

Support vector machine; MRI: Magnetic resonance imaging; DNN: Deep neural network.
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NONINVASIVE METHODS FOR DIAGNOSING PC

The potential of CNNs has been explored in the diagnosis of skin neoplasms, diabetic retinopathy, and
liver tumors, but its utility in the detection of PC remains to be fully determined. CNN algorithms have
been used for segmentation of the pancreas, risk stratification for IPMN, assessment of the grade (G) of
pancreatic neuroendocrine neoplasm, targeting PC for radiotherapy, and classification of the pancreatic
cysts[28].

In the diagnosis of PCs, Al is used for the analysis of radiomics features from CT, MRI, and EUS, of
images from histopathological slides, and of tumor markers[29] (Figure 3). Because CT is commonly
performed when investigating patients, it is currently the most explored imaging modality with Al In
the United States, approximately 7 million patients per year present to the emergency room with
abdominal pain, for which a CT scan analysis is required by hospital protocols. These protocols offer a
database that can be consulted for patients who later develop PC[1,19]. In identifying PC, contrast-
enhanced CT has a sensitivity of 70%-100%, and the usual CT scan has an accuracy of 83.3%, sensitivity
of 81.4%, and specificity of 43%. In the detection of PDAC, CT has a sensitivity of 76%-96% and offers
information about the location, size, and morphology of the pancreatic mass[1,2,25]. According to
Qureshi et al[19], healthy cells transforming into neoplastic cells appear darker on a CT scan. Even with
these results, CT scan-based analysis is not taken into consideration as a screening method for early
pancreatic lesions because of the constant exposure of the patient to radiation[1,2,25]. MRI techniques
identify early modifications in the pancreatic parenchyma, such as fibrosis and inflammation, with
enhanced resolution. New developments in these techniques have allowed the evaluation of tissue
vascularization[3]. PDAC can be diagnosed on MRI with an accuracy of 89.1%, sensitivity of 89.5%, and
specificity of 63.4%. EUS has demonstrated the highest precision in tumor detection for pancreatic
lesions, with a sensitivity as high as 74%-94%[1,25]; in the detection of PCs, an endoscopist analyzing
EUS images can reach a sensitivity of 94%][1,29-31]. Some studies have shown that even though PDAC is
the most commonly identified histopathological type of PC, PNTs have a higher predominance in small
pancreatic lesions. The differential diagnosis between PNTs and other types of PC can be made using
EUS because of the better contrast offered by their rich vascularization[30]. In neuroendocrine tumors,
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Figure 1 Article selection algorithm for the study. A total of 97 studies and reviews were identified with key words; 86 papers remained after removing
duplicates; 34 eligible studies were finally included: 24 on the current status of artificial intelligence (Al) diagnostic methods for pancreatic cancer (PC) and 10
discussing the implications of Al algorithms in early PC and prediction. Al: Artificial intelligence; PC: Pancreatic cancer.
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Figure 2 Pancreatic cancer prediction methods for diagnosing early lesions. Al: Artificial intelligence; ML: Machine leaming; DL: Deep learning; DRL:
Deep reinforcement learning; PC: Pancreatic cancer; CT: Computed tomography; EUS: Endoscopic ultrasound; MRI: Magnetic resonance imaging.

EUS has a 75%-97% detection rate for PNTs but gives the best results when combined with MRI studies
in the initial assessment[30]. By using Al algorithms in EUS for detecting PC, the sensitivity increases to
83%-100% with an overall accuracy of 80%-97%[1,21]. However, there are limitations to using EUS as a
common analytical method for clinical diagnosis; although it is more cost-effective than MRI, EUS is
limited by: (1) The need for patient sedation; (2) The need for a technician with suitable knowledge and
experience in performing the method; and (3) The narrow field investigated, as EUS cannot visualize
extrapancreatic organs[1]. The sensitivity of EUS in diagnosing PC ranges from 54%-98%; hence, new
techniques, such as ML algorithms, are needed[16,25].

Diagnosing PC is often difficult due to the lack of well-defined radiographic images and symptoms of
the disease in early lesions as well as mimickers of neoplasia[4]. In performing CT segmentation, a
radiologist must analyze approximately 300 images containing visual information for each patient, so a
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Figure 3 Artificial intelligence leading concepts for pancreatic cancer diagnosis. Input data: Imaging, endoscopic, and histopathologic data and
tumor markers; artificial intelligence with machine learning and deep learning; output data: Diagnosing pancreatic cancer.
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mathematical algorithm developed for the analysis of data extracted from a CT scan of the patients
listed as high-risk in a screening program would increase efficiency[1]. Even though the image of a
neoplasm can be identified months before the time of diagnosis, the sensitivity for PC is low, so a
screening method involving Al algorithms could help predict and identify early stages of PC. On CT
scans, PC presents with irregular contours and poorly defined margins. Early lesion studies have shown
that on CT, alterations are present in the pancreas 18 mo before the diagnosis of PDAC but with a
sensitivity of about 15%[1,2,25]. In early disease stages, when the lesions are small, these masses can be
overlooked by radiologists[31]. Typically, pancreatic tumors smaller than 2 cm are difficult to identify
from the surrounding tissue, and the gland itself represents approximately 1.3% of a CT image, offering
only a small amount of data[1,2,31]. Lesions that can alter the depiction of the pancreas on a CT scan by
causing shape and size deformations and that appear similar to PC include parenchymal atrophy,
IPMN, lithiasis, pancreatitis, and pancreatic duct ectasia. These lesions increase the tissue heterogeneity
of the pancreas on CT, making the diagnosis of PC difficult[4]. One report showed that in 90% of cases,
the misdiagnosis of PC on imaging was due to inflammation that obscured the underlying tumor mass
[23]. Studies of PC with Al have been conducted to help classify PNTs by analyzing preoperative CT
and MRI accurately and showed that these Al algorithms can be useful in differentiating exocrine from
endocrine PC in complicated cases. Commonly, there are different patterns in the vascularization of
PNT and pancreatic adenocarcinomas, but there are small proportions of cases with atypical findings
that make the differential diagnosis difficult, and for these situations, a histogram analysis on CT can be
used[31]. Studies have assessed tumor grade, with results showing that DL methods applied to MRI can
differentiate between histological aspects of PNT by classifying G1 from G2 and G3 neoplasms and G1
and G2 from G3[31,32].

Al algorithms for EUS, MRI, and CT images in PC diagnosis

EUS has an elevated detection rate for IPMN and in situ PC (stage 0)[33]. Digital image analysis of EUS
images using computers with SVM- and artificial neural network (ANN)-based methods has
demonstrated high accuracy[25,34]. The overall accuracy in using ANNs on EUS for the diagnosis of PC
ranges between 89%-94%. Elastography performed during EUS is reported to have an accuracy of 83%-
90%; this imaging technique can differentiate the consistency of the issue on an EUS image by color
coding, with red indicating softer tissue and blue indicating harder areas[25]. Better results of EUS
analysis with Al techniques have been obtained by studying an extended neural network of EUS
elastography images with an accuracy of 89.7% in differentiating between malignant and benign
pancreatic lesions. Additionally, contrast-enhanced EUS and contrast-enhanced harmonic EUS have
been shown to be useful in identifying focal pancreatic masses together with a diagnosis of a benign or
malignant lesion. In contrast-enhanced EUS, contrast agents are intravenously injected for better identi-
fication of focal pancreatic lesions[21]. Preoperative Al sorting of EUS images of IPMNs presented a
higher accuracy in predicting the malignant component than a human technician (94% vs 56%,
respectively). A study performed with a DL back propagation master for EUS training and quality
control, which had both internal and external validation, achieved an accuracy ranging from 82.4% to
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94.2% in detecting PC. The decision tree method, implemented for patients who underwent ERCP,
precisely identified PC with an 87%-91% sensitivity and 80% specificity[16].

A meta-analysis of published data aiming to investigate the diagnostic value of AI EUS in PC showed
a very good diagnostic accuracy. The meta-analysis extracted data from 10 studies that included 1871
patients with Al algorithms based on a CNN, ANN, and SVM. The ANN model had the best accuracy in
detecting PC, with a sensitivity in detecting small pancreatic tumors of 93% for EUS, 53% for CT, and
67% for MRI. However, the authors stated that the results of these 10 studies did not have a general
utility because the data were evaluated only with internal validation, and thus the results could have
been overestimated. To be relevant for patients from different populations, the sources used for
validation must be diverse, external, and from more than one center[24]. Studies have reported that ML
models such as ANNs and CNNs can be trained to extract quantitative data that can be correlated with
the histological type of PC but also with the survival rates and the response to chemotherapy[11,25,31].

A retrospective study was performed by Kuwahara et al[35] on 50 patients diagnosed surgically with
IPMN. A total of 3970 radiomics features from EUS were investigated with a CNN algorithm. After
augmenting the data, the sample fully investigated was composed of 508160 images. The author’s goal
was then to classify IPMNs as benign or malignant. For this, the ability to predict early lesions was
investigated by comparing Al methods with physicians. The Al methods demonstrated an accuracy of
94.0% in predicting malignancy, while the humans achieved an accuracy of 56.0%. This study had a
number of limitations; however, it was retrospective, had a small sample of cases, only performed
internal validation, and used data from only one center. Additionally, all the patients included in the
study were surgically investigated, and for IPMNs, the recommendation was surveillance[35].

Chen et al[36] implemented a number of 3D CNNs, including ResNet18, ResNet34, ResNet52, and
Inception-ResNet, to classify pancreatic tumors from MRI images. These authors used the MRI images
of 20 normal patients and 20 patients with tumors, from whom 77 benign MRI images and 38 malignant
MRI images were obtained, and through data augmentation, 442 benign MRI images and 421 malignant
MRI images were finally analyzed[36]. Data augmentation oversamples images to generate synthetic
data in cases with small sample sizes and limited availability of image data, such as rare cancers and
PCs[31]. The ResNet18 method achieved an accuracy of 91% in classifying benign and malignant
lesions. Other studies have reported analyses with 3 DCNN using MRI for Alzheimer’s disease
diagnosis and the classification of lung, brain, and prostate lesions[25,31,36].

Hussein et al[3] used the MRI data from 171 subjects to identify IPMN, including 38 normal subjects
and 133 diagnosed with IPMN. Two-dimensional axial slices were used to generate regions of interest,
and supervised and unsupervised learning was used in computer-aided diagnosis. The authors used
unsupervised DL features for image classification with a CNN, and the highest accuracy in classifying
the IPMN was obtained with nonlinearity clustering and implementation of a VGG-fc7 layer. In
supervised learning, the deep network associated with adaptive synthetic sampling performed better on
small datasets[3].

Chakraborty et al[15] studied CT images from 103 patients confirmed with IPMN using SVM and
random forest methods. The random forest algorithm had better results in extracting the features of the
IPMN lesions. These authors experimentally developed an architecture designed for predicting high-
risk patients with IPMN, but their method lacked independent validation. Additional limitations
include its retrospective nature, the need for manual segmentation of the lesion and the pancreas, and
the use of small datasets. Pancreatic cystic lesions were identified on 2.6% of the abdominal CT scans,
with 25% of all lesions being diagnosed as IPMN and approximately one-third being associated with
invasive carcinoma. The criteria for establishing whether IPMNs are at low or high risk of harboring
malignancy are limited. Distinguishing between these two lesions is important, as low-risk patients are
recommended to undergo surveillance, while high-risk patients should undergo surgical resection[1,16].

Alves et al[8] performed a study on the contrast-enhanced CT scans from 119 PDAC patients and 123
patients without PDAC. PDAC was detected using a self-configuring framework for medical
segmentation, NNU net, focusing on small lesions and assigning a label of tumor or nontumor. Their
results showed that DL models can diagnose early PDAC lesions, but the study included only tumors of
the pancreatic head and required resources for the manual labeling of PDAC images[8].

In an attempt to use Al as a prediction model for early PDAC diagnosis, Qureshi et al[4] used three
types of radiomics features from CT scans. Two types belonged to the same patients but were executed
(one before and one after the diagnosis was histopathologically confirmed) and another type was
extracted from normal subjects. The prediagnostic CT scans of the patients were obtained 6 mo to 3
years before the PC was identified. In their study, Qureshi et al[4] analyzed 108 CT scans from 72
patients classified into two datasets, an internal dataset consisting of 66 contrast-enhanced abdominal
CT scans for building the model, and an external dataset consisting of 42 scans for validation. A naive
Bayes classifier was trained to perform automatic classification of the CT scans of two groups, one
representing the healthy control group and the other the prediagnostic group. A total of 4000 radiomics
features were extracted from each of the 66 scans with the aim of identifying patterns in the images
obtained before and after the PC diagnosis. The study concluded that prediagnostic CT images
provided sufficient information to validate the contribution of Al in predicting patients at risk of PDAC,
but further studies are needed to address the potential overfitting due to the limited dataset used[4].
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A retrospective study on 6084 contrast-enhanced CT images in patients with histopathologically
confirmed PDAC used a Faster R-CNN model to develop an automatic system for automatically
diagnosing PC. The Al produced its diagnoses in 3 s, shorter than the 8 min required by the image
specialist. The limitations of this study were as follows: It was a retrospective study of patients with PC
diagnosis pathologically confirmed from a single center, normal patients and those with benign lesions
were excluded, and it did not have external validation[37].

Sekaran et al[22] proposed a DL network by analyzing a dataset consisting of 19000 radiomics
features from 82 abdominal CT images. The method involved a Gaussian mixture model with an EM
algorithm and a DL CNN. They proposed a lump recognition algorithm, with the input or region of
interest being the area in which the growth of a lump is detected. Each layer of the CNN extracts
features of this region to build a model for assessing the features of the lump in terms of size, shape, and
weight. Their results were able to help the patients by identifying the rate of spread of the tumor in the
head of the pancreas after diagnosis and treatment. This study was limited by the fact that the tumors
were analyzed in only one part of the pancreas, the head.

Liu et al[28] used two datasets, one consisting of 471 patients, 355 with histopathologically diagnosed
or cytologically confirmed PC, and the other for external and internal validation. The control set
participants had no pancreatic lesions at the time when the CT scan was performed. The study was
conducted in the patch and patient levels. In the patch-based analysis, the region of interest was
processed into patches, and the patients were classified as having or not having PC using a modified
CNN model from the Visual Geometry Group. For the patient-based approach, age, sex, and tumor
stage and size were taken into consideration. This study designed a CNN-based algorithm for
classifying patients with or without PC by using CT scans, with an accuracy of 99%. Additionally, their
method ensured avoidance of overfitting by using training and validation datasets that were sufficiently
different but included patients of different races and ethnicities, preprocessing CT images into patches,
and using data augmentation methods such as moving windows and flipping. Radiologists were
provided with the clinical data of the PC patients, and the CNN had no information. The patches used
for training the CNN were segmented by the radiologists. The limitations of these results were manual
labeling of pancreatic images with a modest sample size and only Asian participants from a single
institution.

Cardobi et al[38] found that a CNN-based analysis on CT images for identifying malignancies in
IPMNs showed a sensitivity, specificity, and accuracy in the classification of tumors of 95.7%, 92.6%,
and 94.0%, respectively. Additionally, Al algorithm models built for the segmentation of the pancreas
and used to determine the pancreas volume in autoimmune pancreatitis were 2.38 times faster than
manual approaches[38].

Al algorithms for diagnosing PC using tumor markers, images from histopathological slides, and
epidemiologic data

Studies using neural networks for the analysis of tumor markers for PC diagnosis have shown that the
diagnostic performance of a single marker is lower than that of the Al model multiple for tumor marker
analysis. Detecting the values of only one of CA19-9, CEA, and CA125 for PC diagnosis with Al has a
low sensitivity[39]. In a mouse model, Serrao et al[39] measured the concentrations of alanine and lactate
and the activities of lactate dehydrogenase and alanine aminotransferase in the pancreas of animals with
different lesions ranging from pancreatitis to tumors. Their method used metabolic magnetic resonance
spectroscopic imaging with hyperpolarized [1-*C] pyruvate for detecting and monitoring the
progression of PC precursor lesions. Their results were able to distinguish pancreases with predom-
inantly low-grade PanIN from tissue with high-grade PanIN and tumors. However, the studied animals
had a small pancreas, and the high-grade PanINs occupied approximately 40% of the tissue. The human
pancreas is larger than that of mice, and these lesions are usually small, so additional data are needed
before this method can be used for human patients[18,32]. A new field of liquid biopsies offers data
available from biomarkers such as exosomes, proteomes, proteins, cell-free DNA, and circulating
microRNA that can be analyzed using Al methods for the early diagnosis of PC[24].

With the development of ML, digital medical imaging can play a role in assisting with diagnosis
based on histopathological images. Today, it is possible to digitize glass slides using whole-slide
imaging. Al techniques have been applied in pathology slide analysis for prostate and breast cancers.
For these methods, a high-resolution digital image of the tissue from the glass slide is obtained by using
a specialized scanner; the images are then analyzed by AI methods. Currently, however, only a few
studies have investigated the use of Al on physical PC specimens. With an ANN algorithm, an overall
accuracy of 77% was obtained in the reclassification of specimens as malignant or benign[25]. A study
using a deep CNN on histopathological images of PDAC achieved a 95.3% classification accuracy by
examining a total of 231 tissue samples from 171 PC and 60 normal pancreas slides using whole-slide
imaging and image augmentation techniques[40]. Sehmi et al[41] developed DL models for grading PC
from pathology slides that had a 95.61% classification accuracy. Naito ef al[42] trained a DL method to
assess PDAC on endoscopic ultrasonography-guided fine-needle biopsies and obtained a model that
was able to detect small amounts of cancer cells in difficult cases. Cutting-edge digital pathology tools
that can scan, analyze, and store data from an entire tissue sample continue to be developed[23].
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Si et al[43] proposed a fully end-to-end deep-learning-based (FEE-DL) algorithm for the automatic
diagnosis of different types of PCs. A total of 284 PCs, such as IPMN, PNET, serous cystic neoplasms,
and a group labeled “other”-represented by gallbladder tumors, cholangiocarcinoma, ampullary
carcinomas, duodenal cancer and metastasis-was investigated. The dataset was augmented using
random elastic brightness, random contrast, random elastic transformation, and random cropping. The
FEE-DL consisted of a tree connected subnetwork: ResNet18 for recognizing images containing the
pancreas, U-Net-32 for making predictions on each image for pancreas segmentation, and ResNet34 for
diagnosing pancreatic tumors. This model had an average accuracy of 82.7% for all tumor types, with a
100% accuracy in identifying IPMN and 87.6% for PDAC on a dataset that included 347 patients
following four stages: Image screening, pancreas location, pancreas segmentation, and PC diagnosis.
The FEE-DL algorithm independently identified different histologic types of PC with precise results in
detecting PDAC and IPMN.

Muhammad et al[18] designed an ANN method to predict PC based on a study of a total of 18
personal health features (age, diabetes, smoking, exercise status, alcohol consumption, and family
history of PC) from 800114 participants, including 898 with PC. Their results showed that the risk of PC
can be predicted and stratified using an ANN that analyzes easily obtainable personal health features
with an 80.7% sensitivity and 80.7% specificity. This study used two broad data sources: The National
Health Interview Survey, established in the United States to monitor the general health status of the
population with 131 PC patients from 645217 respondents, and the Prostate, Lung, Colorectal and
Ovarian screening program, including 797 PC patients from 154897 participants[18].

Lee et al[44] developed a CNN predictive model for PC using data from the Taiwan Health Insurance
database, which covers 99.98% of the population of the region. A total of 3690 subjects were selected,
2952 of whom presented with risk factors associated with PC, including pancreatitis, diabetes, peptic
ulcer, cholangitis, hepatitis, periodontal disease, sleep disorders, and fasciitis, but factors obtained from
the subjects” medical history were further added. Finally, 74 candidate factors were included in this
study; 738 patients had PC, and 2214 subjects representing the control group were cancer-free. This
study constructed a PC prediction model with an accuracy higher than that of previous studies using
nine key independent predictors: Abdominal pain, peptic ulcer, flatulence, gastritis, abnormal gastric
function, hepatitis, sleep disorders, cholangitis, and pancreatitis.

FUTURE PERSPECTIVES

For PC, a cost-effective screening method for early lesions is needed. Al models developed for a diverse
group of patients from high-risk PDAC cohorts belonging to broad datasets from different sources can
be of great use for improving PDAC treatment outcomes and enhancing diagnostic precision. Al
methods represent a needed step to reach a standardized interpretation of patient data and investig-
ations while reducing human bias or error. For this, a wide range of data from different sources is
necessary. All of these data have a central role in training Al methods in diagnosing PC and establishing
the most accurate algorithm to be used for such a diagnosis. Correlations can be made through Al
algorithms by expanding the image and electronic medical record databases, which will significantly
improve the diagnostic accuracy and provide an early diagnosis for PC patients, thereby producing a
better prognosis and more effective therapy. Al creates a common ground in diagnosing PC that can be
standardized and used for the general population. Such an AI model should contain a combination of
biomarkers, medical data, and imaging data obtained by alternating CT, EUS, and MRI testing so that
maximized accuracy and early diagnosis with noninvasive techniques can be achieved.

The coronavirus disease 2019 pandemic has produced a model for forming an international
infrastructure that can be studied with Al algorithms and even used for predicting and early diagnosing
cancers. The collaboration between scientists and academic centers has shown that humans from
different countries and continents can work together to share information in a common attempt to save
lives while creating a vast database. This will require resources, global solidarity, and support
investment in medical infrastructures worldwide. However, the need to develop health infrastructure
and multidisciplinary research studies is crucial, as the pandemic situation has already shown.

CONCLUSION

Our analysis of the current diagnostic methods for detecting PC noninvasively with an emphasis on
early lesions has revealed a series of common features and limitations: Published studies about
predicting early lesions in PC are lacking. For PC diagnosis, noninvasive tests such as imaging, tumor
marker analysis, and population-based studies can be used to train Al algorithms to identify features,
patterns, and subtle changes that can help classify pancreatic lesions and build predictive models that
can improve the awareness of the risk of pancreatic neoplasia. Published studies typically included only
small samples from a limited number of cases. The analysis of these studies focused mostly on just one
type of investigation (radiomics features, personal data, biomarkers, or genomic features without
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making correlations between all the data that a physician analyses for a diagnosis of PC in a specific
patient). A high percentage of the studies only performed internal validation, so bias and overfitting can
constitute a problem when generalizing their conclusions. Commonly, for machine diagnosis, the
mechanism that generates the output is not clearly explained, so assessing how a specific Al algorithm
makes its final diagnosis remains controversial. Al algorithms for assessing pancreatic volumes with
and without tumors are time- and cost-consuming that are usually run manually and in direct relation
with the radiologist’s experience. Finding an Al-driven automated volumetric segmentation algorithm
is difficult because of the variations in shape, the shallowness of the boundaries, and the small size of
the pancreas. Pancreatic tumors smaller than 2 cm frequently have inconspicuous borders with high
similarity to the surrounding tissues on radiomics analysis, making early lesion diagnosis challenging.
However, Al methods have the potential to improve accuracy and support clinical decisions for the
preoperative diagnosis of pancreatic lesions and to aid in the surgical management and prognosis of PC.
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Abstract

Repurposing of the widely available and relatively cheap generic cardiac gly-
coside digoxin for non-cardiac indications could have a wide-ranging impact on
the global burden of several diseases. Over the past several years, there have been
significant advances in the study of digoxin pharmacology and its potential non-
cardiac clinical applications, including anti-inflammatory, antineoplastic,
metabolic, and antimicrobial use. Digoxin holds promise in the treatment of
gastrointestinal disease, including nonalcoholic steatohepatitis and alcohol-
associated steatohepatitis as well as in obesity, cancer, and treatment of viral
infections, among other conditions. In this review, we provide a summary of the
clinical uses of digoxin to date and discuss recent research on its emerging applic-
ations.

Key Words: Digoxin; Cardiac glycosides; Oxidative stress; Nonalcoholic steatohepatitis;
Alcohol-associated steatohepatitis; Sterile inflammation
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Core Tip: Digoxin has been used primarily as a cardiac drug for treatment of arrhythmias and heart failure.
Preclinical work supports the repurposing of digoxin as therapy for non-cardiac conditions, including
alcohol-associated steatohepatitis, nonalcoholic steatohepatitis, obesity and metabolic disorders,
autoimmune and inflammatory conditions, malignancy, and viral infections, among others. Here, we
provide an overview of findings to date on the potential clinical applications of digoxin and mechanisms
of action in steatohepatitis and other non-cardiac disorders. We discuss evidence on the differential action
of digoxin at high vs low concentrations and identify areas of further research necessary to harness its
promising multifunctional use.

Citation: Jamshed F, Dashti F, Ouyang X, Mehal WZ, Banini BA. New uses for an old remedy: Digoxin as a
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INTRODUCTION

Digoxin in a nutshell: An overview of 200 years

Digoxin (also known by the broader term digitalis) is derived from the purple foxglove, a medicinal
plant that can be traced to Irish monks and Germans and was cultivated during the time of Charles the
Great (700s-800s). Its Latin scientific name Digitalis purpurea was coined by Leonard Fuchs in 1542 based
on the translation of the German word describing the shape of the flower as a fingerhut or thimble.
Digitalis was mentioned in herbal remedies in England in the 1500s and 1600s for several purposes,
including epilepsy, vertigo, swelling/fluid accumulation, tuberculosis, and skin diseases[1]. Sub-
sequently, digitalis fell out of favor due to reports of its toxicity. Animal experiments involving the
administration of digoxin leaves to turkeys and roosters resulted in fits and death[1].

In the late 1700s, Withering[2], an English botanist and physician, heard about a family recipe
containing over twenty different herbs used in the cure of fluid overload, referred to as dropsy[2]. After
realizing that the active ingredient in the herbal remedy was likely from the foxglove plant, Withering
[2] administered foxglove tea as a cure to a patient with dropsy. That patient did well, and over the
ensuing decade he performed a comprehensive case series of digitalis by administering a decoction
prepared from dried foxglove leaves to 163 patients with fluid retention, of whom 101 experienced
relief. He noted that digitalis was especially helpful for patients with dropsy after having scarlet fever or
bad sore throats. Withering’s work inspired other physicians to try digitalis as a therapy in dropsy|[2].
For further information on the evolution of digoxin as a medical therapy, the reader is referred to an
excellent review by Wray et al[1].

The molecular formula of digoxin is C,H,O,,, and its molecular weight is 780.9 g/mol. Similar to
other cardiac glycosides (CG), digoxin increases the force of contraction of the heart by reversibly
inhibiting the activity of the myocardial Na-K ATPase pump, an enzyme that controls the movement of
potassium ions into the heart[3-5]. The most common cardiac uses of digoxin include heart failure and
supraventricular arrhythmia. Its role in heart failure is due to its inotropic properties, inhibiting the Na-
K ATPase pump thus increasing the intercellular calcium concentration[6]. This lengthens the cardiac
action potential, lowering the heart rate and increasing myocardial contractility. The American College
of Cardiology/American Heart Association guidelines recommend that digoxin be added to the heart
failure medication regimen in patients with left ventricular systolic dysfunction when symptoms persist
despite optimization of treatment with an angiotensin-converting enzyme inhibitor, a p-blocker, and/or
a diuretic[7-9]. The digoxin effect in treatment of supraventricular arrhythmia occurs through its
parasympathomimetic stimulation via the vagus nerve, reducing automaticity of the sinoatrial node and
slowing atrioventricular conduction[10].

Current clinical use of digoxin is limited to the cardiac arena. Oral digoxin is available as a solution
(0.05 mg/mL) or as tablets (0.0625 mg, 0.125 mg, 0.1875 mg, and 0.25 mg). Dosing is typically
maintained between 0.125 to 0.25 mg daily, with lower doses considered in patients 70 years of age or
older[11]. The steady-state volume of distribution of digoxin is decreased in chronic renal failure;
therefore, both loading and maintenance dosing should be decreased in such patients[12]. Digoxin has a
narrow therapeutic window, with the rate of toxicity increasing as serum concentration reaches over 2.0
ng/mL. However, toxicity can also occur at levels below 2.0 ng/mL in the setting of risk factors such as
age, decreased renal function, hypokalemia or other electrolyte abnormalities, or interacting
medications[13]. The narrow therapeutic window of digoxin necessitates monitoring of serum digoxin
levels, particularly in patients with chronic renal dysfunction or varying renal function.

With the discovery of many effective cardiac drugs for heart failure and supraventricular arrhythmias
over the past few decades and difficulty maintaining the narrow digoxin therapeutic index, the use of
digoxin in cardiac disease has been waning. During this period, however, there have been several
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advances in basic and preclinical work toward the potential repurposing of digoxin and other CGs for
non-cardiac conditions. These studies indicate that the biological effects of CG are not limited to the
inhibition of Na, K-ATPase but include various signal transduction pathways including nuclear

receptors (NRs) involved in hormonal signaling, immune response, and carcinogenesis, among others
[14-19].

DIGOXIN IN STEATOHEPATITIS

Overnutrition and obesity impair metabolic homeostasis and trigger sterile-type inflammation[20-23],
contributing to the development of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steato-
hepatitis (NASH). The amplitude of sterile inflammation triggered by metabolic stress in the liver has
major clinical consequences. Sterile inflammation is responsible for increasing amounts of liver damage
and cell death in NASH[24]. NASH, as well as other diseases associated with sterile inflammation of the
liver, lacks effective treatments. This is due to the relatively poor understanding of the initiating steps in
sterile inflammation and the dysregulation of a wide range of pathways, making it difficult to know
which ones to target.

Identification of hypoxia-inducible factor 1-alpha (HIF-1a) pathway activation in macrophages for
sustained inflammatory responses provided HIF-1a with a key role in the core regulatory machinery for
the transition from acute self-limiting to sustained chronic inflammation[25]. These mechanistic insights
into the role of the HIF-1o pathway in sterile inflammation may have great clinical relevance due to the
ability of digoxin to inhibit HIF-1a activation[26]. Digoxin (1.0-0.05 mg/kg) effectively prevents acute
and chronic hepatic damage, steatosis, and inflammation in both lipopolysaccharide- and high-fat diet-
driven animal models[27].

Digoxin reduces oxidative stress during liver injury by maintaining cellular redox homeostasis and
protects the liver from a wide variety of insults[27,28]. Digoxin reduces HIF-1a transcriptional activity,
thus disrupting HIF-1la-mediated antioxidant pathways. Digoxin induced significant changes in gene
transcripts related to HIF-1a in metabolic processes and nucleic acid binding[27]. To understand the
direct molecular mechanisms responsible for the digoxin effect on HIF-1a transcription, pyruvate kinase
M2 (PKM2) was identified as the major digoxin binding protein using a novel approach of digoxin-
immunized agarose beads coupled with liquid chromatography with tandem mass spectrometry
analysis[27]. The ability of digoxin to bind to PKM2 was an unexpected finding and provided novel
insights into PKM2 biology and the role of PKM2 in sterile inflammatory liver diseases. PKM2 is best
known as the rate-limiting glycolytic enzyme that catalyzes the conversion of phosphoenol pyruvate
and adenosine diphosphate to pyruvate and ATP[29].

In addition to its pyruvate kinase function, PKM2 interacts with HIF-1a in the nucleus and functions
as a transcriptional coactivator for HIF-1a, resulting in the stimulation of HIF-1a responsive genes[30].
Interestingly, the interaction of digoxin with PKM2 did not alter its pyruvate kinase ability or reduce its
nuclear translocation. Digoxin, however, reduced the ability of PKM2 to upregulate the transcription of
HIF-1a and its downstream genes, such as inflammatory genes and genes involved in oxidative stress
(Figure 1). Further, digoxin reduced the binding of PKM2 to histones, suggesting that digoxin
suppressed PKM2-mediated transactivation of HIF-1a through chromatin modifications[27].

Oral digoxin significantly reduced high-fat diet-induced hepatic damage, steatosis, and liver inflam-
mation across a wide dosage range[27]. The lowest dose of digoxin (0.125 mg/kg) showed significant
protective effects against liver injury and sterile inflammation. Interestingly, digoxin had direct effects
on the inhibition of inflammasome activation. Digoxin had a small effect on typical inflammasome
activity while strongly inhibiting the HIF-1a pathway-sustained inflammasome activity in macrophages.
Despite the importance of PKM2-HIFla pathway activation in immune cells during NASH development
[27], its direct effect on hepatocytes was unclear. PKM2 levels in healthy human liver cells were very
low, but they were significantly elevated in NAFLD and NASH. Pyruvate kinase L/R, the major isoform
of pyruvate kinase in the liver, was unchanged. Digoxin treatment directly inhibited PKM2
transactivation leading to the improvement of hepatocyte mitochondrial dysfunction, steatosis, and
hepatocellular injury in the obese mouse model (Table 1).

NRs are ligand-activated transcription factors that are involved in a wide array of physiological
processes. These transcription factors typically have different domains responsible for ligand-
independent interactions with corepressors and coactivators, recognition and binding of response
elements within target genes, interaction with other proteins or facilitation of protein translocation, as
well as ligand-dependent functions[31-37]. The involvement of NRs in the regulation of a variety of
metabolic and physiological processes makes them interesting pharmacological targets.

The NR gene retinoic acid-related orphan receptor C gene encodes two protein products, the retinoid-
related orphan receptor-gamma (RORy) and RORyT isoforms, which differ by 21 amino acids in their
N-terminal A/B domains. The RORy isoform is broadly expressed[38] and is involved in the regulation
of genes in the circadian cycle and metabolism[37,39,40]. The RORyT isoform is expressed exclusively in
T helper 17 (Th17) cells and regulates expression of interleukins (IL)-17A and IL-17F[41,42] involved in
autoimmune disease[43-45]. Pivotal evidence for digoxin involvement in the regulation of RORYT
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Table 1 Summary of the main findings from key original articles investigating non-cardiac applications of digoxin and other cardiac

glycosides
Manuscript title ::::'catm" Main biomedicalimolecular findings Main histological findings Ref.
Cardiac glycosides inhibit p53 2009 Activation of Src/MAPK signaling pathways, resulting in NA [72]
synthesis by a mechanism reduction of p53 protein synthesis
relieved by Src or MAPK
inhibition
Human cytomegalovirus 2012 CG reduced expression of the potassium channel gene, NA [85]
inhibition by cardiac hERG, and reduced NF-kB levels
glycosides: Evidence for
involvement of the HERG gene
Digoxin Suppresses HIV-1 2013 Reduction in HIV-1 viral mRNAs encoding structural NA [91]
Replication by Altering Viral proteins, with reduced synthesis of HIV-1 structural protein;
RNA Processing altered viral RNA splice site use leading to loss of essential
viral factor Rev; changed activity of CLK family of SR
protein kinases and modification of SR proteins
A novel cell-based high- 2014 Na-K ATPase- dependent but intracellular Ca2+- NA [90]
throughput screen for independent inhibition of HIV-1 gene expression at the post-
inhibitors of HIV-1 gene integration stage of the viral life cycle
expression and budding
identifies the cardiac
glycosides
Digoxin Suppresses Tumor 2015 Inhibition of proliferation, invasion, migration, and colony ~ NA [75]
Malignancy through Inhibiting formation of A549 lung cancer cells; suppression of Src and
Multiple Src-Related Signaling related protein activity; reduced EGFR and STAT3 activity
Pathways in Non-Small Cell
Lung Cancer
Synergistic effects of ion 2016 Inhibition of the ATP1A1 Na*/K" pump, which is highly NA [79]
transporter and MAP kinase expressed in melanoma, resulting in selective toxicity to
pathway inhibitors in melanoma cells. Digoxin was also additive or synergistic
melanoma with MEK inhibitor and/or BRAF inhibitor to induce cell
death in melanoma cells; increased intracellular
acidification, mitochondrial calcium dysregulation, and ATP
depletion in melanoma cells
Small-molecule TFEB pathway 2017 Activated TFEB, conferred hepatoprotection against diet- Amelioration of high-fat [62]
agonists that ameliorate induced steatosis in mice, and extended lifespan of diet-induced steatosis,
metabolic syndrome in mice Caenorhabditis elegans reversal of hepatocyte
and extend C. elegans lifespan p62/SQSTM1 accumulation,
suggesting enhanced
autophagic flux
Targeting Intracellular Ion 2018 Findings suggested digoxin-mediated inhibition of RSV NA [82]
Homeostasis for the Control of transcription and/ or replication, likely dependent on
Respiratory Syncytial Virus changes in intracellular Na+ and K+
Digoxin Suppresses PKM2 2018 Binding of PKM2 by digoxin downregulated HIF-1a Reduction in hepatic [27]
Promoted HIF-1a transactivation to decrease sterile inflammation in the liver. ~ damage, steatosis, and
Transactivation in Steatohep- Digoxin suppressed ROS production both in vivo and in vitro inflammation induced by
atitis from hepatocytes and immune cells endotoxin, high fat diet, or
alcohol
Digoxin improves steatohep- 2019 Digoxin downregulated PKM2-PKM2-HIF-1a axis and Reduction of high fat diet- [28]
atitis with differential attenuated inflammasome activity in macrophages and induced hepatic damage,
involvement of liver cell hepatic oxidative stress response steatosis, and liver inflam-
subsets in mice through mation
inhibition of PKM2
transactivation
Antiviral activity of digoxin 2020 Inhibition of viral mRNA expression, copy number, and NA [81]
and ouabain against SARS- viral protein expression at the post entry stage of the viral
CoV-2 infection and its life cycle
implication for COVID-19
Classical Drug Digitoxin 2020 Suppression of levels of the cytokines TNF-o, GRO/KC, No difference in density of [84]
Inhibits Influenza Cytokine MIP2, MCP1, and IEN-y during cytokine storm immune cells in rat lung
Storm, With Implications for sections, comparing
COVID-19 therapy digitoxin-treated and control
lungs
Inhibition of the IL-17A axis in 2021 Digoxin inhibition of RORYT activity suppressed the IL-17A  Prevention of high fat diet- [59]
adipocytes suppresses diet- axis, thus preventing diet-induced obesity, metabolic induced hepatic lipid
induced obesity and metabolic alterations, and liver injury accumulation, reduced
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disorders in mice

fibrosis, increased browning
of adipose tissue

TFEB: Transcription factor EB; PKM2: Pyruvate kinase M2; IL-17A: Interleukin-17A; MAPK: Mitogen-activated protein kinase; CG: Cardiac glycoside; NF-
kB: Nuclear factor-kappaB; CLK: Cdc2-like kinases; SR: Serine-arginine; EGFR: Epidermal growth factor receptor; MEK: MAP kinase kinase; RSV:
Respiratory syncytial virus; HIF-1a: Hypoxia-inducible factor 1-alpha; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; COVID-19:
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Figure 1 Digoxin reduces steatohepatitis by suppressing pyruvate kinase M2 dependent hypoxia-inducible factor 1-alpha activity and
inhibiting reactive oxygen species production[27,28]. Digoxin structure derived from MolView. HIF-1a: Hypoxia-inducible factor 1-alpha; PKM2: Pyruvate
kinase M2; ROS: Reactive oxygen species.
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activity was provided by Huh et al[46] in 2011 when they showed that digoxin inhibits the transcrip-
tional activity of RORyT[46]. Inhibition of RORYT by digoxin or its non-toxic derivatives selectively
inhibits Th17 differentiation, delaying the onset and severity of autoimmune reactions in murine models
[46]. More recently, Karas et al[47,48] reported opposing findings with CGs activating RORy in HepG2
cells and RORyT in Th17 lymphocytes[47,48] when these compounds were used at much lower doses
than originally used by Huh et al[46]. Thus, it appears that digoxin-mediated inhibition vs activation of
RORyT may be dependent of the dose utilized[49].

RORYy directly regulates glucose-6 phosphatase (G6Pase) and a number of genes involved in glucose
regulation and insulin sensitivity. G6Pase facilitates glucose-6 phosphate hydrolysis into inorganic
phosphate and free glucose[50-52], with suppression of hepatic G6Pase resulting in accumulation of
glucose-6 phosphate and metabolic reprogramming involving increased carbohydrate response element
binding protein activity and gene expression that lead to hepatic steatosis[53-56]. Digoxin-mediated
activation of RORy upregulates G6Pase, resulting in improved glucose homeostasis and decreased
NAFLD phenotype.

In many respects, the pathophysiological changes seen in alcohol-associated steatohepatitis (ASH) are
similar to those seen in NASH, including increased oxidative stress and sterile inflammation manifested
as steatohepatitis[57]. The ability of digoxin to improve ASH was tested in a well-accepted Lieber-
Decarli ethanol liquid diet (5% ethanol) plus a single ethanol binge mouse model during chronic feeding
[58]. Digoxin (0.2-1.0 mg/kg) dose-dependently improved hepatic steatosis, neutrophil infiltration, and
hepatocellular damage in ASH. The effect of digoxin was confirmed in human liver tissues, which
showed a greater degree of upregulation of HIF-1a and HIF-lo-dependent genes in severe ASH
compared to mild disease. It was concluded that long-term treatment with digoxin reduced chronic liver
damage, inflammation, and steatosis in experimental models of NASH and ASH without affecting
cardiac chronotropic and inotropy.

Digoxin is notable for producing cardiotoxicity at concentrations that are close to its effective concen-
tration. Remarkably, however, digoxin did not have any cardiac or other toxicity at lower doses. These
studies identified an entirely novel application of this old drug at doses significantly below the dose
required for the cardiac effect. Digoxin showed the potential to therapeutically inhibit liver injury in
both ASH and NASH through the regulation of PKM2-HIF-1o pathway activation with the involvement
of multiple cell types. Because of the large clinical experience with oral digoxin, this may have
significant clinical applicability in human ASH and NASH. Digoxin is currently being investigated in a
phase II pilot study in patients with ASH (NCT05014087) (Table 2).

DIGOXIN IN OBESITY AND METABOLIC DISORDERS

Overnutrition, inadequate physical activity, genetic and epigenetic factors, and other risk factors can
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Estimated o
Clinical
. . Current  study ) Number of  Country of
Study title Medication doses . Trials.gov . .
status completion participants trial
number
date
Phase 1
Inhibition of Sterile Inflam-  Digoxin 3.00 mcg/Kg/day vs Digoxin 0.15  Recruiting July 2023 NCT03559868 45 United
mation by Digoxin mcg/Kg/day vs placebo States
Phase IB Trial of Metformin, Metformin 850 mg po/day, Simvastatin 5 Recruiting December 2023 NCT03889795 15 United
Digoxin, Simvastatin in mg po/day, Digoxin 0.0625 mg po/day vs States
Subjects With Advanced Metformin 850 mg po/day then 1700 mg
Pancreatic Cancer and po/day, Simvastatin 20 mg po/day, Digoxin
Other Advanced Solid 0.25 mg po/day vs Metformin 850 mg
Tumors po/day then 1700 mg po/day Simvastatin
40 mg po/day, Digoxin 0.25 mg po/day
then 0.375 mg po/day
Effect of Digoxin on Digoxin 0.125 mg or 0.250 mg digoxin based = Recruiting June 2022 NCT03928210 9 Switzerland
Clusters of Circulating on renal function and target serum digoxin
Tumor Cells in Breast concentration
Cancer Patients
Phase 2
Digoxin In Treatment of Digoxin titration to goal 0.5 and 1.1 ng/mL  Recruiting August 2024 NCT05014087 60 United
Alcohol Associated vs no digoxin States
Hepatitis
Evaluating the Effect of Digoxin 0.25 mg + DMARDS vs UCDA 500  Recruiting July 2022 NCT04834557 90 Egypt
Digoxin and Ursodeoxy- mg + DMARDS vs placebo + DMARDS
cholic Acid in Patients With
Rheumatoid Arthritis
FOLFIRINOX With Digoxin FOLFIRINOX + digoxin 0.125 or 0.250 mg Recruiting February 2025 NCT04141995 20 United
in Patients With Resectable  for target digoxin level 0.8 to 1.2 ng/mL States
Pancreatic Cancer
Topical Ionic Contra-Viral ~ Digoxin topical gel 0.125% vs furosemide Unknown  September NCT03684772 32 Netherlands
Therapy in Actinic Keratosis topical gel 0.125% vs digoxin and 2019
furosemide gel 0.125% vs vehicle gel
Phase II Multicentric Study = Digoxin goal 0.6 to 1.2 ng/mL for age <75  Unknown September NCT02212639 17 France
of Digoxin Per os in Classic  yr; Digoxin goal 0.5-0.8 ng/mL for age > 75 2019

or Endemic Kaposi’s

yr

Sarcoma (KADIG 01)

DMARDS: Disease-modifying antirheumatic drug; FOLFIRINOX: FOLinic acid, 5-Fluorouracil, IRINotecan and Oxaliplatin; UCDA: Ursodeoxycholic acid.

predispose individuals to metabolic syndrome[59] with associated comorbidities[60]. Inhibition of
RORyT-mediated IL-17A production by digoxin abolishes the IL-17A axis[46], suppressing diet-induced
obesity and leading to increased brown adipose tissue[61]. Brown adipose tissue is an essential site for
thermogenesis and critical for maintaining body temperature regulated by mitochondria uncoupling
protein-1[61]. The metabolic effects observed with digoxin can also be achieved by the ubiquitous
deletion of IL-17 receptor A. Modulation of IL-17A signaling may thus serve as a strategy to inhibit
obesity and related complications[59].

Metabolic disorders, including obesity, liver steatosis, and aging, may be improved by caloric
restriction or starvation, which activates the transcription factor EB (TFEB) that regulates lipid
metabolism and the biogenesis of lysosomes. Agents that activate TFEB can confer metabolic changes
resembling starvation and thus have utility in the treatment of these metabolic disorders. Recently
through a nanotechnology-enabled high-throughput screening of various small molecules, digoxin was
one of three small molecules identified that activate TFEB[62]. This activation occurs through distinct
calcium-dependent mechanisms and by promoting autophagolysosomal activity, an adaptive catabolic
process that generates nutrients and energy during starvation[62]. Calcium is stored in cells in three
different compartments, including lysosomes, mitochondria, and the endoplasmic reticulum[63], and
TFEB activators can differentially affect calcium stores in these compartments. Digoxin induces
lysosomal calcium release through mucolipin 1, leading to activation of TFEB with resultant anti-obesity
effects[59].

CGs also appear to hold promise for heritable metabolic disorders. Familial hypercholesterolemia,
characterized by elevated serum low-density lipoprotein-cholesterol, is a genetic disorder caused
primarily by mutations in the low-density lipoprotein receptor. Patients with compound heterozygous
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or homozygous mutations in the low-density lipoprotein receptor have low-density lipoprotein-
cholesterol levels > 500 mg/dL, leading to the formation of xanthomas, severe cardiovascular disease,
and early death[64]. Hepatocyte-like cells derived from induced pluripotent stem cells from patients
with homozygous familial hypercholesterolemia have been used to screen for potential pharmacological
therapies[65]. CGs reduced apoB, the crucial protein component of very-low-density lipoprotein and
low-density lipoprotein particles, in human hepatocytes as well as in the serum of mice with humanized
livers. The mechanism through which CG-mediated reduction of apoB and improvement of hypercho-
lesterolemia occurred did not appear to involve the expression of the APOB gene or the synthesis of
apoB protein but rather the enhancement of proteolytic turnover of the apoB protein[65].

DIGOXIN IN AUTOIMMUNE AND INFLAMMATORY CONDITIONS

Th17 cells are an independent subset of T helper cells that produce IL-17 and are involved in the
induction of inflammation and autoimmune disease. These cells have a unique transcription factor,
RORyT[41], and are activated by IL-6 and transforming growth factor-beta 1. Because Th17 cells are
inducers of inflammation and autoimmune disease, specific targeting of these cells can reduce inflam-
mation. Digoxin downregulates Th17 differentiation through suppression of RORyT transcriptional
activity without effect on the differentiation of T cell lineages[66].

Th17 and T1 play a crucial role in rheumatoid arthritis, a systemic autoimmune inflammatory
disorder characterized by hyperplasia of the synovial membrane along with persistent inflammation of
joints. In one study assessing the effect of digoxin on the peripheral blood mononuclear cells of 30
rheumatoid arthritis patients and 10 healthy controls, there was a significant reduction in the population
of Th17 cells through suppression of the transcription factor RORyT and a decrease in the levels of IL-1p
, IL-6, IL-17, and IL-23 cytokines[67]. Digoxin treatment did not modify the expression of transforming
growth factor-beta 1 and interferon-gamma (IFN-y) at the level of mRNA and protein.

Psoriasis is another chronic inflammatory disease involving IL-17-producing Th17 cells[68]. The toll-
like receptor 7 agonist imiquimod creates psoriasis-like lesions on the ear or back skin of mice through
an IL-17-dependent mechanism. Intraperitoneal digoxin differentially affects these skin lesions,
reducing those on the ear and exacerbating those on the back[68]. This differential effect of digoxin may
relate to differences in target tissues, the imiquimod application dose, and digoxin bioavailability in
different sites.

Digoxin might also be effective for managing pain[69]. Digoxin is a potent inhibitor of soluble
epoxide hydrolase enzyme, which breaks down endogenous lipid mediators like epoxyeicosatrienoic
acids that are known to have cardiovascular effects including vasodilation, anti-migratory actions on
vascular smooth muscle cells, and anti-inflammatory actions[70]. Digoxin has antipyretic activity in rats
and inhibits neutrophil infiltration and alveolar septal thickening in lung tissue[69]. Administration of

digoxin at a low dose can reduce pain and allodynia and decrease edema and abdominal contraction
[69].

DIGOXIN IN CANCER

In a study investigating potential new drugs for prostate cancer, digoxin was found to be highly potent
in inhibiting prostate cancer cell growth in vitro[71]. Regular digoxin use, especially over 10 years, was
found to be associated with a 25% lower risk of prostate cancer[71]. Although the methods through
which digoxin reduced prostate cancer risk are unclear, one potential mechanism involves the increased
influx of intracellular calcium into prostate cancer cells triggering apoptosis through the cyclin-
dependent kinase 5/p25 pathway. Activated Src/mitogen-activated protein kinase (MAPK) signaling
results in inhibition of p53 synthesis, suggesting that CGs may have utility in the treatment of cancers
with gain of function P53 mutations[72]. Other mechanisms proposed for the anticancer effects of
digoxin include inhibition of Na*/K*-ATPase and topoisomerase[73], alterations of calcium signaling
[74], and inhibition of HIF-1a synthesis[26]. The DIG-HIF-1 pharmacodynamic trial, which sought to test
whether digoxin can reduce the expression of HIF-1a protein in surgically resected breast cancer tissue,
was terminated early due to difficulty with accrual (NCT01763931). We hope that there will be
subsequent studies that will shed light on this important question.

When given together with the anti-neoplastic drug adriamycin, digoxin enhanced anti-cancer effects
in vitro on non-small cell lung cancer by inhibiting both DNA double-strand break and single-strand
break repair and reducing the cardiotoxicity of adriamycin[72]. Cotreatment with digoxin blocked the
adriamycin-induced reduction in cardiomyocyte size, suggesting that digoxin can ameliorate the
reduction of heart weight/body weight ratio by adriamycin.

Digoxin suppresses lung cancer progression by inhibiting Src activation and related pathways[75]. In
digoxin-treated cells, the phosphorylation of Src and its related proteins was inhibited, suppressing lung
cancer cell proliferation, migration, and invasion through inhibition of phosphatidylinositol 3-kinase,
focal adhesion kinase, stress-activated protein kinases/Jun amino-terminal kinases, paxillin, and
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p130Cas activities. Digoxin also reduces mRNA expression of Src and related protein kinases[75].
Digoxin was also found to have effects on glioblastoma, a highly aggressive and lethal brain tumor, by
enhancing apoptosis and reducing the levels of the anti-apoptotic protein through its proteasomal
degradation[76].

A screen of 200000 small molecules for inhibitory effect against primary human melanoma cells
showed that several CGs, including digoxin, demonstrated toxicity against melanoma cells vs normal
human melanocytes[77]. This effect involves inhibition of the ATP1A1 Na*/K* pump that is crucial for
the maintenance of ion gradients across the plasma membrane for substrate transport. Although CGs
alone were insufficient to cause melanoma regression in patient-derived xenografts, they showed
synergistic effects with inhibitors of MAPK pathway to mediate regression in both BRAF wildtype and
BRAF mutant melanomas[77]. Polarization of CD4+ T cells into the Th17 subtype in a transgenic mouse
model resulted in destruction of advanced B16 murine melanoma through IFN-y dependent
mechanisms[78]. A recent phase 1B clinical trial of digoxin and trametinib, a MAP kinase kinase
inhibitor, in patients with BRAF wildtype metastatic melanoma who were refractory or intolerant to
immune checkpoint blockade showed that 13 out of 20 patients (65%) achieved disease control
(NCT28278423)[79]. The results of this early study are encouraging and need to be expanded.

Digoxin is currently being studied in a phase 1B combination drug trial in pancreatic cancer and other
advanced solid tumors (NCT03889795) (Table 2). It is also being studied for feasibility and safety when
combined with folinic acid, 5-fluorouracil, irinotecan, and oxaliplatin in patients with resectable
pancreatic cancer (NCT04141995).

DIGOXIN IN VIRAL INFECTION

Digoxin inhibits coronaviruses and other viruses[80]. It inhibits the cytokine storm generated by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and blocks viral cell penetration and
infectivity[81]. After single-dose digoxin treatment, SARS-CoV-2 titers were the same as achieved with
treatment by remdesivir, with > 99% viral inhibition compared to controls or patients on chloroquine at
48 h post-infection[81]. In other cases, digoxin suppressed viral mRNA expression (99%) more
effectively than remdesivir (> 60%) or chloroquine (> 30%)[82]. Host cell entry by Middle East
respiratory syndrome and SARS-CoV is inhibited through the silencing or inhibition of the Na, K-
ATPase al-subunit by low doses of CG. This disruption of cell entry occurs at an early stage by
interfering with endocytosis through a non-elucidated pathway[80,83]. In the post-entry stage, digoxin
significantly inhibits viral mRNA expression, copy number, and viral protein expression at half-
maximal inhibitory concentration of 0.043 nM[81].

In rat models infected with influenza virus, administration of digoxin analog digitoxin suppressed
cytokine levels, including tumor necrosis factor-alpha, growth-regulated oncogene/keratinocyte
chemoattractant, macrophage inflammatory protein 2, monocyte chemoattractant protein-1, and IFN-y
in the rat lung[84]. The inhibition of Na-K-ATPase by CGs decreased intracellular potassium, inhibiting
the host cell translational machinery and decreasing influenza virus replication[80].

Digoxin and other CGs also inhibit replication of cytomegalovirus, a herpesvirus pathologic agent of
important human diseases, at nanomolar concentrations, with an additive effect when combined with
antiviral drugs for cytomegalovirus such as ganciclovir[80]. CGs reduced the levels of viral proteins and
cellular nuclear factor-kappaB, with the activity of CGs correlating with the expression of hERG, a
potassium channel gene[85].

Human papillomaviruses (HPVs) rely on potassium ion influx for replication[86]. Cutaneous warts
(including plantar warts or common warts) are typically caused by HPV 1, 2, 27, and 57[87,88], while
genital warts are typically caused by HPV 6 and 11. CGs such as digoxin and the loop diuretic
furosemide interact with the cell-membrane ion cotransporters Na*/K*-ATPase and Na-K-Cl and inhibit
potassium flux thus inhibiting HPV replication[86]. The inhibitory effect on DNA replication appears
most potent when digoxin and furosemide are combined; the term ionic contra-viral therapy (ICVT)
describes the topical application of these drugs in combination. A phase 1/2 open-label study of ICVT
was safe and efficacious in 12 healthy patients with common warts[89]. A follow-up randomized,
double-blind, placebo-controlled phase 2A proof-of-concept study assessed the efficacy, safety, and
tolerability of ICVT in adults with cutaneous warts. Eighty adult patients were randomized to digoxin
or furosemide alone, ICVT or placebo (NCT02333643)[87]. Reduction in HPV load and wart size was
achieved in all active treatment groups but not in placebo, with a statistically significant reduction in
wart diameter in those treated with ICVT vs placebo. On the contrary, a phase 2 study of ICVT for HPV-
related genital lesions was terminated early due to a lack of effect on interim analysis (NCT03334240).
Overall, digoxin appears promising for the treatment of HPV-induced lesions, especially the cutaneous
subtype, and warrants further investigation in large multicenter studies.

A cell-based screen performed on cells transfected with proviral DNA constructs uncovered a
number of compounds that inhibit HIV-1 virion production, including numerous CGs[90]. Digoxin
selectively impaired HIV-1 replication at two levels: (1) Through global alterations in the efficiency of
HIV-1 RNA processing; and (2) By blocking the export of incompletely spliced viral RNAs to the
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cytoplasm[91]. The cardenolides and the bufadienolides, both subclasses of CGs, inhibited the late
stages of the HIV-1 replication cycle. Although both are C(23) steroids, they differ in that cardenolides
contain a five-membered lactone ring at C-17, whereas bufadienolides contain a six-membered lactone
ring. Members of both classes of CGs inhibited late stages of HIV-1 production, and changes in structure
resulted in changes in inhibition. Digoxin (and potentially the CG family of drugs) represents a novel
HIV-1 inhibitor with the potential for rapid development into antiretroviral therapy. The dose-limiting
toxicities observed with CGs in humans are typically related to toxic increases in cardiac contractility
driven by increases in intracellular calcium. As the mechanism of CG inhibition of HIV-1 appears to be
independent of such calcium increases, it is possible that structural modification of the CGs could avoid
cardiac toxicity while maintaining HIV-1 inhibition.

DIGOXIN IN NON-CARDIAC GENETIC DISORDERS

CGs or their derivatives, including digoxin, also appear promising for treating certain genetic diseases,
such as cystic fibrosis and Duchenne’s muscular dystrophy, wherein truncated protein products
encoded by the corresponding nonsense mRNAs are fully or partially functional[92,93]. The nonsense-
mediated mRNA decay (NMD) pathway selectively eliminates aberrant transcripts containing
premature translation termination codons and regulates the levels of a number of physiological
mRNAs. NMD modulates the clinical outcome of a variety of human diseases, including cancer and
several genetic disorders. Using a dual-color bioluminescence-based NMD reporter system, Nickless et
al[94] performed a high-throughput screen to identify drug candidates that can alter NMD activity in
human cells[94]. The effects of seven of the inhibitor hits were found, and each validated compound
inhibited NMD in a dose-dependent manner. Notably, the top five verified hits, including digitoxin,
digoxin, lanatoside C, proscillaridin, and ouabain, are all CGs[95]. It should be noted that the concen-
trations of CGs used in this study to achieve more complete NMD inhibition without causing significant
cellular toxicity (for example, 500 nM for digoxin and 175 nM for ouabain) are much higher than
standard clinical doses used for the treatment of cardiac failure. Thus, acute use of these drugs at the
experimental working concentrations cannot directly translate to the clinic owing to in vivo toxic effects.
However, the benefits of partial NMD inhibition with chronic treatment at clinically relevant doses may
potentially be efficacious, but this will require further clinical pharmacology studies.

CONCLUSION

Until now, most of our knowledge and experience with digoxin pertains to its use in the cardiac field.
However, in the past decade, digoxin has emerged as a potential pharmacologic agent in the
management of several conditions, including steatohepatitis in the context of nonalcohol and alcohol-
associated fatty liver disease, obesity and other metabolic disorders, autoimmune conditions,
malignancy, and viral infection, among others. Clinical trials on the repurposing of digoxin for
therapeutic use in a variety of non-cardiac conditions are still in their early stages but appear promising.

At relatively high concentrations (hundreds of nM), digoxin and other CGs inhibit the Na-K ATPase
pump, leading to accumulation of sodium ions in the cytosol that drives an influx of calcium into the
heart, increasing contractility[96]. At lower doses (picomolar to low nanomolar), digoxin induces the
Na-K ATPase to act as a receptor that can modulate a variety of pathways[5,96], including the Src/
MAPK pathway, which regulates a number of downstream signaling pathways. Also at high doses,
digoxin binding to the ligand-binding domain of the NR RORyT inhibits its transcriptional activity,
leading to inhibition of Th17 activity and IL-17 release[59] and suppressing nuclear factor-kappaB
activity[85], altogether reducing the inflammatory response. At lower doses, digoxin activates RORyT
signaling, leading to induction of several Th17-specific genes, suggesting a potential role of digoxin in
adoptive cell therapy[14,47,48].

Several questions remain to be clarified in the quest towards repurposing of digoxin including: the
structure-activity relationships that direct its molecular targeting in specific disease settings; whether
dosing/concentration alone determines its activity as an inhibitor vs activator or whether other factors
affect its action; and the ideal potency that can be utilized for pharmacologic intervention in a particular
tissue while optimizing its safety profile. Indeed, the decline of digoxin in the cardiac arena is largely
attributable to its narrow therapeutic index and potential toxicity, thus it is very exciting that recent
studies show potent biological activity of much smaller doses of digoxin than used historically in the
clinical setting. Digoxin is commercially available as a relatively cheap generic drug, thus further
elucidation of its biological effects and mechanisms of action especially at low non-toxic doses will
facilitate its rapid therapeutic repurposing.
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing
coronavirus disease 2019 (COVID-19), can trigger autoimmunity in genetically
predisposed individuals through hyperstimulation of immune response and
molecular mimicry. Here we summarise the current knowledge about auto-
immune liver diseases (AILDs) and SARS-CoV-2, focusing on: (1) The risk of
SARS-CoV-2 infection and the course of COVID-19 in patients affected by AILDs;
(2) the role of SARS-CoV-2 in inducing liver damage and triggering AILDs; and
(3) the ability of vaccines against SARS-CoV-2 to induce autoimmune responses in
the liver. Data derived from the literature suggest that patients with AILDs do not
carry an increased risk of SARS-Cov-2 infection but may develop a more severe
course of COVID-19 if on treatment with steroids or thiopurine. Although SARS-
CoV-2 infection can lead to the development of several autoimmune diseases, few
reports correlate it to the appearance of de novo manifestation of immune-
mediated liver diseases such as autoimmune hepatitis (AIH), primary biliary
cholangitis (PBC) or AIH/PBC overlap syndrome. Different case series of an AIH-
like syndrome with a good prognosis after SARS-CoV-2 vaccination have been
described. Although the causal link between SARS-CoV-2 vaccines and AIH
cannot be definitively established, these reports suggest that this association could
be more than coincidental.

Key Words: Autoimmune liver disease; SARS-CoV-2; COVID-19; COVID-19 vaccine;
Autoimmune hepatitis
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Core Tip: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has emerged as a possible
trigger of autoimmunity. Patients with autoimmune liver diseases (AILDs) were considered at higher risk
of SARS-CoV-2 infection and more susceptible to severe coronavirus disease 2019 (COVID-19) due to
genetic background and immunosuppressive treatments. Case reports documenting autoimmune hepatitis-
like syndromes after the COVID vaccine started to emerge, raising worries about a possible risk of
unwanted immunological side effects, especially in individuals predisposed to autoimmune disorders. We
herein discuss the consequences of SARS-CoV-2 infection in patients with AILDs and the role of the
vaccines in inducing liver autoimmunity.

Citation: Sgamato C, Rocco A, Compare D, Minieri S, Marchitto SA, Maurea S, Nardone G. Autoimmune liver
diseases and SARS-CoV-2. World J Gastroenterol 2023; 29(12): 1838-1851
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a single-stranded RNA,
enveloped, beta coronavirus causing coronavirus disease 2019 (COVID-19), which has developed into a
pandemic infection in a short time since its first appearance in Wuhan, China, in December 2019[1,2].
Since then, SARS-CoV-2 has caused more than 620 million infections, with a death toll exceeding 6.5
million as of October 31, 2022, according to the World Health Organization. Although the most common
presentation of COVID-19 includes respiratory symptoms such as dry cough and shortness of breath[3],
gastrointestinal symptoms, including diarrhoea, anorexia, nausea and or vomiting, and abdominal pain,
have been variably reported in up to half of the cases[4,5]. Furthermore, elevated aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT), hallmarks of liver injury, have been widely
recognised as major components of COVID-19[6]. Tissue injury is almost certainly multifactorial and
related to several mechanisms, such as direct hepatocellular lesions, immune-mediated liver damage
due to the severe inflammatory response, or development of endotheliopathy with hypoxic or ischaemic
injury[7-9].

Furthermore, SARS-CoV-2 has also been identified as an instrumental trigger of autoimmunity.
Hyper-stimulation of the immune system or molecular mimicry of the virus with human self-
components may lead to the synthesis of multiple autoantibodies that could initiate autoimmune
diseases in genetically predisposed individuals[10,11].

In this review, we summarised the current knowledge regarding the risk of SARS-CoV-2 infection
and the course of COVID-19 in patients with autoimmune liver diseases (AILDs), as well as the role of
SARS-CoV-2 in inducing de novo AILDs. Finally, since various case reports documenting autoimmune
hepatitis (AIH)-like syndromes after receiving the COVID-19 vaccine started to emerge, we reviewed
the literature to analyse the role of vaccines in inducing autoimmune responses in the liver.

SARS-COV-2 AND PRE-EXISTING AILDS

ALDs are a heterogeneous group of inflammatory liver disorders mediated by autoimmunity, including
AIH, primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), and overlapping
syndromes. Patients with AILDs could theoretically present an increased risk of SARS-CoV-2 infections
and poor outcomes due to lifelong immunosuppressive treatments taken to delay the progression to
cirrhosis and liver failure.

However, the clinical impact of SARS-CoV-2 infection on the population with AILDs remains unclear.
Preliminary data derived from regional observational studies driven by referral centres suggested that
patients with AILDs did not carry a specific risk of becoming infected by SARS-CoV-2. In the earliest
reports from Northern Italy, an area particularly affected by the virus's spread, the observed incidence
of the infection in a cohort of 148 AILDs patients (133 AIH, 11 autoimmune sclerosing cholangitis, 2
PSC/AIH and 2 PBC/ AIH) did not significantly differ from that estimated in the general population (43
vs 38 cases, respectively)[12]. Similarly, Verhelst et al[13] found a very limited SARS-CoV-2 infection
ratio (1.2%) in a Belgian cohort of 110 patients with AIH[13]. More recently, a survey involving 1779
AILDs patients from 20 European countries detected a rate of COVID-19 (2.2%) equivalent to the period
prevalence of the general population, thus indicating that patients with AILDs are not at elevated risk of
developing COVID disease[14]. Interestingly, people suffering from autoimmune diseases do not have a
higher risk of being positive for COVID-19, as indicated by a study performed in Milan that applied
both a test-negative [odds ratio (OR): 0.86, 95% confidence interval (CI): 0.76-0.96] and population (OR:
0.98, 95%ClI: 0.90-1.08) case-control design[15].
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Regarding the impact of AILDs on the COVID-19 course, early phone-based surveys including
patients with AIH (n = 73) and PBC (1 = 68) found a rate of infection of 3.6% with a favourable outcome
of COVID-19 in most cases[16]. Likewise, patients under immunosuppressive treatment for AIH show a
disease course probably comparable to that reported in the non-immunosuppressed population[17].
Data combined from 3 large-scale international reporting registries, namely the European Association
for the Study of the Liver supported COVID-Hep registry, the European Reference Network on Hepato-
logical Diseases (ERN RARE-LIVER) and the American Association for the Study of Liver Diseases
supported SECURE-cirrhosis registry, showed that patients with AIH, despite immunosuppressive
treatment, did not present an increased risk of adverse outcomes including hospitalisation (76% vs 85%;
P =0.06), admission in an intensive care unit (29% vs 23%; P = 0.240), or death (23% vs 20%; P = 0.643)
when compared to other causes of chronic liver disease and matched cases without the liver disease
[18]. Another retrospective study collecting data on 110 patients with AIH and COVID-19 from 34
centres in Europe and the Americas confirmed that AIH was not a risk factor for severe COVID-19
(15.5% vs 20.2%, P = 0.231) and all-cause mortality (10% vs 11.5%, P = 0.852) than other causes of chronic
liver disease. Still, continued immunosuppression during COVID-19 was associated with a lower rate of
liver injury (P = 0.009; OR: 0.26; 95%CI: 0.09-0.71)[19]. However, in another study including 254 AIH
patients, the same author observed that the use of systemic glucocorticoids (adjusted OR: 4.73, 95%ClI:
1.12-25.89) and thiopurine (adjusted OR: 4.78, 95%CI: 1.33-23.50) was associated with worse COVID-19
outcome compared to patients who were not on immunosuppressive therapy[20].

These results might aid medical decisions when dealing with SARS-CoV-2 infection in immunocom-
promised patients. Although current expert recommendations advocate against changes in immunosup-
pressive treatments in patients with AIH before and after SARS-CoV-2 infection[21], data derived from
larger case series support the notion of maintaining remission with the lowest effective glucocorticoid
dose in AIH patients during the COVID-19 pandemic.

Nonetheless, it should be considered that cirrhotic patients, irrespective of the cirrhosis aetiology,
once infected with SARS-CoV-2, are more vulnerable than the general population or patients without
cirrhosis. Indeed, they have a higher risk of decompensation of liver disease and developing a more
severe COVID-19 with a mortality rate of up to 30%[22,23].

SARS-COV-2 AS A TRIGGER OF AILDS

Increasing evidence indicates that SARS-CoV-2 may have a trigger effect of, possibly pre-existing,
autoimmune disease, including Guillain-Barré syndrome, systemic lupus erythematosus, myasthenia
gravis, large vessel vasculitis and thrombosis, Graves' disease, sarcoidosis and inflammatory arthritis
[24].

It is well-known that SARS-CoV-2 infection can result in hyperstimulation of the immune system,
with increased serum concentration of pro-inflammatory cytokines, particularly monocyte chemoat-
tractant protein 1, interferon-inducible protein-10, interleukin (IL)-6, IL-1p, IL-8, IL-10, IL-17, tumour
necrosis factor, granulocyte-macrophage colony-stimulating factor, also referred to as "cytokine storm"
or "cytokine release syndrome"[25]. In addition, due to structural homology between some components
of SARS-CoV-2 and human proteins[11], the immune responses raised against the virus can cross-react
with self-proteins, a concept commonly termed molecular mimicry[26]. These factors may contribute to
the development of multiple autoantibodies with a trigger effect on autoimmunity (Figure 1).

In patients with SARS-CoV-2 infection and especially severely ill patients compared with those with
mild or moderate disease, numerous autoantibodies, including antinuclear antibodies (ANA), anti-
neutrophil cytoplasmic antibodies, antiphospholipid antibodies, have been detected[27,28]. Since
systemic autoimmunity is known to initiate from generalised polyclonal B cell activation, the presence
of autoantibodies in such kinds of patients may indicate a pre-AID[29].

However, interestingly, there have been very few reports suggesting that SARS-CoV-2 infection
might reflect 'a final hit' leading to de novo manifestation of immune-mediated liver diseases such as
PBC[30] or AIH/PBC overlap syndrome[31].

PBC developed concomitantly with Guillain-Barré syndrome following SARS-CoV-2 infection in a 44-
year-old obese and hypertensive woman already suffering from Hashimoto's thyroiditis. During her
hospitalisation for severe bilateral interstitial pneumonia, she developed an important rise in serum
gamma-glutamyl-transferase (GGT) with initially normal alkaline phosphatase (ALP) levels that
progressively increased later.

As aresult of the ALP increase combined with high-titre anti-mitochondrial (AMA) positivity (1:640),
the patient underwent a liver biopsy showing histological findings consistent with an initial phase
(stage I in Scheuer and Ludwig classifications) of PBC.

A case of AIH/PBC overlap syndrome has been described in a 57-year-old man suffering from
hypertension, beta-thalassemia minor, and diabetes. He developed arthralgias, elevated liver enzymes
and hyper hyperferritinemia one month after recovering from moderate COVID-19 disease. Although a
liver biopsy was not performed, the patient presented a concomitant seropositivity for AMA and anti-
double-stranded DNA antibodies (anti-ds DNA) that can be considered the serological profile of AIH/
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Figure 1 The severe acute respiratory syndrome coronavirus 2 infection may lead to autoimmune liver disease through hyperstimulation
of the immune system and molecular mimicry with human self-components. S1: Spike protein subunit 1; ACE2: Angiotensin-converting enzyme 2;
TMPRSS2: Transmembrane Serine Protease 2; TH: T helper cells; IL: Interleukin; TNF-a: Tumour necrosis factor alfa; IFNy: Interferon-gamma; APC: Antigen-
presenting cell; GM-CSF: Granulocyte-macrophage colony-stimulating factor; IgG: Immunoglobulin G; SARS-CoV-2: Severe acute respiratory syndrome coronavirus
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PBC[32].

On the other hand, liver involvement has been frequently reported in COVID-19. Abnormal liver
function test, mainly elevated ALT, hypoalbuminemia, and elevated GGT, has been described in 14.8-
53% of SARS-CoV-2 infected patients and up to 78% of those with severe manifestations of COVID-19
disease[8] being independent risk factors for adverse clinical outcomes such as intensive care unit
admission, use of invasive mechanical ventilation or longer hospital stay[33].

The pathogenic mechanisms of liver injury during COVID-19 are not fully understood. SARS-CoV-2
cell entry is mediated by the interaction of the virus's spike (S) protein with the host angiotensin-
converting enzyme 2 receptor (ACE2). S protein is then cleaved by the transmembrane serine protease 2,
allowing the internalisation by endocytosis and the release of the viral genome from the endosome[10].
The liver is a possible target for SARS-CoV-2 due to a high expression, almost in the same percentage of
type 2 pneumocytes, of ACE2 receptors in cholangiocytes and, to a lesser extent, hepatocytes[34].

However, rather than direct cytotoxicity derived from active viral replication of SARS-CoV-2 in the
liver, current data suggest that tissue injury is likely due to immune dysregulation or cytokine storm
and development of endotheliopathy and microthromboses with hypoxic or ischaemic injury[35,36].
Exacerbation of underlying liver disease or drug-induced liver injury can also contribute[37,38].

AILDS FOLLOWING SARS-COV-2 VACCINES

Given the dramatic socio-economical effect of the pandemic, vaccines against SARS-CoV-2 have been
rapidly developed. In December 2020, two mRNA vaccines (BNT 162b2 Pfizer-BioNTech[39] and
mRNA-1273 Moderna[40]) and one adenovirus (ADV) vector-based vaccine (ChAdOx1 nCOV-19
Oxford University / Astra Zeneca)[41] obtained approval under Emergency Use Listing from the most
important drug regulatory agencies. As of October 31, 2022, approximately 68% of the global population
has received at least one dose of the anti-SARS-CoV-2 vaccine, with 12.9 billion doses being
administered worldwide[42].
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Both the mRNA and ADV vaccines encode the intracellular production of the SARS-CoV-2 spike
protein, the primary target for neutralising antibodies generated from natural infection and triggering
both innate and adaptive responses. Via their recognition by innate intracellular sensors, including toll-
like receptors 3, 7, 9 and inflammasome components, vaccines stimulate innate immunity through
cellular activation and consequent release of interferon I or other pro-inflammatory cytokines, thus
promoting differentiation of CD4+ and CD8+ T cells into effector and memory subsets[43].

Although the safety profiles of all vaccines have been extensively studied in large placebo-controlled
trials, after their widespread diffusion, case reports and case series describing a range of liver diseases
following COVID-19 vaccination started to emerge[44].

In the summer of 2021, Bril et al[45] first described an AIH-like syndrome developed after vaccination
against SARS-CoV-2[45]. AIH is an inflammatory disease of the liver characterised by circulating
autoantibodies, mainly ANA, elevated serum globulin levels, specific histological alterations and
response to immunosuppressive therapy. The clinical picture is non-specific and varies among patients,
ranging from asymptomatic liver enzyme elevation to acute liver failure[46]. SARS-CoV-2 vaccination
has also been linked to other forms of immune-mediated liver injury, such as AIH-PBC overlap
syndrome[47] or a specific CD8+ T-cell-dominant hepatitis[48].

Cases of de novo AIH or vaccine-induced AIH relapse after vaccination against SARS-CoV-2 are
reported in Table 1[45,49-78]. A summary of patient information and disease presentation is shown in
Table 2. Laboratory data, treatment, and outcome are reported in Table 3.

Most patients (83%) were female, with a mean age of 58.7 years (range 27-82). In 25 patients, race and
ethnicity were not specified, whereas, among the remaining cases, 11 patients were Caucasian, three
were Asian, and 1 was Arabic. Seventeen patients (42.5%) had a history of either liver (6) or auto-
immune disease (11). One patient was three months postpartum[45].

Although five patients were taking potentially hepatotoxic medication, including substitutive
hormonal therapy|[62], statin[49,58,76,77], azathioprine[51,76], pegylated interferon for polycythaemia
vera[53] and nitrofurantoin[73], each patient had been taking their medications for a long time without
recent regimens changes. The patient who reported nitrofurantoin completed a three-day course nearly
90 d before the vaccine, and thus nitrofurantoin-induced liver injury was considered highly improbable.
Two patients[63,73] took acetaminophen soon after receiving the first dose, whereas one patient[78] was
on chronic treatment. The trigger vaccine was Pfizer-BioNTech in 17 cases (43%), Moderna in 11 (28%),
Oxford AstraZeneca in 10 (20%), while CoronaVac, an inactivated whole-virion vaccine, was the trigger
of AIH in two cases (5%).

Symptomatic AIH was observed in most cases (78%), with a latency time after receiving the COVID-
19 vaccine of about two weeks (16.6 + 12.8 d, range 2-60). The most common symptoms were jaundice
(60%), asthenia/fatigue (33%), choluria (25%) and pruritus (20%), whereas other symptoms such as
fever, abdominal pain, nausea, and vomiting were variably reported. Interestingly, two patients
presented worsening symptoms after receiving the second dose[62,68]. At the laboratory, most cases
showed a hepatocellular pattern of liver injury, with markedly elevated transaminases (mean values of
AST and ALT of 936 + 521 U/L and 1060 + 567 U/L, respectively). Mean GGT, ALP, and bilirubin were
312+220U/L, 209 £ 95 U/L, and 9.8 + 8.5 mg/dL, respectively. Inmunoglobulin G was > 20 g/L in 13
patients (46.5%) with a mean value of 21.7 g/L. Thirty-seven patients (93%) had at least one positive
autoantibody, and ANA was positive in 33 (83%). The scoring systems, such as the Simplified AIH score
[79] and the Revised Original Score[80], guided the diagnosis of AIH in 18 cases. A liver biopsy was
performed in almost all cases (98%). Findings were typical with AIH in 3 patients and compatible with
AIH in 31 cases.

Steroids were used as a first-line treatment in 38 patients (95%), and azathioprine was used as a
second agent in 8 patients. The mean time to the first improvement and disease resolution were 4.6 and
45.9 d, respectively. Improvement in laboratory data or complete resolution was seen in 37 out of 40
patients (93%). Three patients died of AIH triggered by viral vector vaccine (AstraZeneca), one after
refusing liver transplantation[66], while the other two died of liver failure and sepsis[52,76].

Notably, vaccine-induced AIH has been previously described following other vaccinations than that
against SARS-CoV-2, such as hepatitis A[81,82] or influenza virus[83,84].

Although the precise mechanisms have not been elucidated, molecular mimicry is one of the major
explanations of autoimmunity after vaccination. Significant homology of amino acid sequences between
determinants of vaccines and self-antigen may result in the synthesis of anti-spike antibodies that cross-
react with structurally similar host peptide proteins[85]. Other proposed mechanisms include bystander
activation (defined as an intense stimulation of innate immunity after administration of adjuvants) and
epitope spreading (immune responses to endogenous epitopes resulting from the release of self-
antigens during chronic autoimmune/inflammatory processes)[86].

Cases of AIH reactivation after vaccines underline the necessity for close follow-up in individuals
with a pre-existing diagnosis of AILDs.

Current knowledge does not allow us to clearly define whether these cases represent a true AIH
triggered by vaccine or transient vaccine-induced liver injury, which could have similar clinical,
laboratory and histological characteristics.
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Table 1 Cases of autoimmune hepatitis-like syndromes after the coronavirus disease 2019 vaccine

Sex Time onset
Ref. a e, Comorbidity Vaccine after Symptoms Antibodies Histology Treatment Outcome
J vaccination
Bril et al[45] F,35 None Pfizer- 7 d after Jaundice, ANA, anti- Compatible Prednisone Remission
BioNTech dose I pruritus, Ds-DNA with AIH
choluria
Ghielmettiet M,  Type II diabetes, Moderna 7 d after Jaundice, ANA Typical for AIH Prednisone Remission
al[49] 63 ischemic heart dose I fatigue,
disease anorexia
Avci and F,61 Hashimoto Pfizer- 30 d after Jaundice, ANA, Compatible Prednisone + AZA  Remission
Abasiyanik thyroiditis, BioNTech dose I malaise, ASMA with AIH
[50] hypertension fatigue,anorexia
Mahalingham F,32 OLT post-AlIH, Pfizer- 21 d after / SLA/LP Compatible Methylprednisolone Remission
et al[51] hypertension BioNTech dose III with ATH
Erard et al[52] F, 80 Pfizer- 10 d after All asthenia, ANA Compatible Steroids Remission
BioNTech dose IT pruritus, with AIH
jaundice
F,73 Moderna 21 d after ANA Steroids Remission
dose I
F, 68 AstraZeneca 20 d after ANA, Listing for liver Death after 3 d
dose I ASMA transplantation
Garridoetal  F,65 Polycythaemia Moderna 14 d after Abdominal ANA Compatible Prednisolone Remission
[53] Vera dose I pain, jaundice, with ATH
pruritus,
acholia,
choluria
Goulas et al F, 52 / Moderna 14 d after Malaise, ANA, Prednisolone + Remission
[54] dose I jaundice ASMA AZA
Caoetal[55] F,57 AIH CoronaVac 14 d after Choluria, ANA Compatiblewith Methylprednisolone Remission
dose I acholia, AIH + AZA + UDCA
jaundice
Vuille- F,76 Hashimoto Moderna 3 d after Choluria, ANA, Typical for AIH Prednisolone + Remission
Lessard et al thyroiditis, dose I fatigue, ASMA, AZA
[56] urothelial ca. jaundice ANCA
Suzuki ef al F,80 GERD Pfizer- 10 d after Jaundice ANA Compatible Prednisone Remission
[57] BioNTech dose II with ATH
F,75 Dyslipidemia Pfizer- 4 d after Choluria ANA, AMA Prednisone Remission
BioNTech dose IT
F,78 Primary biliary Pfizer- 7 d after Fever, malaise =~ ANA, AMA Prednisone Remission
cholangitis BioNTech dose I
Tan et al[58] F, 56 / Moderna 42 d after Jaundice, ANA, AMA Compatible Budenoside Remission
dose I malaise, with AIH
anorexia
Zhouetal[59] F,36 Primary sclerosing Moderna 11 d after / ANA, Ds-  Compatible Prednisone + Remission
cholangitis, dose I DNA with ATH Azathioprine
ulcerative colitis
Kanget al[60] F,27 / Pfizer- 8 d after Nausea, ANA Compatible Prednisolone Remission
BioNTech dose II vomiting, with AIH
headache,
fever, dark
urine
Rocco et al F,80 Hashimoto Pfizer- 7 d after Jaundice ANA Typical for ATH Prednisone Remission
[61] thyroiditis Glomer- BioNTech dose IT
ulonephritis
Londofio etal F,41 Premature ovarian Moderna 7 d after Choluria, ANA, Typical for AIH Prednisone Remission
[62] failure dose IT jaundice, AMA,
epigastric pain, SLA/LP
nausea, and
vomiting
McShaneetal F,71 / Moderna 4 d after Jaundice ASMA Compatible Prednisolone Remission
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[63] dose I with AIH
Clayton- M,  Hypertension AstraZeneca 26 d after Fever ANA Compatible Prednisolone Remission
Chubb et al 36 dose I with ATH
[64]
Palla et al[65] F,40 Sarcoidosis Pfizer- 30 d after / ANA Compatible Prednisolone Remission
BioNTech dose IT with ATH
Rela et al[66]  F,38 Hypothyroidism AstraZeneca 20 d after Jaundice, fever, ANA Compatible Prednisolone Remission
dose I fatigue with ATH
M, Diabetes AstraZeneca 16 d after Anorexia, fever, / Prednisolone Death after 3
62 dose I jaundice wk
Camacho- M, / AstraZeneca 15 d after Abdominal ANA, Compatible Hydrocortisone; Remission
Dominguez et 79 dose I pain, pruritus, ~ASMA with ATH Prednisone;
al[67] acholia, Prednisolone
choluria
ZinTunetal M, / Moderna 3 d after Malaise, ANA Compatible Prednisolone Remission
[68] 47 doseIand 3 jaundice with ATH
d after dose
I
Torrente etal F,46 Hypothyroidism AstraZeneca 21 d after / ANA Compatible Prednisone + AZA  Remission
[69] dose I with ATH
Fimianoetal F,63 Hypothyroidism Pfizer- 54 d after Abdominal - Compatible Methylprednisolone Remission
[70] BioNTech dose IIT pain, nausea, with ATH + AZA
jaundice,
choluria
Izagirreetal M,  Ischemic heart Pfizer- 46 d after / ANA Compatible Prednisone+ Remission
[71] 72 disease, 30 gr/day  BioNTech dose IT with ATH Azathioprine
alcohol
consumption
F, 62 Celiac disease AstraZeneca 4 d after / ANA Prednisonet+ AZA  Remission
dose II
E,72 / Pfizer- 14 d after / ANA Prednisone Remission
BioNTech dose IT
F,59 Hypothyroidism Pfizer- 9 d after / ANA Not performed  No treatment Spontaneous
BioNTech dose I received improvement
Hasegawaet F,82 Hepatitis C virus Pfizer- 7 d after Malaise ANA Compatible Prednisone Remission
al[72] BioNTech dose I with ATH
Shroff et al F, 59 / Moderna 31d after / ANA Compatible Steroids Remission
[73] dose I with AIH
Efe et al[74] M, / Pfizer- 30 d after Abdominal / Compatible Prednisolone Developed HE
53 BioNTech dose IT pain, pruritus, with AIH and liver
erythematous transplantation

skin eruption

Shahranietal F,59 Dyslipidemia AstraZeneca 12 d after Jaundice / Compatible Prednisolone Remission
[75] dose IT with AIH
E72 / Pfizer- 10 d after Jaundice AMA Compatible Prednisolone Remission
BioNtech booster with ATH
Nik et al[76] ~ F,63 Primary sclerosing AstraZeneca 14 d after Jaundice, ANA Compatible Prednisolone Death after 2
cholangitis, dose I pruritus with ATH wk for sepsis

ulcerative colitis

Mekritthikrai  F,52 Dyslipidemia, Coronavac  After dose Il Jaundice ANA, Compatible Prednisolone + Remission
et al[77] hypertension ASMA with ATH AZA
Mathew etal F, Headache AstraZeneca 10 d after Jaundice ANA Compatible Prednisolone Remission
[78] late dose I with ATH

20s

ANA: Antinuclear antibody; anti-Ds-DNA: Anti-double stranded DNA; AIH: Autoimmune hepatitis; ASMA: Anti-smooth muscle antibody; AZA: Azathioprine;
OLT: Orthotopic liver transplantation; SLA/LP: Anti-soluble liver antigen/liver-pancreas; UDCA: Ursodeoxycholic acid; ANCA: Anti-neutrophil cytoplasmic
antibodies; GERD: Gastroesophageal reflux disease; AMA: Anti-mitochondrial antibodies; HE: Hepatic encephalopathy.
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Table 2 Cases of autoimmune hepatitis-like syndromes after coronavirus disease 2019 vaccine: Demographics, patient information,

and disease presentation

Classification

Number of patients 40
Females, n (%) 32 (83)
Age (years, mean * SD) 58.7 +16
Race/ethnicity, 1 (%)

Caucasian 11 (27)
Asian 3(8)
Arabic 1(3)
Unspecified 25 (62)

Predisposing conditions, 1 (%)

History of liver disease 6 (15)
History of autoimmune disease 11 (28)
Medications, 1 (%)

Acetaminophen 3(8)
Other hepatotoxic drugs (statins, peg-IFN, AZT) 5 (13)

Vaccine, 1 (%)

Pfizer-BioNTech 17 (43)
Moderna 11 (28)
AstraZeneca 10 (25)
Coronavac 2(5)
Symptom onset (days after a dose, mean + SD) 16.6 £12.8

Symptoms, 1 (%)

Jaundice 24 (60)
Astenia/Malaise/Fatigue 13 (33)
Choluria 10 (25)
Pruritus 8 (20)
Abdominal pain 4 (10)
Fever 5 (13)
Loss of appetite 4 (10)
Nausea/ vomiting 5 (13)

Peg-IFN: Pegylated interferon; AZT: Azathioprine.

A longer follow-up could be helpful to rule out vaccine-induced liver injury since biochemical and
histological resolution can spontaneously occur, and immunosuppressive treatment can be withdrawn
without the risk of relapse.

In summary, although a causative link between AIH and SARS-CoV-2 vaccination cannot be
confirmed, emerging case reports suggest this association could be more than coincidental.

CONCLUSION

Since the initial stage of the COVID-19 pandemic, concerns about the risk of poorer outcomes following
SARS-CoV-2 infection have been raised in patients with pre-existing chronic liver disease. We found
that people with AILDs are not at increased risk of being infected by SARS-CoV-2, despite immunosup-
pressive treatment that, however, may predispose them to develop a more severe course of the disease.
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Table 3 Cases of autoimmune hepatitis-like syndromes after coronavirus disease 2019 vaccine: Diagnostics, treatment, and clinical

outcomes

Diagnostics

Peak laboratory values (mean + SD)
AST (IU/1)

ALT (IU/1)

GGT (IU/1)

ALP (IU/1)

Bilirubin (mg/dL)

IgG (/L)

Antibodies, n (%)

ANA

ASMA

SLA/LP

AMA

Others (ANCA, DS-DNA)

Liver biopsy

Performed

Not performed

Morphologic characteristics, 1 (%)
Interface hepatitis
Lymphoplasmacellular infiltrates
Rosette formation

Treatment

First agent

Budesonide

Prednisone

Prednisolone

Methylprednisolone
Hydrocortisone

Steroids

No treatment

Second agent

Azathioprine

Prednisolone

Clinical outcomes

Time to the first improvement, days (mean + SD)
Time to resolution, days (mean # SD)
Alive

Dead

936 + 523
1060 + 567
312 220
209 £ 95
9.8+85

21.7+6.7

33 (83)

7 (18)

31 (78)
36 (90)

5 (13)

15

17

46+29
44.6 +37
37

3

AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; GGT: Gamma-glutamyl transferase; ALP: Alkaline phosphatase; IgG: Immunoglobulin
G; ANA: Antinuclear antibody; ASMA: Anti-smooth muscle antibody; SLA/LP: Anti-soluble liver antigen/liver-pancreas; AMA: Anti-mitochondrial
antibodies; ANCA: Anti-neutrophil cytoplasmic antibodies; Ds-DNA: Anti-double stranded DNA.
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Furthermore, increasing evidence highlighted the intrinsic capability of the virus to hyper-stimulate
immune response leading to the development of autoimmune disease. However, only two reports
identify SARS-CoV-2 as a trigger instrument for developing AILDs, making any correlation not feasible.

Post-vaccine AIH-like syndrome raises worries about a risk of unprecedented immunological side
effects, especially in individuals predisposed to autoinflammatory disorders. However, COVID-19
vaccine-induced AIH is extremely uncommon and has an exceptional prognosis. Hepatologists should
consider AIH in patients with jaundice or elevated liver enzymes following COVID-19 vaccination to
readily initiate further work-up and treatment with steroids.
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Abstract

The presentation, subtype, and macroscopic images of lymphoma vary depending
on the site of the tumor within the gastrointestinal tract. We searched PubMed for
publications between January 1, 2012 and October 10, 2022, and retrieved 130
articles relating to duodenal lymphoma. A further 22 articles were added based
on the manual screening of relevant articles, yielding 152 articles for full-text
review. The most predominant primary duodenal lymphoma was follicular
lymphoma. In this review, we provide an update of the diagnosis and man-
agement of representative lymphoma subtypes occurring in the duodenum:
Follicular lymphoma, diffuse large B-cell lymphoma, extranodal marginal zone
lymphoma of mucosa-associated lymphoid tissue, mantle cell lymphoma, and T-
cell lymphomas.
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Core Tip: Among cases of primary duodenal lymphoma, follicular lymphoma was the most predominant,
followed by diffuse large B-cell lymphoma, extranodal marginal zone lymphoma of mucosa associated
lymphoid tissue (MALT lymphoma), mantle cell lymphoma, and T-cell lymphomas. A watch and wait
policy is acceptable for follicular lymphoma. Observation without treatment is also an option for MALT
lymphoma. However, it should be noted that duodenal MALT lymphoma has a higher rate of
transformation to diffuse large B-cell lymphoma than gastric MALT lymphoma. Diffuse large B-cell
lymphoma, mantle cell lymphoma, and T-cell lymphomas generally require systemic treatment.

Citation: Iwamuro M, Tanaka T, Okada H. Review of lymphoma in the duodenum: An update of diagnosis and
management. World J Gastroenterol 2023; 29(12): 1852-1862

URL: https://www.wjgnet.com/1007-9327/full/v29/i112/1852.htm
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INTRODUCTION

Gastrointestinal lymphoma is a relatively rare tumor, accounting for 1%-8% of malignant neoplasms of
the gastrointestinal tract[1-3]. However, detection and management of gastrointestinal lymphoma
lesions is important, as 30%-40% of extranodal lymphomas occur in the gastrointestinal tract[4]. The
lymphoma subtype, presentation, and macroscopic images vary depending on the site of the tumor in
the gastrointestinal tract. Thus, understanding of the specific features is essential for gastroenterologists
to ensure prompt diagnosis and appropriate management. The stomach is the most commonly involved
site of lymphomas in the gastrointestinal tract, with the duodenum being less common. Analysis of the
United States population based on the Surveillance, Epidemiology, and End Results (SEER) program
revealed that the prevalence of primary gastric, small intestinal, and duodenal lymphomas is approx-
imately in the ratio of 10:3:1[5]. Recent studies have found that some subtypes of lymphoma that
develop in the duodenum are distinct from those that develop in other parts of the gastrointestinal tract.
Here, we review articles describing duodenal lymphoma published within the last 10 years and provide
a summary update of contemporary diagnosis and management of the disease.

SEARCH STRATEGY

We searched PubMed for all peer-reviewed articles from January 1, 2012 to October 10, 2022. No study
design filters were used. Manual screening of additional relevant articles was performed using a
reference list of selected articles meeting eligibility criteria. The search strategy used the keywords
'lymphoma' and 'duodenum'. The search was performed by the lead author (Iwamuro M). Criteria for
article inclusion were: (1) Peer-reviewed articles describing cases of duodenal lymphoma; and (2)
review articles, original articles, case series, and case reports. Exclusion criteria were: (1) Articles written
in languages other than English; (2) animal and cell studies; and (3) the primary topic of study was not
duodenal lymphoma. Eligible articles were evaluated in full.

SEARCH RESULTS

Figure 1 shows a flow diagram summarizing the identification, screening, eligibility, and exclusion
processes of the literature search. The initial search returned 288 articles. Among these, lymphoma was
not the subject in 42 articles. Meanwhile, in 36 articles, case(s) of lymphoma was described but the
duodenum was not involved. Articles on animal and cell studies (n = 31), articles in which the primary
topic was not duodenal lymphoma (1 = 26), and articles written in language other than English (n = 23)
were also excluded. After application of the exclusion criteria, 130 articles were retrieved from the initial
PubMed search. A further 22 articles were added based on the manual screening of relevant articles. In
total, 152 articles were used for full-text review.

Table 1 shows the results of the PubMed database literature search according to the lymphoma
subtype. Follicular lymphoma was reported most frequently (48 articles), followed by diffuse large B-
cell lymphoma (17 articles), extranodal marginal zone lymphoma of mucosa associated lymphoid tissue
(MALT lymphoma) (9 articles), enteropathy-associated T-cell lymphoma (9 articles), mantle cell
lymphoma (5 articles), plasmablastic lymphoma (4 articles), monomorphic epitheliotropic intestinal T-
cell lymphoma (4 articles), Burkitt lymphoma (4 articles), and anaplastic large cell lymphoma (4
articles). Other rare subtypes of lymphoma occurring in the duodenum reported within the last 10 years
were also included.
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Table 1 Literature search results

Lymphoma subtype Number of articles
Follicular lymphoma 48!
Diffuse large B-cell lymphoma 17"
MALT lymphoma 9'
Enteropathy-associated T-cell lymphoma 9
Mantle cell lymphoma 5
Plasmablastic lymphoma 4
Monomorphic epitheliotropic intestinal T-cell lymphoma 4
Burkitt lymphoma 4
Anaplastic large cell lymphoma 4
Refractory celiac disease type II 2
Peripheral T-cell lymphoma 2
Marginal zone lymphoma 2
Intravascular Lymphoma 2
NK/T-cell lymphoma 2
Post-transplant lymphoproliferative disease 1
Mycosis fungoides 1
Methotrexate-associated lymphoproliferative disorder 1
Intestinal T-cell lymphoma 1
Immunoproliferative small intestinal disease 1
Extracavitary primary effusion lymphoma 1
Cutaneous large B cell lymphoma 1
Cutaneous aggressive T-cell lymphoma 1
B-lymphoblastic lymphoma 1
Non-Hodgkin lymphoma 1
T cell lymphoma 1
B cell lymphoma 1
Aggressive B-cell lymphoma 1
General review of lymphoma 3
Subtype unspecified 2

1One article described follicular lymphoma and MALT lymphoma and another article described follicular lymphoma and diffuse large B-cell lymphoma.

MALT lymphoma: Extranodal marginal zone lymphoma of mucosa associated lymphoid tissue.
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PREVALENCE OF LYMPHOMA SUBTYPES IN THE DUODENUM

Analysis of the United States population based on the SEER program revealed a total of 1060 cases of
primary duodenal lymphoma identified between 1998 and 2015[5]. Among the primary duodenal
lymphoma, the most frequent was follicular lymphoma (41.1%), followed by diffuse large B-cell
lymphoma (32.8%), MALT lymphoma (13.8%), mantle cell lymphoma (2.7%), and T-cell lymphoma
(2.6%). Meanwhile, diffuse large B-cell lymphoma was the most predominant subtype in the stomach
(48.9%) and small intestine (jejunum and ileum, 54.9%), while follicular lymphoma was less frequent in
the stomach (2.2%) and small intestine (23.0%). A population-based study in a Japanese prefecture
included 350 cases of lymphoma involving the gastrointestinal tract, whether primarily or secondarily
[6]. The affected sites were the stomach (62.6%), large intestine (15.4%), small intestine (14.3%),
duodenum (6.0%), esophagus (0.3%), and appendix (0.3%). The subtypes of duodenal lymphoma (n =
21) were follicular lymphoma (61.9%), followed by diffuse large B-cell lymphoma (14.3%), MALT
lymphoma (14.3%), peripheral T-cell lymphoma (4.8%), and adult T-cell leukemia/lymphoma (4.8%).
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Figure 1 Flow diagram summarizing the identification, screening, eligibility, and exclusion processes of the literature search.
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In the following sections, we review recent advances and basic knowledge relating to the diagnosis
and management of representative lymphoma subtypes occurring in the duodenum.

FOLLICULAR LYMPHOMA

As described above, follicular lymphoma is the most common subtype of lymphoma occurring in the
duodenum. The majority of cases are asymptomatic and are identified serendipitously during
esophagogastroduodenoscopy examinations[7,8]. Follicular lymphomas most frequently occur in the
descending part of the duodenum. The typical macroscopic feature is multiple white granules[9]
(Figure 2). Magnified observation is useful when it is difficult to distinguish between minute lesions of
this and other diseases. Follicular lymphoma is suspected if nodular white submucosal deposits or
white villus enlargement are observed by magnified observation[10] (Figure 3). Biopsy reveals small to
medium-sized tumor cells that form follicular structures and diffusely invade into the villi. Immunos-
taining is essential for definitive diagnosis, and CD10, BCL6 and BCL2 are usually positive in follicular
lymphoma[7]. In addition, the t(14;18)(q32;q21) translocation of the immunoglobulin heavy chain gene
and the BCL2 gene is characteristic of follicular lymphoma. Thus, fluorescence in situ hybridization
analysis of chromosomal translocation provides complementary information for diagnosis.

Follicular lymphoma is an indolent lymphoma that grows slowly over years. A watch and wait policy
is acceptable, provided that appropriate chemotherapy is initiated when the disease progresses and
symptoms develop. Comparative study between patients with intestinal follicular lymphoma treated
with rituximab-combined chemotherapy (1 = 14) and those with watch and wait policy (n = 15) showed
comparable outcomes[11-13]. In addition, one prospective study of 31 patients with primary
gastrointestinal follicular lymphoma revealed that spontaneous shrinkage or complete disappearance
was observed in nine patients[14]. These results confirm the suitability of follicular lymphoma
management using the watch and wait policy. Radiation therapy is one option for duodenal lymphomas
if the lesion is localized to the field of irradiation[15]. However, duodenal lymphomas are often
accompanied by jejunal and/or ileum lesions. Since the gastrointestinal lesions are sometimes negative
by positron emission tomography or computed tomography scans[16], evaluation of the whole
intestines with colonoscopy and small-intestinal endoscopy is essential when radiotherapy is considered
[8]. Recent research has revealed that circumferential location of follicular lesions (more than half of the
circumference of the intestinal lumen) and fusion of follicular lesions (dense granular elevations with
indistinct boundaries) are significant predictive factors for progression of clinical stage, extension of
intestinal lesions, or transformation to diffuse large B-cell lymphomal17]. Patients with these endoscopic
features may require surveillance in the short term.

DIFFUSE LARGE B-CELL LYMPHOMA

Diffuse large B-cell lymphoma can occur in any part of the gastrointestinal tract, but it is often seen in
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Figure 2 Representative endoscopic images of duodenal follicular lymphoma (Cases 1 and 2). A: Case 1. Esophagogastroduodenoscopy reveals
typical feature of follicular lymphoma showing multiple whitish granules in the descending portion of the duodenum; B: Case 1. Video capsule enteroscopy shows
follicular lymphoma lesions in the jejunum; C: Case 2. Another case of duodenal follicular lymphoma; D: Case 2. Magnifying observation with narrow band imaging

shows white deposits.

Figure 3 Representative endoscopic and pathological images of duodenal follicular lymphoma (Case 3). A: Esophagogastroduodenoscopy
shows thick, white mucosa in the descending portion of the duodenum; B: Magnifying observation reveals enlarged whitish villi; C: Magnifying observation with narrow
band imaging emphasizes enlarged villi with elongated vasculature on the surface; D-J: Pathological images of the biopsied specimen. Hematoxylin and eosin stain
shows medium-sized tumor cells that form follicular structures and diffusely invade into the villi (D: x 10, E: x 40). Lymphoma cells are positive for CD20, CD10, and
BCL2, while negative for CD3. Tumor cells are sparsely positive for Ki67. HE: Hematoxylin and eosin.
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the stomach and ileocecal region, and duodenal involvement is rare[18]. Retrospective analysis of 126
patients with intestinal diffuse large B-cell lymphomas revealed that the ileocecal region was the most
commonly involved (50.0%), followed by the small intestine (i.e., jejunum and/or ileum, 23.0%),
duodenum (18.3%), colon (11.1%), and rectum (5.6%)[19]. Diffuse large B-cell lymphoma lesions in the
duodenum and large intestine tend to be secondarily involved, while those in the ileocecal region and
small intestine are de novo neoplasms found in limited-stage disease[19]. It has also been reported that in
approximately 30% of cases, duodenal diffuse large B-cell lymphoma are accompanied by gastric lesions
[19]. On esophagogastroduodenoscopy, ulcerative and protruded lesions are typical morphology of
duodenal diffuse large B-cell lymphomal20]. Particularly, an auriculate ulcer mound is characteristic of
diffuse large B-cell lymphoma[21] (Figure 4), although it is rarely seen in other lymphomas and cancers.
Biopsies tend to consist of a diffuse proliferation of large B cells, with Ki-67 positivity generally greater

WJG | https://www.wjgnet.com 1856 March 28,2023 | Volume?29 | Issuel2 |



Iwamuro M et al. Lymphoma in the duodenum

DOI: 10.3748/wjg.v29.i12.1852 Copyright ©The Author(s) 2023.

Figure 4 Representative endoscopic images of diffuse large B-cell ymphoma (Cases 4-7). A: Case 4. Esophagogastroduodenoscopy reveals
duodenal lesions showing auriculate ulcer mounds; B and C: Case 5. A protruded, ulcerative lesion is seen in the duodenum; C: After indigo carmine spraying; D and
E: Case 6. Multiple ulcerative lesions in the duodenum; F and G: Case 7. Irregular-shaped, shallow ulcers in the duodenum.

than 40%.

Diffuse large B-cell lymphoma is an aggressive (intermediate-grade) lymphoma that progresses on a
monthly basis. However, this disease often responds well to treatment and long-term remission can be
expected. Neoplastic cells of diffuse large B-cell lymphoma often exist through the entire thickness of
the gastrointestinal tract[18]. Thus, patients should be counseled on the risk of intestinal perforation,
bleeding, and stricture after the initiation of chemotherapy[22].

MALT LYMPHOMA

MALT lymphoma is common in the stomach and occurs less frequently in the duodenum. Duodenal
MALT lymphoma presents various macroscopic features (Figure 5). According to reports describing 13
cases of duodenal MALT lymphoma, nodular lesions were the predominant feature (58.3%), followed
by ulcer (16.7%), flat depression (16.7%), and subepithelial tumor (8.3%)[23]. Elevated lesions have also
been described in case reports[24,25]. Among these, nodular lesions showing white granular protrusions
must be differentiated from follicular lymphoma[23,26]. Endoscopic biopsy specimen predominantly
shows small to medium-sized lymphoma cells, mixed with varying proportions of large cells. Lympho-
epithelial lesions are infrequently observed in the duodenal MALT lymphoma[27]. Inmunostaining is
essential for definitive diagnosis and differentiation from other B-cell lymphomas.

Although some of the duodenal MALT lymphoma lesions reportedly regress with H. pylori
eradication therapy, the response rate is lower than that for gastric MALT lymphoma[23]. Radiation
therapy is indicated for limited-stage disease in which the disease is confined to the duodenum or
limited to the regional lymph nodes[28,29]. Systemic chemotherapy is administered for non-limited-
stage disease. Observation without treatment is an option because MALT lymphoma generally spreads
slowly, but it should be noted that duodenal MALT lymphoma has a higher rate of transformation to
diffuse large B-cell lymphoma than gastric MALT lymphoma[23].

MANTLE CELL LYMPHOMA

Mantle cell lymphoma forms multiple polypoid elevations throughout the gastrointestinal tract
including the duodenum, and has been termed multiple lymphomatous polyposis[30-32] (Figure 6).
Multiple lymphomatous polyposis is a typical intestinal lesion of mantle cell lymphoma. However,
although infrequently, other lymphomas can also present with this feature. We reviewed 35 cases of
mantle cell lymphoma with gastrointestinal involvement and the involved sites were the stomach
(74.3%), colon (57.1%), ileum (47.6%), rectum (47.6%), duodenum (34.3%), cecum (14.3%), and
esophagus (5.7%)[33]. Mantle cell lymphoma lesions in the intestines (from duodenum to rectum, n =
22) predominantly showed multiple lymphomatous polyposis (10 or more elevated lesions, 77.3%),
followed by protruded (1-9 elevated lesions, 18.2%) and superficial lesions (4.5%). The duodenal lesions
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Figure 5 Representative endoscopic and pathological images of duodenal MALT lymphoma (Cases 8 and 9). A: Case 8. A protruded lesion
mimicking hypertrophic folds is observed in the duodenum; B: Case 9. Esophagogastroduodenoscopy shows ulcerative tumor in the duodenum; C-H: Pathological
images of Case 9. On hematoxylin and eosin stain, small to medium-sized lymphoma cells are predominant (C: x 10, D: x 40). Neoplastic cells are positive for CD20,
while negative for CD3, CD5, and Cyclin D1. HE: Hematoxylin and eosin.
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of mantle cell lymphoma often accompany erosion of the tumorous nodules[30,34]. Endoscopic biopsy
specimens consist of a homogeneous growth of small to medium-sized lymphoma cells with loose
nodular structures in a diffuse pattern. As for other lymphomas, immunostaining is essential for
definitive diagnosis. CD5, Cyclin D1, and SOX11 are often positive in mantle cell lymphoma[35].

Despite intensive chemotherapy regimens, mantle cell lymphoma generally remains incurable and is
treatment-resistant with multiple relapses. Thus, prompt consultation with hematologists is required
after the diagnosis[36].

T-CELL LYMPHOMAS

In the latest version of WHO classification of hematolymphoid tumors of the digestive system, T-cell
lymphomas have been classified under four major types: Enteropathy-associated T-cell lymphoma,
monomorphic epitheliotropic intestinal T-cell lymphoma, intestinal T-cell lymphoma not otherwise
specified (NOS), and indolent T-cell lymphoproliferative disorder of the gastrointestinal tract[36].
Enteropathy-associated T-cell lymphoma, formerly known as type I enteropathy-associated T-cell
lymphoma, is the most prevalent among primary intestinal T-cell neoplasms. Lymphoma cells derive
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Figure 6 Representative endoscopic and pathological images of duodenal mantle cell lymphoma (Cases 10-12). A: Case 10. Elevated lesion
with erosions on the surface in the duodenum; B: Case 11. Typical morphology of mantle cell lymphoma showing multiple lymphomatous polyposis in the duodenum.
Subepithelial lesion-like protruded lesions accompanying dilated vasculature on the surface are seen; C: Case 12. Numerous, diffuse polypoid lesions in the
duodenum; D-K: Pathological images of Case 12. Lymphoma cells retain a homogeneous pattern of cell size on hematoxylin and eosin stain (D: x 10, E: x 40). Cells
are positive for CD20, CD5, Cyclin D1, BCL2, while negative for CD3 and CD10. HE: Hematoxylin and eosin.
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from intraepithelial lymphocytes in celiac disease patients[37,38]. In particular, 30%-52% of refractory
celiac disease type II transforms into an enteropathy-associated T-cell lymphoma within five years[39].
Monomorphic epitheliotropic intestinal T-cell lymphoma, formerly known as type II enteropathy-
associated T-cell lymphoma, derives from intraepithelial T lymphocytes and is typically not linked to
celiac disease[40-44]. Aggressive T-cell lymphoma that lacks the clinical and pathological features of
enteropathy-associated T-cell lymphoma, monomorphic epitheliotropic intestinal T-cell lymphoma,
anaplastic large cell lymphoma, or extranodal NK/T-cell lymphoma is now categorized as intestinal T-
cell lymphoma NOS[45]. Indolent T-cell lymphoproliferative disorder of the gastrointestinal tract
represents clonal proliferation of T lymphocytes within the lamina propria, most commonly in the small
intestine and colon[46]. The prognosis of T-cell lymphomas is generally poor, except for indolent T-cell
lymphoproliferative disorder that shows prolonged survival with persistent, chronic relapsing disease.

CONCLUSION

We reviewed relevant articles mainly published within the last 10 years associated with duodenal
lymphomas and summarized updates of representative lymphoma subtypes. Though there is no doubt
that endoscopic examinations play a major role in the diagnosis of duodenal lymphoma, understanding
of each pathological subtype will improve the diagnosis and initial treatment response to the disease.
We believe this review will be helpful for gastroenterologists and endoscopists who diagnose and treat
patients with duodenal lymphoma.

FOOTNOTES

Author contributions: Iwamuro M designed the research study and wrote the paper; Tanaka T critically reviewed the

WIJG | https://www.wjgnet.com 1859 March 28,2023 | Volume?29 | Issuel2 |



Iwamuro M et al. Lymphoma in the duodenum

Jaishideng®

manuscript for important intellectual content; Okada H approved the manuscript.
Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.

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

Country/Territory of origin: Japan

ORCID number: Masaya Iwamuro 0000-0002-1757-5754; Takehiro Tanaka 0000-0002-1509-5706; Hiroyuki Okada 0000-0003-
2814-7146.

S-Editor: Fan JR
L-Editor: A
P-Editor: Fan JR

REFERENCES

1 Nakamura S, Matsumoto T. Gastrointestinal lymphoma: recent advances in diagnosis and treatment. Digestion 2013; 87:
182-188 [PMID: 23635497 DOI: 10.1159/000350051]

2 Freeman C, Berg JW, Cutler SJ. Occurrence and prognosis of extranodal lymphomas. Cancer 1972; 29: 252-260 [PMID:
5007387 DOI: 10.1002/1097-0142(197201)29:1<252::aid-cncr2820290138>3.0.co;2-#]

3 Ghimire P, Wu GY, Zhu L. Primary gastrointestinal lymphoma. World J Gastroenterol 2011; 17: 697-707 [PMID:
21390139 DOI: 10.3748/wjg.v17.i6.697]

4  Bautista-Quach MA, Ake CD, Chen M, Wang J. Gastrointestinal lymphomas: Morphology, immunophenotype and
molecular features. J Gastrointest Oncol 2012; 3: 209-225 [PMID: 22943012 DOI: 10.3978/j.issn.2078-6891.2012.024]

5 Zheng G, Wang Y, Zhao Y, Zheng Z. Clinicopathological Features, Treatment Strategy, and Prognosis of Primary Non-
Hodgkin's Lymphoma of the Duodenum: A SEER Database Analysis. Can J Gastroenterol Hepatol 2020; 2020: 9327868
[PMID: 32399459 DOI: 10.1155/2020/9327868]

6  Fujishima F, Katsushima H, Fukuhara N, Konosu-Fukaya S, Nakamura Y, Sasano H, Ichinohasama R. Incidence Rate,
Subtype Frequency, and Occurrence Site of Malignant Lymphoma in the Gastrointestinal Tract: Population-Based Analysis
in Miyagi, Japan. Tohoku J Exp Med 2018; 245: 159-165 [PMID: 29998914 DOIL: 10.1620/jem.245.159]

7  Yoshino T, Chott A. Duodenal-type follicular lymphoma. The WHO classification of tumours editorial board, eds. WHO
classification of tumours, digestive system tumours. Lyon: IARC, 2019: 383-385

8 Iwamuro M, Kondo E, Takata K, Yoshino T, Okada H. Diagnosis of follicular lymphoma of the gastrointestinal tract: A
better initial diagnostic workup. World J Gastroenterol 2016; 22: 1674-1683 [PMID: 26819532 DOI:
10.3748/wjg.v22.i4.1674]

9 Iwamuro M, Okada H, Takata K, Nose S, Miyatani K, Yoshino T, Yamamoto K. Diagnostic accuracy of endoscopic
biopsies for the diagnosis of gastrointestinal follicular lymphoma: a clinicopathologic study of 48 patients. Ann Diagn
Pathol 2014; 18: 99-103 [PMID: 24513028 DOI: 10.1016/j.anndiagpath.2013.12.006]

10 Iwamuro M, Okada H, Takata K, Kawai Y, Kawano S, Nasu J, Kawahara Y, Tanaka T, Yoshino T, Yamamoto K.
Magnified endoscopic features of duodenal follicular lymphoma and other whitish lesions. Acta Med Okayama 2015; 69:
37-44 [PMID: 25703169 DOI: 10.18926/AMO/53120]

11  Kamijo K, Shimomura Y, Yoshioka S, Yamashita D, Hara S, Ishikawa T. Clinical features and outcomes of duodenal-type
follicular lymphoma: A single-center retrospective study. EJHaem 2022; 3: 379-384 [PMID: 35846028 DOI:
10.1002/jha2.384]

12 Tari A, Asaoku H, Takata K, Fujimori S, Tanaka S, Fujihara M, Koga T, Yoshino T. The role of "watch and wait" in
intestinal follicular lymphoma in rituximab era. Scand J Gastroenterol 2016; 51: 321-328 [PMID: 26382560 DOI:
10.3109/00365521.2015.1087589]

13 Marks E, Shi Y. Duodenal-Type Follicular Lymphoma: A Clinicopathologic Review. Arch Pathol Lab Med 2018; 142:
542-547 [PMID: 29565210 DOI: 10.5858/arpa.2016-0519-RS]

14 Matysiak-Budnik T, Jamet P, Chapelle N, Fabiani B, Coppo P, Ruskoné-Fourmestraux A. Primary Gastrointestinal
Follicular Lymphomas: A Prospective Study of 31 Patients with Long-term Follow-up Registered in the French
Gastrointestinal Lymphoma Study Group (GELD) of the French Federation of Digestive Oncology (FFCD). Gut Liver
2022; 16: 207-215 [PMID: 35249892 DOI: 10.5009/gnl210300]

15  Schmatz Al, Streubel B, Kretschmer-Chott E, Piispok A, Jager U, Mannhalter C, Tiemann M, Ott G, Fischbach W, Herzog
P, Seitz G, Stolte M, Raderer M, Chott A. Primary follicular lymphoma of the duodenum is a distinct mucosal/submucosal
variant of follicular lymphoma: a retrospective study of 63 cases. J Clin Oncol 2011; 29: 1445-1451 [PMID: 21383289
DOI: 10.1200/JC0O.2010.32.9193]

16 Iwamuro M, Okada H, Takata K, Shinagawa K, Fujiki S, Shiode J, Imagawa A, Araki M, Morito T, Nishimura M, Mizuno
M, Inaba T, Suzuki S, Kawai Y, Yoshino T, Kawahara Y, Takaki A, Yamamoto K. Diagnostic role of 18F-
fluorodeoxyglucose positron emission tomography for follicular lymphoma with gastrointestinal involvement. World J
Gastroenterol 2012; 18: 6427-36; discussion p.6434 [PMID: 23197888 DOI: 10.3748/wjg.v18.144.6427]

WJG | https://www.wjgnet.com 1860 March 28,2023 | Volume?29 | Issuel2 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-1757-5754
http://orcid.org/0000-0002-1757-5754
http://orcid.org/0000-0002-1509-5706
http://orcid.org/0000-0002-1509-5706
http://orcid.org/0000-0003-2814-7146
http://orcid.org/0000-0003-2814-7146
http://orcid.org/0000-0003-2814-7146
http://www.ncbi.nlm.nih.gov/pubmed/23635497
https://dx.doi.org/10.1159/000350051
http://www.ncbi.nlm.nih.gov/pubmed/5007387
https://dx.doi.org/10.1002/1097-0142(197201)29:1<252::aid-cncr2820290138>3.0.co;2-#
http://www.ncbi.nlm.nih.gov/pubmed/21390139
https://dx.doi.org/10.3748/wjg.v17.i6.697
http://www.ncbi.nlm.nih.gov/pubmed/22943012
https://dx.doi.org/10.3978/j.issn.2078-6891.2012.024
http://www.ncbi.nlm.nih.gov/pubmed/32399459
https://dx.doi.org/10.1155/2020/9327868
http://www.ncbi.nlm.nih.gov/pubmed/29998914
https://dx.doi.org/10.1620/tjem.245.159
http://www.ncbi.nlm.nih.gov/pubmed/26819532
https://dx.doi.org/10.3748/wjg.v22.i4.1674
http://www.ncbi.nlm.nih.gov/pubmed/24513028
https://dx.doi.org/10.1016/j.anndiagpath.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25703169
https://dx.doi.org/10.18926/AMO/53120
http://www.ncbi.nlm.nih.gov/pubmed/35846028
https://dx.doi.org/10.1002/jha2.384
http://www.ncbi.nlm.nih.gov/pubmed/26382560
https://dx.doi.org/10.3109/00365521.2015.1087589
http://www.ncbi.nlm.nih.gov/pubmed/29565210
https://dx.doi.org/10.5858/arpa.2016-0519-RS
http://www.ncbi.nlm.nih.gov/pubmed/35249892
https://dx.doi.org/10.5009/gnl210300
http://www.ncbi.nlm.nih.gov/pubmed/21383289
https://dx.doi.org/10.1200/JCO.2010.32.9193
http://www.ncbi.nlm.nih.gov/pubmed/23197888
https://dx.doi.org/10.3748/wjg.v18.i44.6427

Jaishideng®

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Iwamuro M et al. Lymphoma in the duodenum

Sumioka A, Oka S, Hirata I, lio S, Tsuboi A, Takigawa H, Yuge R, Urabe Y, Boda K, Kohno T, Okanobu H, Kitadai Y,
Arihiro K, Tanaka S. Predictive factors for the progression of primary localized stage small-bowel follicular lymphoma. J
Gastroenterol 2022; 57: 667-675 [PMID: 35831477 DOI: 10.1007/s00535-022-01897-1]

Chan WC, Lai J, Nakamura S, Rosenwald A: Diffuse large B-cell lymphoma. The WHO classification of tumours
editorial board, eds. WHO classification of tumours, digestive system tumours. Lyon: IARC, 2019: 402-405

Maeshima AM, Taniguchi H, Ito Y, Hatta S, Suzuki T, Yuda S, Makita S, Fukuhara S, Munakata W, Maruyama D, Izutsu
K. Clinicopathological characteristics of diffuse large B-cell lymphoma involving small and large intestines: an analysis of
126 patients. Int J Hematol 2019; 110: 340-346 [PMID: 31187439 DOI: 10.1007/s12185-019-02687-x]

Vetro C, Romano A, Amico I, Conticello C, Motta G, Figuera A, Chiarenza A, Di Raimondo C, Giulietti G, Bonanno G,
Palumbo GA, Di Raimondo F. Endoscopic features of gastro-intestinal lymphomas: from diagnosis to follow-up. Worid J
Gastroenterol 2014; 20: 12993-13005 [PMID: 25278693 DOI: 10.3748/wjg.v20.i36.12993]

Murakami D, Harada H, Amano Y. Auriculate Ulcers in Gastrointestinal Tract. Clin Gastroenterol Hepatol 2022; 20: A19
[PMID: 32911065 DOI: 10.1016/j.cgh.2020.09.013]

Vaidya R, Habermann TM, Donohue JH, Ristow KM, Maurer MJ, Macon WR, Colgan JP, Inwards DJ, Ansell SM, Porrata
LF, Micallef IN, Johnston PB, Markovic SN, Thompson CA, Nowakowski GS, Witzig TE. Bowel perforation in intestinal
lymphoma: incidence and clinical features. Ann Oncol 2013; 24: 2439-2443 [PMID: 23704194 DOIL:
10.1093/annonc/mdt188]

Na HK, Won SH, Ahn JY, Kim GH, Jung KW, Lee JH, Kim DH, Choi KD, Song HJ, Lee GH, Jung HY, Kim HJ. Clinical
course of duodenal mucosa-associated lymphoid tissue lymphoma: Comparison with gastric mucosa-associated lymphoid
tissue lymphoma. J Gastroenterol Hepatol 2021; 36: 406-412 [PMID: 32573049 DOI: 10.1111/jgh.15157]

Yokota K, Namikawa T, Maeda M, Tanioka N, Iwabu J, Uemura S, Munekage M, Maeda H, Kitagawa H, Kobayashi M,
Hanazaki K. Synchronous duodenal mucosa-associated lymphoid tissue lymphoma and gastric cancer. Clin J Gastroenterol
2021; 14: 109-114 [PMID: 32959165 DOI: 10.1007/s12328-020-01241-1]

Yokoyama T, Tanaka T, Harada S, Ueda T, Ejiri G, Sasaki S, Takeda M, Yoshimura A. A case of gastric and duodenal
mucosa-associated lymphoid tissue lymphoma with multiple gastric cancers: a case report. Surg Case Rep 2021; 7: 30
[PMID: 33492581 DOI: 10.1186/s40792-020-01081-8]

Kim SJ, Kim HW, Choi CW, Ha JK, Hong YM, Park JH, Park SB, Kang DH. Duodenal mucosa-associated lymphoid
tissue lymphomas: two cases and the evaluation of endoscopic ultrasonography. Clin Endosc 2013; 46: 563-567 [PMID:
24143321 DOI: 10.5946/ce.2013.46.5.563]

Nakamura S, Delabie J: Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma)
involving the digestive tract. The WHO classification of tumours editorial board, eds. WHO classification of tumours,
digestive system tumours. Lyon: IARC, 2019: 378-382

Smith CD, Gupta S, Sinn Chin Y, Thompson SR. Long term outcomes of gastric mucosa-associated lymphoid tissue
lymphoma treated with radiotherapy: A multi-center retrospective cohort study. Hematol Oncol 2023; 41: 71-77 [PMID:
36150219 DOI: 10.1002/hon.3078]

Kaddu-Mulindwa D, Thurner L, Christofyllakis K, Bewarder M, Kos IA. Management of Extranodal Marginal Zone
Lymphoma: Present and Upcoming Perspectives. Cancers (Basel) 2022; 14 [PMID: 35740684 DOI:
10.3390/cancers14123019]

Yanai S, Nakamura S, Yamaguchi S, Kawasaki K, Ishida K, Sugai T, Umeno J, Esaki M, Matsumoto T. Gastrointestinal
mantle cell lymphoma with isolated mass and multiple lymphomatous polyposis: report of two cases. Clin J Gastroenterol
2017; 10: 327-330 [PMID: 28451951 DOI: 10.1007/512328-017-0740-5]

Fujita N, Ono Y, Sano A, Tanaka Y. Mantle Cell Lymphoma with Multiple Lymphomatous Polyposis. Intern Med 2022;
61: 591-592 [PMID: 34565780 DOI: 10.2169/internalmedicine.8287-21]

Gallivan C, Akbar A. Multiple lymphomatous polyposis: A presentation for mantle cell lymphoma. Clin Case Rep 2020; 8:
3038-3042 [PMID: 33363875 DOI: 10.1002/ccr3.3291]

Iwamuro M, Okada H, Kawahara Y, Shinagawa K, Morito T, Yoshino T, Yamamoto K. Endoscopic features and
prognoses of mantle cell lymphoma with gastrointestinal involvement. World J Gastroenterol 2010; 16: 4661-4669 [PMID:
20872966 DOI: 10.3748/wjg.v16.i37.4661]

Zheng QF, LiJY, Qin L, Wei HM, Cai LY, Nong B. Gastrointestinal involvement by mantle cell lymphoma identified by
biopsy performed during endoscopy: A case report. Medicine (Baltimore) 2018; 97: €9799 [PMID: 29419676 DOI:
10.1097/MD.0000000000009799]

Campo E, Seto M: Mantle cell lymphoma. The WHO classification of tumours editorial board, eds. WHO classification
of tumours, digestive system tumours. Lyon: IARC, 2019: 408-410

Foukas PG, Bisig B, de Leval L. Recent advances upper gastrointestinal lymphomas: molecular updates and diagnostic
implications. Histopathology 2021; 78: 187-214 [PMID: 33382495 DOI: 10.1111/his.14289]

Bhagat G, Chott A: Enteropathy-associated T-cell lymphoma. The WHO classification of tumours editorial board, eds.
WHO classification of tumours, digestive system tumours. Lyon: IARC, 2019: 386-389

Hiraga H, Sakuraba H, Tanaka N, Watanabe R, Akemoto Y, Ota S, Kikuchi H, Sawaya M, Hiraga N, Chinda D, Hanabata
N, Mikami T, Shimoyama T, Takahata T, Tanaka M, Fukuda S. A case of celiac disease with type I enteropathy-associated
T-cell lymphoma in a Japanese male patient. Immunol Med 2019; 42: 142-147 [PMID: 31603739 DOI:
10.1080/25785826.2019.1673031]

Dieckman T, Schreurs M, Mahfouz A, Kooy-Winkelaar Y, Neefjes-Borst A, Bouma G, Koning F. Single-Cell Analysis of
Refractory Celiac Disease Demonstrates Inter- and Intra-Patient Aberrant Cell Heterogeneity. Cell Mol Gastroenterol
Hepatol 2022; 14: 173-192 [PMID: 35338007 DOL: 10.1016/j.jemgh.2022.03.005]

Tan SY, de Leval L: Monomorphic epitheliotropic intestinal T-cell lymphoma. The WHO classification of tumours
editorial board, eds. WHO classification of tumours, digestive system tumours. Lyon: IARC, 2019: 390-392

Olecki EJ, Rakszawski KL, Peng JS. Pancreatoduodenectomy for monomorphic epitheliotropic intestinal T-cell lymphoma
with duodenal obstruction. BMJ Case Rep 2022; 15 [PMID: 35318206 DOI: 10.1136/ber-2022-248948]

Ozaka S, Inoue K, Okajima T, Tasaki T, Ariki S, Ono H, Ando T, Daa T, Murakami K. Monomorphic epitheliotropic

WJG | https://www.wjgnet.com 1861 March 28,2023 | Volume?29 | Issuel2 |


http://www.ncbi.nlm.nih.gov/pubmed/35831477
https://dx.doi.org/10.1007/s00535-022-01897-1
http://www.ncbi.nlm.nih.gov/pubmed/31187439
https://dx.doi.org/10.1007/s12185-019-02687-x
http://www.ncbi.nlm.nih.gov/pubmed/25278693
https://dx.doi.org/10.3748/wjg.v20.i36.12993
http://www.ncbi.nlm.nih.gov/pubmed/32911065
https://dx.doi.org/10.1016/j.cgh.2020.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23704194
https://dx.doi.org/10.1093/annonc/mdt188
http://www.ncbi.nlm.nih.gov/pubmed/32573049
https://dx.doi.org/10.1111/jgh.15157
http://www.ncbi.nlm.nih.gov/pubmed/32959165
https://dx.doi.org/10.1007/s12328-020-01241-1
http://www.ncbi.nlm.nih.gov/pubmed/33492581
https://dx.doi.org/10.1186/s40792-020-01081-8
http://www.ncbi.nlm.nih.gov/pubmed/24143321
https://dx.doi.org/10.5946/ce.2013.46.5.563
http://www.ncbi.nlm.nih.gov/pubmed/36150219
https://dx.doi.org/10.1002/hon.3078
http://www.ncbi.nlm.nih.gov/pubmed/35740684
https://dx.doi.org/10.3390/cancers14123019
http://www.ncbi.nlm.nih.gov/pubmed/28451951
https://dx.doi.org/10.1007/s12328-017-0740-5
http://www.ncbi.nlm.nih.gov/pubmed/34565780
https://dx.doi.org/10.2169/internalmedicine.8287-21
http://www.ncbi.nlm.nih.gov/pubmed/33363875
https://dx.doi.org/10.1002/ccr3.3291
http://www.ncbi.nlm.nih.gov/pubmed/20872966
https://dx.doi.org/10.3748/wjg.v16.i37.4661
http://www.ncbi.nlm.nih.gov/pubmed/29419676
https://dx.doi.org/10.1097/MD.0000000000009799
http://www.ncbi.nlm.nih.gov/pubmed/33382495
https://dx.doi.org/10.1111/his.14289
http://www.ncbi.nlm.nih.gov/pubmed/31603739
https://dx.doi.org/10.1080/25785826.2019.1673031
http://www.ncbi.nlm.nih.gov/pubmed/35338007
https://dx.doi.org/10.1016/j.jcmgh.2022.03.005
http://www.ncbi.nlm.nih.gov/pubmed/35318206
https://dx.doi.org/10.1136/bcr-2022-248948

Iwamuro M et al. Lymphoma in the duodenum

Jaishideng®

intestinal T-cell lymphoma presenting as melena with long-term survival: A case report and review of literature. World J
Gastroenterol 2021; 27: 6501-6510 [PMID: 34720538 DOI: 10.3748/wjg.v27.138.6501]

43 Kasinathan G. Monomorphic epitheliotropic intestinal T-cell lymphoma of the duodenum: an aggressive disease. Hematol
Transfus Cell Ther 2021; 43: 518-520 [PMID: 32536535 DOI: 10.1016/j.htct.2020.04.005]

44 Fukushima M, Honda T, Komatsu N, Sasaki R, Ozawa E, Miuma S, Miyaaki H, Irie J, Okano S, Nakao K. Initial and
advanced endoscopic findings of monomorphic epitheliotropic intestinal T-cell lymphoma in the duodenum: A case report.
DEN Open 2022; 2: e118 [PMID: 35873525 DOI: 10.1002/de02.118]

45 Bhagat G, Tan SY: Intestinal T-cell lymphoma NOS. The WHO classification of tumours editorial board, eds. WHO
classification of tumours, digestive system tumours. Lyon: IARC, 2019: 393-394

46  Jaffe ES, Chan WC: Indolent T-cell lymphoproliferative disorder of the GI tract. The WHO classification of tumours
editorial board, eds. WHO classification of tumours, digestive system tumours. Lyon: IARC, 2019: 395-396

WJG | https://www.wjgnet.com 1862 March 28,2023 | Volume?29 | Issuel2 |


http://www.ncbi.nlm.nih.gov/pubmed/34720538
https://dx.doi.org/10.3748/wjg.v27.i38.6501
http://www.ncbi.nlm.nih.gov/pubmed/32536535
https://dx.doi.org/10.1016/j.htct.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/35873525
https://dx.doi.org/10.1002/deo2.118

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

DOI: 10.3748 / wjg.v29.i12.1863

World Journal of
Gastroenterology

World | Gastroenterol 2023 March 28; 29(12): 1863-1874

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

MINIREVIEWS

Comprehensive review on endoscopic ultrasound-guided tissue
acquisition techniques for solid pancreatic tumor

Sakue Masuda, Kazuya Koizumi, Kento Shionoya, Ryuhei Jinushi, Makomo Makazu, Takashi Nishino, Karen
Kimura, Chihiro Sumida, Jun Kubota, Chikamasa Ichita, Akiko Sasaki, Masahiro Kobayashi, Makoto Kako,

Uojima Haruki

Specialty type: Gastroenterology
and hepatology

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

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): 0
Grade C (Good): C, C, C
Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Kaneko J, Japan; Tan
B, China

Received: December 27, 2022
Peer-review started: December 27,
2022

First decision: January 22, 2023
Revised: February 2, 2023
Accepted: March 15, 2023

Article in press: March 15, 2023
Published online: March 28, 2023

Jaishideng®

WJG | https://www.wjgnet.com 1863

Sakue Masuda, Kazuya Koizumi, Kento Shionoya, Ryuhei Jinushi, Makomo Makazu, Takashi
Nishino, Karen Kimura, Chihiro Sumida, Jun Kubota, Chikamasa Ichita, Akiko Sasaki, Masahiro
Kobayashi, Makoto Kako, Department of Gastroenterology, Shonan Kamakura General Hospital,
Kanagawa 247-8533, Japan

Uojima Haruki, Department of Gastroenterology, Internal Medicine, Kitasato University School
of Medicine, Kanagawa 252-0375, Japan

Corresponding author: Sakue Masuda, MD, Chief Doctor, Department of Gastroenterology,
Shonan Kamakura General Hospital, 1370-1 Okamoto, Kamakura, Kanagawa 247-8533, Japan.
sakue.masuda@tokushukai.jp

Abstract

Pancreatic ductal adenocarcinoma is speculated to become the second leading
cause of cancer-related mortality by 2030, a high mortality rate considering the
number of cases. Surgery and chemotherapy are the main treatment options, but
they are burdensome for patients. A clear histological diagnosis is needed to
determine a treatment plan, and endoscopic ultrasound (EUS)-guided tissue
acquisition (TA) is a suitable technique that does not worsen the cancer-specific
prognosis even for lesions at risk of needle tract seeding. With the development of
personalized medicine and precision treatment, there has been an increasing
demand to increase cell counts and collect specimens while preserving tissue
structure, leading to the development of the fine-needle biopsy (FNB) needle.
EUS-FNB is rapidly replacing EUS-guided fine-needle aspiration (FNA) as the
procedure of choice for EUS-TA of pancreatic cancer. However, EUS-FNA is
sometimes necessary where the FNB needle cannot penetrate small hard lesions,
so it is important clinicians are familiar with both. Given these recent dev-
elopments, we present an up-to-date review of the role of EUS-TA in pancreatic
cancer. Particularly, technical aspects, such as needle caliber, negative pressure,
and puncture methods, for obtaining an adequate specimen in EUS-TA are
discussed.

Key Words: Endoscopic ultrasound-guided fine needle biopsy; Endoscopic ultrasound-
guided tissue acquisition; Personalized medicine; Genomic profiling test; Pancreatic
cancer; Puncture procedure
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Core Tip: Endoscopic ultrasound (EUS)-guided tissue acquisition (TA) began in 1992 as EUS-guided fine-
needle aspiration (FNA). Recently, with the development of personalized medicine and precision
treatment, the fine-needle biopsy (FNB) needle was developed. EUS-FNB is rapidly replacing EUS-FNA
for pancreatic cancer. The EUS-TA strategy with three or more punctures, the stylet retraction method, the
torque or fanning technique, and a 22-G or thicker FNB needle may be effective in patients with solid
pancreatic tumors scheduled for treatment, including personalized medicine. It is also important clinicians
are familiar with both procedures, as EUS-FNA is occasionally necessary when FNB is unsuccessful.
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INTRODUCTION

Approximately 80%-85% of patients with pancreatic cancer are borderline-resectable (BR) requiring
neoadjuvant treatment and unresectable with metastases. International guidelines for pancreatic
neoplasms recommend pathological diagnosis of pancreatic adenocarcinoma prior to chemotherapy.
Therefore, endoscopic ultrasound (EUS)-guided tissue acquisition (TA) is usually performed in patients
with BR requiring neoadjuvant therapy, or in metastatic disease requiring palliative therapy[1]. The
remaining 15%-20% of patients may benefit from EUS-TA prior to surgery; this can confirm pancreatic
neoplasms, and reduce the number of unnecessary operations for other similar conditions (e.g.,
autoimmune pancreatitis, local chronic pancreatitis, and lymphomas). Before the development of EUS-
TA, 5%-10% of patients were misdiagnosed with pancreatic cancer and underwent surgery for
pancreatic lesions[2-4].

EUS-TA can be divided into EUS-fine-needle aspiration (FNA) using Menghini needles, and EUS-
fine-needle biopsy (FNB) using Franseen or fork-tip needles. FNB has equal or better diagnostic
accuracy than FNA, with increased tissue volume and decreased number of punctures for diagnosis[5-
8]. Moreover, EUS-FNB may provide higher diagnostic yield for peri-hepatic lymph nodes[9]. FNB
increases the number of cases for which ancillary tests such as immunohistochemistry and tumor
molecular profiling can be performed[9,10]. Therefore, with the advent of personalized medicine and
precision therapy, EUS-FNB is rapidly becoming the procedure of choice for EUS-TA of pancreatic
cancer. However, EUS-FNA may be used where the FNB needle cannot penetrate small hard lesions;
therefore, there is a need for familiarity with both procedures. Conti et al[11] also recommend EUS-FNA
and FNB in difficult cases of puncture and sampling. Needle size, the negative pressure applied to the
needle, and puncture techniques are important for obtaining an adequate specimen in EUS-TA.

Considering recent developments, we present an up-to-date review of the role of EUS-TA in
pancreatic cancer. In particular, technical aspects and novel applications for obtaining appropriate
specimens during EUS-TA are discussed.

EUS-FNA

EUS-FNA has 87%-92% sensitivity and 96%-98% specificity for the pathological diagnosis of solid
pancreatic malignancy[12-15]. FNA needles with calibers ranging from 19-gauge (G)-25G are available,
with many studies comparing the different calibers and technical aspects of the EUS-FNA technique. We

present a table summarizing the respective characteristics of FNA and FNB, focusing on key points
(Table 1).

FNA needle caliber

The small 25G FNA needle may have a technical advantage over larger bore needles when sampling
very fibrous, solid lesions. Moreover, its superior flexibility improves operability, especially when
sampling pancreatic head and apex masses from the duodenum[1]. Three meta-analyses compared 25G
FNA needles with 22G FNA needles. One of them showed increased diagnostic sensitivity (with similar
specificity), while the other two showed no significant differences. Therefore, both calibers (25G and
22G needles) can be used when sampling solid pancreatic lesions[16]. Compared with thinner needles,
19G FNA needles are stiffer and harder to manipulate, increasing technical failure when sampling
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Table 1 The respective characteristics of fine-needle aspiration and fine-needle biopsy

EUS-FNA EUS-FNB
Recommended needle caliber 22-25G 22G or thicker
Recommended negative pressure Suction or wet suction Stylet retraction
Recommended puncture technique Fanning or DKM Fanning or torque
Recommended number of needle passes 1-3 times for histological diagnosis, depending on site and Three times for NGS
size
Diagnostic accuracy FNB > FNA
Tissue volume FNB > FNA
Suitability for NGS FNB = FNA
MOSE Recommended for use in combination Recommended for use in combination
Complications Rare Rare
Cost-effectiveness FNB > FNA

DKM: Door knocking method; G: Gauge; EUS: Endoscopic ultrasound; FNA: Fine-needle aspiration; FNB: Fine-needle biopsy; MOSE: Macroscopic on-site

evaluation; NGS: Next-generation sequencing.
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pancreatic head lesions[17].

Negative pressure during EUS-FNA

The conventional aspiration method, where 10 mL of negative pressure is applied using a syringe
attached to a needle, is recommended because of its higher sensitivity and diagnostic rate[18,19]. In
addition, EUS-FNA with 50 mL negative pressure is superior to 10 mL during tissue collection[20]. The
wet aspiration method involves precleaning the needle with saline solution, replacing the air column
with liquid, and applying negative pressure. Theoretically, this method improves the cell count and
sample quality compared with the conventional aspiration and suction methods, as the negative
pressure applied from the syringe is better transmitted to the needle tip[21]. In the stylet-throw-pull
method, the stylet is slowly and gradually removed (without using a syringe) while the needle is moved
within the lesion to create minimal negative pressure. The diagnostic results for solid pancreatic lesions
sampled using stylet-throw-pull method are comparable to the conventional aspiration method[22,23].

EUS-FNA puncture technique

The fanning technique is used to collect specimens from multiple sites with a single puncture by fanning
the needle back and forth using the elevator of the endoscope and the up/down dial control. The
fanning technique improves diagnostic yield, especially in cancerous tumors with necrotic centers. In a
study of pancreatic masses, fanning reduced the number of passes required for diagnosis and resulted
in a high first-pass diagnostic rate[24]. The door knocking method (DKM), in which the needle is moved
forward within the mass so quickly and powerfully that a sound is emitted when a part of the handle
hits the needle stopper, did not improve the accuracy of histological diagnosis. However, it enabled the
acquisition of a larger amount of tissue specimen compared with the conventional puncture[25]. Thus,
DKM may be advantageous for genomic profiling tests; however, to our knowledge, no study has
verified this.

Uehara et al[26] reported the optimal number of needle passes for accuracy of histological diagnosis: 3
where the head was <15 mm; 2 where the head was =15 mm; 2 where the body and tail were <15 mm;
and 1 where the body and tail were > 15 mm. In total, 93% of pancreatic lesions were correctly
diagnosed using these numbers of passes. In addition, size of <15 mm, head location, and neuroen-
docrine tumors independently required 2 or more needle passes[26].

EUS-FNB FOR HISTOLOGICAL DIAGNOSIS

The desire to collect samples with increased cell counts and preserved tissue structures led to the
development of a new type of needle, the FNB needle. This needle is specifically designed to collect core
tissue samples. To date, three generations of FNB needles exist. The first generation, the Tru-Cut 19G
needle (QuickCore, Cook Endoscopy, Limerick, Ireland), became rapidly outdated due to inflexibility
and technical problems[27]. In a randomized controlled trial (RCT) comparing a 19G Tru-Cut needle
with a conventional 22G FNA needle in transduodenal EUS-TA of pancreatic head lesions, Sakamoto et
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al[28] reported that the 22G FNA needle group had significantly higher diagnostic accuracy for
malignancy and technical success rate than the 19G Tru-Cut needle group. The second generation of
FNB needles, Procore needles (Cook Endoscopy, Limerick, Ireland), were created with a reverse bevel
design. More than 10 years after the Tru-Cut needle was introduced, the third generation EUS-FNB
needles for core biopsy were developed. They could collect more tissue than the conventional FNA
needle, thus improving diagnostic results. Various types of needles have been developed, including the
fork type (SharkCore; Medtronic, Minneapolis, MN, United States), flanged type (Acquire; Boston
Scientific, Marlborough, MA, United States) (Top-gain; Medi-Globe, Achenmiihle, Germany), and 20G
FNB needles with forward-facing core traps (ProCore 20G; Cook Medical)[27] (Figure 1). A meta-
analysis demonstrated the diagnostic performance of the new generation FNB needles, namely the
crown and fork tip needles. They showed a remarkable diagnostic accuracy of 96% for solid pancreatic
lesions, with no significant difference between the crown and fork-tip needles (97% and 95%,
respectively, P = 0.8)[29]. Renelus et al[7] conducted a meta-analysis of RCTs published between 2012
and 2019; they found that FNA demonstrated significantly reduced diagnostic accuracy compared with
FNB (81% and 87%, respectively, P = 0.005). In addition, FNA required an increased number of mean
passes compared with FNB (2.3 and 1.6, respectively, P < 0.0001). Furthermore, there was no significant
difference in the rate of adverse events between FNA and FNB needles (1.8% and 2.3%, respectively, P =
0.64)[7].

An RCT analysing cost-effectiveness found that pancreatic mass EUS-FNB (two passes without on-
site cytopathology evaluation) was more cost-effective than EUS-FNA (number of passes dictated by on-
site cytopathology evaluation). Variables with the largest impact were EUS procedure and sedation cost,
specimen adequacy, and diagnostic yield associated with EUS-FNB[30].

THE ERA OF PERSONALIZED AND PRECISION MEDICINE

Several studies have reported increased tissue volume with EUS-FNB samples compared with EUS-
FNA. One study reported a 20-fold increase in tissue volume[9,31,32]. Elhanafi et al[10] reported that
FNB resulted in a higher proportion of sufficient samples for targeted next-generation sequencing
(NGS) than FNA (90.9% vs 66.9%; P = 0.02). In multivariable modeling, only FNB [odds ratio = 4.95, 95%
confidence interval (CI): 1.11-22.05, and P = 0.04] was associated with sufficient sampling capacity for
genomic testing[10].

Pancreatic ductal adenocarcinoma is anticipated to become the second leading cause of cancer-related
mortality by 2030, with high mortality considering the incidence. Given the low median survival time of
12 mo for patients with advanced metastatic pancreatic cancer (ductal adenocarcinoma in particular)[33,
34], urgent new treatments are warranted. Molecular profiling data has recently revelated that up to
25% of pancreatic cancers have actionable molecular changes[35-42], defined as changes with strong
clinical or preclinical evidence suggesting specific treatment efficacy[34]. Actionable molecular changes
were found in 5.5%-21.7% of EUS-FNA/B specimens from pancreatic ductal adenocarcinoma patients
[39,43]. Pishvaian et al[34] reported that patients with actionable molecular alterations treated with
matched therapy (n = 46) had significantly longer median overall survival times than those treated with
unmatched therapies [n = 143; 2.58 years vs 1.51 years; hazard ratio (HR) 0.42 (95%ClI: 0.26-0.68), P <
0.001][34]. Therefore, EUS-TA can improve diagnostic accuracy and help ensure successful personalized
medicine, with EUS-FNB expected to be particularly useful.

Advances have been made in both tissue collection methods and devices, and genetic analysis
technology. The most common genomic alterations noted in metastatic pancreatic cancer specimens are
in the KRAS, TP53, CDKN2A, andSMAD4 genes. The first genetic analysis reported using EUS-FNA
samples was KRAS mutation analysis. This driver mutation is found in more than 90% of pancreatic
cancers, and drugs targeting KRAS mutations, such as Sotrasib, may be effective for pancreatic cancer
[27,44]. The DNA mismatch repair (MMR) pathway is an important function that identifies and corrects
base pair mismatches in DNA. Loss of MMR function leads to elevated microsatellite instability (MSI)-
high, making the MSI test useful for evaluating pembrolizumab response. Sugimoto et al[45] reported
that in unresectable pancreatic ductal adenocarcinoma, EUS-FNB with the Franseen 22G needle had a
higher success rate in MSI analysis than EUS-FNA [FNB, 88.9% (8/9) vs FNA, 35.7% (5/14); P = 0.03].

Targeted genome sequencing (TGS) applies polymerase chain reaction technology to construct and
sequence a library of specific regions. Currently available multigene NGS systems, such as MSK-
IMPACT (Memorial Sloan Kettering Cancer Center, New York, NY, United States) and FoundationOne
CDx (F1CDx; Foundation Medicine, Cambridge, MA, United States), screen several hundred cancer-
related genes simultaneously as companion diagnostic tests[46,47]. Whole genome sequencing (WGS)
can detect various genomic structural alterations (translocations, inversions, duplications, chromosomal
aberrations, chromosomal breaks) by obtaining sequence information of the entire genome, including
non-coding regions. WGS may be more useful than TGS, but it is significantly more costly, requires
more samples, and its superiority in therapeutic selection has not yet been proven[48]. RNA sequencing
is a newly developed technology that can identify fusion genes faster, with greater sensitivity, and more
efficiently than DNA panels. It can also detect new genes and genetic mutations.
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Figure 1 Examples of needle designs. A: Menghini needle (EZ shot 3, Olympus medical systems, Tokyo, Japan); B: Reverse-beveled needle (ProCore, Cook
Medical, Bloomington, IN, United States); C: Franseen needle (AcquireTM, Boston Scientific, Marlborough, MA, United States); D: Fork-tip needle (SharkCore,
Medtronic, Minneapolis, MN, United States).
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Agents for actionable molecular changes are still being investigated. For example, evidence suggests
trametinib in GNAS alterations[49], sotorasib in KRAS G12C alterations[44], olaparib in germline
BRCA1/2 mutation[50], entrectinib in NTRK gene fusion[51], pembrolizumab in MSI-high[52,53], and
afatinib in NRGI1 fusions[54,55] may be effective treatment options. In malignancies such as pancreatic
cancer, it is likely that multiple genomic drivers may be present. A combination of compatible drugs
with targeting multiple genomic alterations at once may overcome this; however, evidence is lacking,
and further studies are needed[56,57]. The application of precision medicine for treating pancreatic
ductal adenocarcinoma has just begun, and further development of genetic testing equipment, drugs,
and tissue collection devices is required[27].

EUS-FNB FOR THE ERA OF PERSONALIZED AND PRECISION MEDICINE
FNB needle type and caliber

Since EUS-FNB is more suitable than EUS-FNA for personalized medicine, further investigation into
needle size and type has been conducted. The abovementioned meta-analysis evaluating crown and
fork-tip needles, showed equivalent sample adequacy, diagnostic accuracy, optimal histological core
procurement, mean number of needle passes, pooled specificity, and sensitivity of these two FNB
needles[29]. Oh et al[58] compared 22G with 25G Franseen needles in the three needle passes technique,
with suction using 10 mL syringe, and movement within the target lesion at least 10 times using the
fanning technique. They reported no diagnostic accuracy difference between the two needles; however,
the 22G Franseen needle was superior to the 25G needle in histologic core facilitated easier collection of
appropriate specimens for the OncoGuide NCC Oncopanel System [70.0% (49/70) vs 28.6% (20/70),
respectively; P < 0.001]. The 19G FNB needle was reported to have the potential for easier collection of
appropriate specimens for the OncoGuide NCC Oncopanel System compared with the 22G FNB needle,
however, concerns were expressed about risks such as bleeding and pancreatic juice leakage[59,60]. For
successful personalized medicine, 22G FNB needles are better than 25G ones. However, usage of 19G
FNB needles raises concerns regarding accidental injury and harder to manipulate compared with 22G
ones.
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Negative pressure during EUS-FNB

A randomized controlled trial of tissue samples from patients with pancreatic masses on imaging
compared collection techniques using Menghini-tip, reverse-bevel, Franseen, and fork-tip needles. A
second randomized control, patient-by-patient analysis, compared the use of suction, no suction, and
stylet retraction during biopsies. The biopsy samples collected by fork-tip or Franseen needles had
significantly higher cellularity than those collected by Menghini-tip needles or reverse-bevels (P <
0.001). The predictors of high cellularity for pancreatic masses showed that Franseen needles, fork-tip
needles, not applying suction, stylet retraction, and pancreatic mass size of > 3 cm were associated with
high cellularity. Therefore, they recommended using a negative pressure technique with every EUS-TA
needle for an optimal outcome, as shown in Table 2[61]. Stylet retraction and standard suction technique
may be equivalent when using the 20G reverse-beveled needle[62]; however, the stylet retraction
technique is considered equally or more useful than the standard suction technique when performing
EUS-FNB.

EUS-FNB puncture technique

Sample quality scores were significantly higher when obtained by the torque and fanning techniques
rather than the standard one (P < 0.001)[63]. The new torque technique consists of turning the echoen-
doscope counterclockwise or clockwise while repeated to-and-fro movements are performed to reach
multiple areas within the lesion; this is obtained by maneuvering the "up-down" articulating dial of the
echoendoscope. Conversely, in the standard technique, the mass is pierced by the tip of the needle in a
unidirectional movement. Studies on FNA needles suggest that the DKM may be useful for increasing
cell volume[25]; however, there are no specific studies on DKM in FNB.

The European Society of Gastrointestinal Endoscopy recommends that 2-3 needle passes are sufficient
to ensure a sensitivity of at least 90% for the diagnosis of malignancy[16]. However, evidence on the
number of needle passes required for successful personalized medicine is lacking. In a few recent
retrospective studies, a median number of 3 FNB needle passes (interquartile range 3-4) yielded
sufficient tissue for targeted NGS in 91% of patients[10].

Based on these findings, we believe that the EUS-TA strategy with three or more punctures, the stylet
retraction method, the torque or fanning technique, and a 22-G or thicker FNB needle may be effective
in patients with solid pancreatic tumors scheduled for treatment, including personalized medicine.

RAPID ON-SITE PATHOLOGIST EVALUATION AND MACROSCOPIC ON-SITE QUALITY
EVALUATION

It is unclear whether an on-site pathologist improves the diagnostic accuracy of EUS-FNA for solid
pancreatic lesions; however, Rapid On-Site Pathologist Evaluation (ROSE) can reduce the number of
needle passes required to obtain a pathological diagnosis[64,65]. The subsequent introduction of the
FNB needle has made it possible to collect large quantities of macroscopic white samples. A recent
global, randomized trial showed that ROSE did not affect the diagnostic accuracy of EUS-FNB (96.4%
with ROSE vs 97.4% without ROSE, P = 0.396)[66]. In addition, the application of ROSE is limited by the
availability and additional cost of trained cytopathologists at each facility; therefore, ROSE is unlikely to
be recommended for future diagnostic practice[67].

Direct observation of specimens obtained by FNA /B, macroscopic on-site evaluation (MOSE), is more
feasible and readily available alternative to ROSE[68,69]. Kaneko et al[70] showed that the macroscopic
visible core (MVC) length and histological sample quantity were positively correlated in EUS-FNB using
a 22G Franseen needle. Multivariate analysis showed that MVC length > 30 mm on MOSE was a
significant factor affecting suitability for NGS (odds ratio 6.19; 95%CI: 2.72-14.10).

NEEDLE TRACT SEEDING

Theoretically, cancer seeding through the needle tract may occur more frequently in the body or tail of
the lesion when using the transgastric approach, than in the head of the lesion using the transduodenal
approach[71]. This is because the EUS-FNA tract of pancreatic head cancers is later resected in a blocked
fashion along with the pancreatic head in curative surgery. In contrast, the EUS-FNA tract of lesions in
the body or tail lies beyond the surgical resection margin[72,73].

Ngamruengphong et al[73] reported that EUS-FNA for pancreatic head, body, and tail cancers was
marginally associated with improved overall survival (HR 0.84, 95%CI: 0.72-0.99) but did not affect
cancer-specific survival (HR 0.87, 95%CI: 0.74-1.03). Park et al[74] reported 528 patients with distal
pancreatic cancer who underwent distal pancreatectomy. Among these, 193 were treated using EUS-
FNA, and 335 were not. The between-group recurrence rates were comparable (EUS-FNA, 72.7%; non-
EUS-FNA, 75%; P = 0.58) at follow-up (median, 21.7 mo), with similar cancer-free survival (P = 0.58),
showing that preoperative EUS-FNA does not reduce cancer-specific or overall survival[74]. However,
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Table 2 Recommended negative pressure procedural technique for each endoscopic ultrasound-guided tissue acquisition needle to

achieve optimal outcomes[61]

Needle type

Best cellularity Best diagnostic accuracy Best overall outcome (specimen)

Menghini
Reverse-bevel
Franseen

Fork-tip

Stylet retraction = suction = no suction Suction Suction
Stylet retraction = suction Suction Suction
Stylet retraction Stylet retraction = suction Stylet retraction

Stylet retraction = no suction Stylet retraction = suction Stylet retraction

Jaishideng®

as gastric wall recurrence only occurred in patients treated using EUS-FNA (n = 2), clinicians must
consider the potential risks of needle tract seeding, and patients should be carefully selected[74]. Yane et
al[75] also reported that the 5-year cumulative needle tract seeding rate, estimated using Fine and Gray's
method, was 3.8% (95%CI: 1.6%-7.8%). They concluded that, although preoperative EUS-FNA for
pancreatic body and tail cancers has no negative effect on recurrence-free survival or overall survival,
needle tract seeding after EUS-FNA was observed to have a non-negligible rate[75]. Sakamoto reported
that among the six cases with needle tract seeding occurred, it was revealed by upper gastrointestinal
endoscopy in four. They suggested upper gastrointestinal endoscopy follow-up, as well as computed
tomography, in patients who undergo gastric EUS-FNA before distal pancreatectomy to identify needle
tract seeding at soon as possible[76].

CONCLUSION

Since pancreatic cancer treatment is highly invasive and EUS-TA does not worsen cancer-specific
prognosis, histological diagnosis should be made to establish effective treatment options. Furthermore,
with genomic profiling, a large volume of tissue are needed from each biopsy; Franseen and Fork-tip
needles should be the first choice for this purpose. EUS-TA involving three or more punctures using the
stylet retraction method and the torque or fanning technique with a 22-G FNB or thicker needle is the
most effective tissue-sampling method for patients with solid pancreatic tumors scheduled for
treatment, including those receiving personalized medicine. The prediction of MOSE histological
specimen volume by measuring MVC length may have clinical significance, especially when submitting
specimens for NGS. The application of precision medicine for treating pancreatic ductal adenocar-
cinoma has just begun, and further development of genetic testing equipment, drugs, tissue collection
devices, and puncture technique is required.
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Abstract

BACKGROUND

Centipedes have been used to treat tumors for hundreds of years in China. However, current
studies focus on antimicrobial and anticoagulation agents rather than tumors. The molecular
identities of antihepatoma bioactive components in centipedes have not yet been extensively
investigated. It is a challenge to isolate and characterize the effective components of centipedes
due to limited peptide purification technologies for animal-derived medicines.

AIM
To purify, characterize, and synthesize the bioactive components with the strongest antihepatoma
activity from centipedes and determine the antihepatoma mechanism.

METHODS

An antihepatoma peptide (scolopentide) was isolated and identified from the centipede scolopendra
subspinipes mutilans using a combination of enzymatic hydrolysis, a Sephadex G-25 column, and
two steps of high-performance liquid chromatography (HPLC). Additionally, the CCKS8 assay was
used to select the extracted fraction with the strongest antihepatoma activity. The molecular
weight of the extracted scolopentide was characterized by quadrupole time of flight mass
spectrometry (QTOF MS), and the sequence was matched by using the Mascot search engine.
Based on the sequence and molecular weight, scolopentide was synthesized using solid-phase
peptide synthesis methods. The synthetic scolopentide was confirmed by MS and HPLC. The
antineoplastic effect of extracted scolopentide was confirmed by CCKS8 assay and morphological
changes again in vitro. The antihepatoma effect of synthetic scolopentide was assessed by the
CCK8 assay and Hoechst staining in vitro and tumor volume and tumor weight in vivo. In the
tumor xenograft experiments, qualified model mice (male 5-week-old BALB/c nude mice) were
randomly divided into 2 groups (n = 6): The scolopentide group (0.15 mL/d, via intraperitoneal
injection of synthetic scolopentide, 500 mg/kg/d) and the vehicle group (0.15 mL/d, via intraperi-
toneal injection of normal saline). The mice were euthanized by cervical dislocation after 14 d of
continuous treatment. Mechanistically, flow cytometry was conducted to evaluate the apoptosis
rate of HepG2 cells after treatment with extracted scolopentide in vitro. A Hoechst staining assay
was also used to observe apoptosis in HepG2 cells after treatment with synthetic scolopentide in
vitro. CCK8 assays and morphological changes were used to compare the cytotoxicity of synthetic
scolopentide to liver cancer cells and normal liver cells in vitro. Molecular docking was performed
to clarify whether scolopentide tightly bound to death receptor 4 (DR4) and DR5. qRT-PCR was
used to measure the mRNA expression of DR4, DRS5, fas-associated death domain protein (FADD),
Caspase-8, Caspase-3, cytochrome c (Cyto-C), B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X
protein (Bax), x-chromosome linked inhibitor-of-apoptosis protein and Cellular fas-associated
death domain-like interleukin-1p converting enzyme inhibitory protein in hepatocarcinoma
subcutaneous xenograft tumors from mice. Western blot assays were used to measure the protein
expression of DR4, DR5, FADD, Caspase-8, Caspase-3, and Cyto-C in the tumor tissues. The
reactive oxygen species (ROS) of tumor tissues were tested.

RESULTS

In the process of purification, characterization and synthesis of scolopentide, the optimal
enzymatic hydrolysis conditions (extract ratio: 5.86%, ICy;: 0.310 mg/mL) were as follows: Trypsin
at 0.1 g (300 U/g, centipede-trypsin ratio of 20:1), enzymolysis temperature of 46 °C, and
enzymolysis time of 4 h, which was superior to freeze-thawing with liquid nitrogen (IC,;: 3.07
mg/mL). A peptide with the strongest antihepatoma activity (scolopentide) was further purified
through a Sephadex G-25 column (obtained A2) and two steps of HPLC (obtained B5 and C3). The
molecular weight of the extracted scolopentide was 1018.997 Da, and the peptide sequence was
RAQNHYCK, as characterized by QTOF MS and Mascot. Scolopentide was synthesized in vitro
with a qualified molecular weight (1018.8 Da) and purity (98.014%), which was characterized by
MS and HPLC. Extracted scolopentide still had an antineoplastic effect in vitro, which inhibited the
proliferation of Eca-109 (IC: 76.27 pg/mL), HepG2 (IC;;: 22.06 ng/mL), and A549 (IC,: 35.13
pg/mL) cells, especially HepG2 cells. Synthetic scolopentide inhibited the proliferation of HepG2
cells (treated 6, 12, and 24 h) in a concentration-dependent manner in vitro, and the inhibitory
effects were the strongest at 12 h (IC;,: 208.11 pg/mL). Synthetic scolopentide also inhibited the
tumor volume (Vehicle vs Scolopentide, P = 0.0003) and weight (Vehicle vs Scolopentide, P =
0.0022) in the tumor xenograft experiment. Mechanistically, flow cytometry suggested that the
apoptosis ratios of HepG2 cells after treatment with extracted scolopentide were 5.01% (0 pg/mL),
12.13% (10 pg/mL), 16.52% (20 pg/mL), and 23.20% (40 pg/mL). Hoechst staining revealed
apoptosis in HepG2 cells after treatment with synthetic scolopentide in vitro. The CCK8 assay and

WJG | https://www.wjgnet.com 1876 March 28,2023 | Volume?29 | Issuel2 |



Jaishideng®

Hu YX et al. An antihepatoma peptide derived from centipede

morphological changes indicated that synthetic scolopentide was cytotoxic and was significantly
stronger in HepG2 cells than in LO2 cells. Molecular docking suggested that scolopentide tightly
bound to DR4 and DR5, and the binding free energies were-10.4 kcal/mol and-7.1 kcal/mol,
respectively. In subcutaneous xenograft tumors from mice, quantitative real-time polymerase
chain reaction and western blotting suggested that scolopentide activated DR4 and DR5 and
induced apoptosis in SMMC-7721 Liver cancer cells by promoting the expression of FADD,
caspase-8 and caspase-3 through a mitochondria-independent pathway.

CONCLUSION

Scolopentide, an antihepatoma peptide purified from centipedes, may inspire new antihepatoma
agents. Scolopentide activates DR4 and DR5 and induces apoptosis in liver cancer cells through a
mitochondria-independent pathway.

Key Words: Scolopendra; Centipede; Antihepatom peptide; Hepatocellular carcinoma; Death receptor 4;
Death receptor 5

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Centipedes have been used to treat tumors for hundreds of years in China. However, the
molecular identities of their bioactive components have not yet been extensively investigated. We have
modified the centipede extraction method and found a polypeptide (scolopentide) with the strongest
antihepatoma activity. Mechanistically, scolopentide activated death receptor 4 and death receptor 5 to
induce apoptosis through a mitochondria-independent pathway. Scolopentide may be an inspiration for the
development of antihepatoma agents. We also aim to provide a reference for the purification and charac-
terization of effective components in animal-derived medicines.
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INTRODUCTION

Centipedes have been widely used in traditional Chinese medicine to treat many diseases, including
convulsions, strokes, rheumatic joint diseases, snake bites and tumors[1]. It is a major challenge to
isolate and characterize the effective components of centipedes due to limited peptide purification
technologies for animal-derived medicines. Currently, the main extraction technologies are as follows:
Aqueous extraction[2], organic solvent extraction[2-5], enzymatic hydrolysis[6], ultrasonic extraction[2],
and freeze-thaw extraction[2]. To obtain low-weight peptides, extracted proteins require further
purification. At present, the main purification technologies of animal proteins are as follows: Sephadex
column gel chromatography (GC)[3,7,8], HPLC/RP-HPLC[3,5-8], ion exchange chromatography[7,9],
and graded ultrafiltration[7]. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is a traditional
separation and identification technique[10], and mass spectrometry (MS) is the most widely used
technique for identifying peptides for use in animal-derived medicines[5-7]. To date, there is no single
method that can extract a single peptide from complex mixtures (Table 1). Compound extraction plans
are mostly used, which are costly and complicated. Consequently, animal-derived medicines have not
been developed as herbal medicines. Currently, the main extracts are still crude peptides, and they have
some disadvantages, such as a low extraction ratio, undefined composition, unstable properties and
susceptibility[11,12]. These disadvantages may be prevented by identifying and characterizing the
effective compositions of animal-derived medicines and synthesizing them in vitro.

Some ancient Chinese medical studies have reported that centipedes can be used to treat tumors.
“Compendium of Materia Medica”[13], a famous ancient Chinese pharmaceutical work, recorded that
centipedes can be used to treat tumors in the chest and abdomen. It is also recorded in the modern
Chinese medical literature “Integrating Chinese and Western Medicine”[14] that centipede liquor can be
used to treat esophageal cancer with excellent clinical effects. Moreover, the Shendan Sanjie capsule, a
medicine containing centipedes, has already been applied to treat cancers and has been proven to
inhibit colitis-associated cancer[15]. Although the antitumor theory and clinical efficacy of centipedes
have been verified for hundreds of years in China, current experimental studies still focus on antimi-
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Table 1 Small molecular extracts of centipede

Name Extract methods Function Ref.
Scolopendrin I Cation-exchange chromatography and two steps RP-HPLC ~ Antimicrobial (G*, G, and fungi) [53]
Scolopin 1 (1) Sephadex Gel Chromatography; (2) RP-HPLC; and (3) Antimicrobial (G, G, fungi, drug-resistant bacteria) [37]
characterized by MALDI-TOF MS
Scolopin 2, Scolopin (1) Sephadex Gel Chromatography; (2) RP-HPLC; and (3) (1) Antimicrobial (G*, G, fungi, and drug-resistant bacteria); [16,
2-NH2 Scolopin2-NH2 was amidation modification from scolopin  and (2) inhibit proliferation of cervical cancer HeLa cells 37,45]
2
LBLP Transcriptomic data analysis, peptide synthesis Anti-fungi [54]
Scolopendrasin II, V,  Next-generation sequencing (1) Antimicrobial (G+, G, drug-resistant bacteria, fungi); and [40,
I, X (2) regulating immune system to antimicrobial indirectly 55-
57]
Scolopendrasin IX Next-generation sequencing (1) Regulating immune system to antimicrobial indirectly; [58]
and (2) treating autoimmune arthritis
Scolopendrasin VII Next-generation sequencing (1) Antimicrobial (G*, G, drug-resistant bacteria, and fungi); [17,
(2) regulating immune system to antimicrobial indirectly; 59,60]
and (3) inhibiting leukemia U937 and jurkat cells
Scolopendin, 1, 2 RNA sequencing Antimicrobial (G*, G, drug-resistant bacteria, and fungi) [41-
44]
SerGIn-Leu (SQL) (1) Ultrafiltration, Sephadex G-50 column, Source 15Q Anticoagulation and antithrombotic [7]
anion exchange Column; (2) RP-HPLC C18 column; and (3)
characterized by ESI-MS
Thr-Asn-Gly-Tyr-Thr, (1) Sephadex G-50 column; (2) RP-HPLC C18 column; and  Anticoagulation and antithrombotic [38]
(TNGYT) (3) Characterized by ESI-MS
SsTx-R12A Red-headed centipede’s venom cDNA arsenal Treating autoimmune diseases mediated by T cells [61]
SsmTX-I Red-headed centipede’s venom cDNA arsenal Analgesic [62]
SsTx Sephadex G-50 Gel Chromatography and RP-HPLC Blocking KCNQ potassium channels leads to cardiovascular, [8]
respiratory, muscular and nervous system damage
Ssmb6a Sephadex Gel Chromatography and RP-HPLC Analgesic [39]
Haemolymph and (1) Enzymatic hydrolysis; (2) HPLC; and (3) characterized ~ Antimicrobial (G, G, fungi, viruses, and parasites) [6]
tissue extracts by MS
Lacrain RP-HPLC and characterized by MS Antibacterial (G) [63]
Pinipesin (1) Organic solvent extraction; (2) HPLC Jupiter® C18 Antimicrobial [5]
column; and (3) characterized by MS
AECS Organic solvent extraction (ethanol) Inducing apoptosis of human epidermal carcinoma A431 [4,18]
cells and human melanoma HEK293 /EGFR, A375 cells
Two isoquinoline (1) Organic solvent extraction (ethanol); (2) sephadex G-25  Inducing apoptosis of brain glioma U87 cells [3]
alkaloids Gel chromatography; and (3) HPLC
Centipede water (1) Water extraction; (2) freeze-thawing with liquid No tumour inhibition in S180 and H22 Transplanted tumour [2]
extract, alcohol extract nitrogen, ultrasonic extraction; and (3) organic solvent mice
extraction (ethanol)
CE, CA Organic solvent extraction Inhibiting cervical tumours in vivo [64]
Centipede chloroform Organic solvent extraction (hexane, chloroform, ethanol) Reducing central nervous system symptoms of Alzheimer’'s  [65]

extract

Scom 5

(1) Superdex 75 gel filtration; (2) RESOURCE S ion chroma-
tography; and (3) characterized by LC-MSMS, MALDI-
TOF/TOF and protein sequencing techniques

disease

Human allergens

[11]

HPLC: High performance liquid chromatography; RP-HPLC: Reversed-phase high-performance liquid chromatography; MS: Mass spectrum.

crobial and anticoagulation agents. Only a few studies have observed the antitumor effects of centipedes
(Table 1). The potential mechanism is also poorly understood. The tumor types focused on have been
gliomas[3], cervical cancer[16], leukemia[17], epidermal cancer[4], and melanoma[18], rather than
tumors in the chest and abdomen. Purified centipede peptides can suppress tumor cells by inducing
caspase-related apoptosis through a mitochondria-dependent pathway|[3,4,16,18], inducing cell cycle
arrest[3,18] and necrosis through a specific interaction with phosphatidylserine (Table 1)[17].
Additionally, our previous studies showed that crude centipede peptides could induce apoptosis in
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HepG2 cells and lung cancer A549 cells by arresting cells at the G2/M phase[19,20].

Apoptosis has been widely used as a target in cancer treatment[21]. There are two main apoptosis
signaling pathways: Mitochondria-dependent and mitochondria-independent pathways. The
mitochondria-dependent pathway is controlled by Bcl-2 family proteins and is activated by DNA
damage caused by chemotherapy and radiotherapy through activation of the tumor suppressor gene
p53[22]. However, the loss of p53 is common in the clinic, contributing to the resistance of conventional
chemotherapy and the development of most cancers[23,24]. Thus, the mitochondria-independent
pathway, which is independent of p53, has become a promising target[25]. Tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) is part of the mitochondria-independent pathway. TRAIL
can selectively initiate apoptosis of cancer cells but has no obvious toxic effect on normal cells[26-28],
which makes it a promising chemotherapy drug for many cancers. Nonetheless, recent studies have
shown that some cancers, including liver cancer and esophageal cancer, are resistant to TRAIL-mediated
apoptosis, which greatly reduces its clinical efficacy[29,30]. Current research focuses on finding suitable
TRAIL sensitizers and developing TRAIL receptor agonists to maximize the cell-killing effect. However,
current studies mainly focus on sensitizers rather than receptor agonists, and the clinical and laboratory
results are not ideal[26,28]. Therefore, for research and clinical applications, it would be useful to find
stable and efficient TRAIL receptor agonists. Recently, the regulatory effect of Chinese herbal extracts on
the TRAIL apoptosis pathway was gradually discovered. Chinese herbal extracts such as luteolin and
artemisinin derivatives can induce apoptosis of liver cancer cells by upregulating the expression of
death receptor 4 (DR4) or DR5, which are TRAIL receptors on the cell surface[31,32].

In this study, we isolated a novel low-molecular-weight antihepatoma peptide, designated
scolopentide, from Scolopendra subspinipes mutilans L. Koch and synthesized it in vitro. We observed that
synthetic scolopentide inhibited tumor proliferation and was more toxic to HepG2 human liver cancer
cells than to L02 human embryonic hepatocytes. Mechanistically, scolopentide activated TRAIL
receptors (DR4 and DR5), upregulated the expression of fas-associated death domain protein (FADD),
caspase-8 and caspase-3 through a mitochondria-independent pathway and finally induced tumor cell
apoptosis.

MATERIALS AND METHODS

Chemicals and reagents

Dulbecco’s modified Eagle medium (DMEM) was purchased from Gibco (Thermo Fisher Scientific Inc.,
United States) and HyClone (Logan, United States). Fetal bovine serum (FBS) was purchased from
Gibco and Invitrogen (Thermo Fisher Scientific Inc., United States). DMSO was purchased from
Amresco (Solon, United States). PBS was purchased from Boster (Wuhan, Hubei Province, China) and
WellBio (Shanghai, China). Trypsin was purchased from Invitrogen. Penicillin-streptomycin was
purchased from Beyotime (Shanghai, China). Hoechst was purchased from SolarBio (Beijing, China).

Cell culture

The Bel-7402 Liver cancer cell line, Eca-109 esophageal cancer cell line and A549 Lung cancer cell line
were purchased from the Cell Resource Center of Shanghai University of Biology. The HepG2 Liver
cancer cell line and L02 human embryonic hepatocyte cell line were purchased from The Cell Center of
Xiangya Medical College, Central South University. The SMMC-7721 liver cancer cell line was
purchased from the BeNa Culture Collection (Suzhou, Jiangsu Province, China). Cells were placed in
culture flasks (Corning Inc., United States) and cultured in a constant temperature incubator (SHEL-
LAB, Hitachi, United States) at 37 °C and 5% CO, with saturated humidity. The medium comprised 10%
FBS, low-glucose DMEM and penicillin-streptomycin (100 U/mL). Cells were observed under an
inverted microscope (Olympus, Japan).

Cell viability assay

The viability of HepG2, A549, Eca-109 and Bel7402 cells treated with different centipede extracts was
determined by a Cell Counting Kit-8 (Dojindo, Japan). The viability of HepG2 and LO02 cells treated with
synthetic scolopentide was also determined. Groups and treatments were as follows: (1) Vehicle group:
100 pL cell suspension + 100 pL complete medium; (2) zero group: 200 pL of complete medium; and (3)
scolopentide group: Cells were treated with different centipede extracts/synthetic scolopentide. Three
replicate wells were used for each group.

Cells at the logarithmic growth stage were collected, and the density was adjusted to 1 x 10* cells/mL.
The cell suspension (100 uL) was plated into a 96-well plate (Corning Inc., United States). Four hours
later, drugs were added after the cells had adhered to the well. Twelve hours later, 100 pL culture
solution containing 10% CCKS8 was added to each well. Cells were incubated for 2 h at 37 °C with 5%
CO,. Then, the absorbance (OD) at 450 nm was analyzed by a microplate reader, and the mean was
calculated. Cell viability (%) = scolopentide group OD/vehicle group OD x 100%. The cell suppression
ratio (IR) was determined with the following formula: IR (%) = (vehicle group OD-scolopentide group
OD)/vehicle group OD x 100%. The zero group OD was subtracted from the OD of all groups for
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correction. The 50% maximum inhibitory concentration (IC,,) was determined by constructing dose-
response curves.

Extraction of Crude Peptides from Scolopendra subspinipes mutilans

Crude centipede peptides were obtained by enzymolysis combined with acetone precipitation. The
“Pharmacopoeia of the People’s Republic of China (2020)” references the use of the whole dried body of
Scolopendra subspinipes mutilans[1]. Centipedes were purchased from the pharmacy department of the
First Affiliated Hospital of Hunan University of Chinese Medicine. They were identified as Scolopendra
subspinipes mutilans L. Koch by Chinese herbal experts. Then, the whole bodies of the centipedes were
ground into ultrafine powder by low-temperature ultrafine grinding in the Superfine Powder
Engineering Research Center of the Ministry of Education of China. First, 100 g of centipede was dried
at 50-60 °C. The superfine powder (particle size 1-75 pm) was crushed by a BEM-6 Bailey superfine
powder machine (amplitude 100 Hz, grinding temperature 0-10 °C, grinding time 10-15 min).
Microscopic image analysis and laser light scattering were used in combination to assess the particle
size, and the particle size of more than 95% of the powder was smaller than 75 pm. Finally, the powder
was stored at room temperature until subsequent experiments.

We chose an optimized enzymatic hydrolysis method. The extraction process was as follows: 2 g of
centipede superfine powder was added to 10 mL of double distilled water, mixed with trypsin, and
incubated in water at 55 °C for 4 h. The trypsin was inactivated in a 99 °C water bath for 10 min. Then,
the samples were centrifuged at 3500 r/min for 5 min (low temperature ultracentrifuge, Pharmacia Inc.,
Sweden), and the supernatant was collected. The samples were centrifuged at 5000 r/min at 4 °C for 10
min. The supernatant was collected again. Two volumes of precooled acetone were added to precipitate
the former supernatant, which was centrifuged at 5000 r/min at 4 °C for 10 min. The precipitate was
dissolved in double steaming water, and the process was repeated twice. Finally, 2 volumes of
precooled acetone and petroleum ether (1:1) were added to precipitate again, which was centrifuged at
5000 r/min at 4 °C for 10 min, and the precipitate was collected. Finally, the precipitate was freeze-dried
(FD-1 Freeze Dryer, Rikakika Co., Ltd., Tokyo, Japan), weighed, and stored at -20 °C, and the protein
content was determined for subsequent experiments.

Optimization of enzymolysis extraction methods

In the process of preparing crude centipede peptides, we tested the influence of single factors on the
extraction rate of the crude extract. The five factors included protease type (trypsin, pepsin), water-
centipede ratio, protease dose, enzymolysis temperature and enzymolysis time. Then, an L,(3%)
orthogonal design was adopted to investigate the effects of enzymolysis time, enzymolysis temperature
and trypsin dose on crude extracts, which were the three most influential factors in single-factor
experiments (Table 2). In addition to the extraction ratio, a CCK8 assay was used to detect the
suppression effect of different crude extracts on HepG2 cell viability to determine the optimal techno-
logical conditions. We also compared the cytotoxicity of the crude extracts obtained from two methods,
freeze-thawing with liquid nitrogen and enzymolysis with acetone precipitation, under optimal techno-
logical conditions to determine the significance of this improvement.

Purification and identification of an antihepatoma peptide from crude centipede peptides

Gel chromatography: For the first step, a Sephadex G-25 column was used to isolate the component
with the strongest antitumor effect. With 0.1% trifluoroacetic acid-acetonitrile as the mobile phase,
gradient elution was performed using an AKTA protein purification system (Amersham Bioscience,
United States). In detail, a crude centipede peptide solution (50 mg/mL) was slowly added to a
Sephadex G-25 column. Chromatographic columns were eluted with 0.1% trifluoroacetic acid-
acetonitrile (flow rate 0.5 mL/min). The resulting columns (3 mL/tube) were collected by an automatic
collector. After isolation, tubes with the same peak are collected together, according to the peaks
displayed on the computer ultraviolet spectrum. The protein contents of different peaks were
determined by a fluorescence microplate reader (TECAN, Austria). The CCK8 assay was used to assess
the antitumor activity of different peaks and to select the strongest peak for subsequent experiments.

High-performance liquid chromatography: For further purification, high-performance liquid chroma-
tography (HPLC) was used as the next step. Initially, we used a conventional C18 column, but the
results showed that the sample was hydrophilic. Thus, a hydrophilic XAmide column (5 pm, 100 A, 4.6
mm % 250.0 mm) was chosen. The sample solution (1 mg/mL) was filtered through a 0.45 pm
microporous membrane and eluted with acetonitrile-water-100 mmol/L ammonium formate (pH 3.5)
(flow rate 4 mL/min, detection wavelength 260 mm, injection volume 20 pL). Different fractions were
collected according to the HPLC chromatogram peaks. The CCK8 assay was used to select the fraction
with the strongest antitumor activity. Then, the above HPLC and CCKS8 assays were repeated. The final
centipede peptide was concentrated, purified, freeze dried and designated scolopentide.

Determination of the molecular weight and peptide sequence of scolopentide
Quadrupole time of flight mass spectrometry (UPLC-QTOF MS 6530, SHIMADZU, Japan) was used to
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Table 2 L,(3*) levels of orthogonal experimental design

Level Trypsin (g) Time (h) Temperature (°C)
1 0.1 3 37
2 02 4 46
3 03 5 55

Jaishideng®

measure molecular weight. The ion source parameters were as follows: Electrospray ion source, positive
ion mode, temperature 300 °C, gas flow 11 L/min, and spray pressure 15 psi. Scolopentide did not pass
through the liquid column but went directly through the mobile phase to the QTOF system. The Mascot
search engine from Matrix Science was used to match peptide sequences. Based on the protein sequence
library of Mascot, the molecular weight of scolopentide was compared with that of known centipede
proteins. The amino acid sequence that best matched the molecular weight was selected.

Solid-phase peptide synthesis

Scolopentides that were characterized by QTOF MS and Mascot were synthesized using solid-phase
peptide synthesis methods. Peptide synthesis was performed by Genscript (Nanjing, China) as follows:
(1) A total of 400 mg chloromethyl resin was selected to synthesize the polypeptides, 20% piperidine/N,
n-dimethylformamide was added to the reactor, and the reactor was shaken for 20 min; (2) the solvent
was removed by filtration, N, n-dimethylformamide was added to the system, and the reactor was
shaken for 1 min, followed by filtering to remove the liquid, which was carried out three times; (3) a
total of 150 pl ninhydrin and a small amount of resin were added to the detection tube, which was
placed at 100 °C for 20 s, after which the resin’s color was checked for change, which indicated that
Fmoc was removed successfully; (4) the prepared amino acid solution was added to the reactor, 1 mL of
N,N’-diisopropyl carbon diimine/1-hydroxybenzotriazole was added, and the reactor was shaken for 1
h; (5) step 3 was repeated, and if the color did not change, the coupling was considered successful; (6)
step 2 was repeated to wash the resin; and (7) the above operation was repeated, and the corresponding
amino acids were added until polypeptide synthesis was completed. Then, HPLC was used to test the
purity of the synthetic scolopentide, and MS was used to test the molecular weight. Finally, the peptides
were freeze-dried and stored at -20 °C until they were used.

Flow cytometry

The apoptosis of HepG2 cells treated with extracted scolopentide was determined by Annexin V-Alexa
Fluor660/7-AAD (BB20121, BestBio, China). The cells were digested and collected by trypsin. Approx-
imately 5 x 10° cells were collected after washing with PBS twice and centrifuged at 2000 rpm for 5 min.
Then, 100 pL of Annexin V binding buffer was added to resuspend the cells, and the concentration was
adjusted to 3 x 10° cells/mL. Five microliters of annexin V-FITC and 5 pL of propidium iodide were
added to the cell suspension, mixed and incubated for 10 min at 4 °C in the dark. Then, 400 pL of PBS
was added to the cell suspension and mixed. Within 1 h, flow CytoFlex (A00-1-1102, Beckman, United
States) was utilized to detect cell apoptosis.

Molecular docking

To investigate the antihepatoma mechanism of scolopentide, Discovery Studio 2020 Client and
AutoDock-Vina 1.1.2 were used to predict the binding affinity between scolopentide and DR4 and DR5.
BIOVIA Discovery Studio 2020 was applied to process and visualize the results. To obtain molecular
structure files, scolopentide structures were constructed with Discovery Studio (Small Molecules)
according to the sequence RAQNHYCK. Molecular structure files of DR4 (PDB code 5CIR) and DR5
(PDB code 419X) were retrieved from the RCSB PDB database (https://www.rcsb.org/). The DR4 and
DR5 structures were modified by Discovery Studio for water deletion, binding pocket prediction,
hydrogenation, and conformation optimization. Then, AutoDock-Vina was used to perform molecular
docking and calculate the affinity potential energy of the protein molecule potential binding modes
between scolopentide and DR4 and DR5.

Hoechst staining assay

HepG2 cells were inoculated into 6-well plates (1 x 10° cells per well), and 100 pg/mL synthetic
scolopentide was added. The cell slides were removed and washed with PBS 2 or 3 times after
incubation at 37 °C and 5% CO, with saturated humidity for different durations (6 h, 12 h, and 24 h).
Then, the slides were fixed with 4% paraformaldehyde for 30 min and rinsed with PBS 3 times. Hoechst
(working concentration: 25 pM) was added to the slides, which were incubated for 3 min and rinsed
with PBS 3 times. Finally, the slides were sealed with glycerin buffer, stored away from light and
observed under a fluorescence microscope (Zeiss, Germany).
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Animal and tumor xenograft experiments

Male 5-wk-old BALB/c nude mice (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) were
chosen for the formation of subcutaneous xenograft tumors. SMMC-7721 cells (0.2 mL/mouse, 1 x 10
cells/mL) were subcutaneously injected into the right back. The tumor diameter reached 1 cm at 3 wk.
Qualified model mice were randomly divided into 2 groups (n = 6 per group): The scolopentide group
(intraperitoneal injection of synthetic scolopentide, 500 mg/kg/d) and the vehicle group (same volume
of normal saline). The length and width of tumors were measured every 2 d, and volume was calculated
as the maximum tumor length x width?x 0.5. After 14 d of treatment, all mice were euthanized by
cervical dislocation, and tumor weights were measured. All operations followed the United Kingdom
Animals (Scientific Procedures) Act, 1986. All laboratory animals were carefully handled, and the study
was reviewed and approved by the Ethical Review Committee of Experimental Animal Welfare at
Hunan University of Chinese Medicine (Approval No. LL2021040705).

Quantitative real-time polymerase chain reaction

Total RNA was extracted from tumor tissues based on the instructions of the RNA Simple Total RNA
Kit (Novoprotein Scientific Inc., Suzhou, Jiangsu Province, China), and the RNA concentration was
measured by a microplate reader. Then, NovoScript?Plus (Novoprotein Scientific Inc., Suzhou, China)
was utilized to reverse-transcribe the RNA into cDNA, which was stored at -20 °C until subsequent use.
According to the instructions of NovoStart®SYBR (Novoprotein Scientific Inc., Suzhou, Jiangsu Province,
China), 10 pL SuperMix Plus, 7 pL RNase Freewater, 2 pL ¢cDNA, 0.5 pL forward primers and 0.5
reverse primers (Genecreate Inc., Wuhan, Hubei Province, China) were mixed. GAPDH was used as the
internal reference. A LightCycler®6 (Roche, Switzerland) was used for quantitative real-time
polymerase chain reaction (qQRT-PCR). The primer sequences are shown in Table 3. The qRT-PCR
conditions were as follows: Predenaturation for 60 s at 95 °C; 45 cycles of denaturation for 20 s at 95 °C,
20 s at 60 °C, and 30 s at 72 °C; 1 cycle of melting for 10 s at 95 °C, 60 s at 65 °C, and 1 s at 97 °C; and
cooling for 30 s at 37 °C. Data were individually normalized to the mean of the relative expression of
GAPDH. The fold change was calculated using the 22T method. The experiment was repeated at least
three times, and the results that were the most representative are shown.

Western blotting

Tumor tissue specimens were prepared and suspended in ice-cold RIPA lysis buffer (CWBIO Co., Ltd,
Beijing, China) and incubated for 20 min. The supernatant was removed after centrifugation. The
protein levels of tumor tissues were determined by the BCA assay using a BCA Protein Assay Kit
(CWBIO Co., Ltd, Beijing, China). Proteins (50 pg) were mixed with pure water and SDS loading buffer
and denatured at 100 °C for 10 min. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to PVDF membranes (Merck Millipore Ltd., Germany). Then, PVDF
membranes were blocked for 1 h in blocking buffer (5% milk in TBST). The membranes were removed
and washed with PBST (PBS + 0.1% Tween 20) 3 times, incubated with primary antibodies overnight at
4 °C, washed with TBST 3 times, incubated with Proteintech HRP Goat Anti-Rabbit IgG (H + L)
(SA00001-2, diluted 1:6000) for 90 min at room temperature and washed with TBST 3 times. Protein
signals were visualized by enhanced chemiluminescence using an eECL western blot kit (CWBIO Co.,
Ltd, Beijing, China). Membrane images were collected by an Amersham Imager 600 (GE Healthcare,
United States) and qualified by Quantity One software. All experiments were repeated three times.
Primary antibodies against DR5 (ab199357, diluted 1:1000), FADD (ab108601, diluted 1:1000), cleaved
caspase-3 (ab32042, diluted 1:1000), and cytochrome ¢ (Cyto-C) (ab133504, diluted 1:5000) were obtained
from Abcam (Cambridge, England). Antibodies against GAPDH (10494-1-AP, diluted 1:5000) and DR4
(24063-1-AP, diluted 1:2000) were obtained from Proteintech Group, Inc. (Chicago, United States). The
antibody against cleaved caspase-8 (AF5267, diluted 1:1000) was obtained from Affinity Biosciences, Inc.
(Jiangsu, China).

Analysis of intracellular reactive oxygen species accumulation

Reactive oxygen species (ROS) were measured using a ROS Assay Kit (E004-1-1 Jiancheng, Nanjing,
China) according to the manufacturer’s instructions. Briefly, the tumor tissue was prepared into a single
cell suspension by enzymatic hydrolysis. Three groups of tubes were set up as follows: (1) Negative
vehicle tube: cells without any treatment were resuspended in 0.01 M PBS; (2) positive vehicle tube: cells
were resuspended in diluted 2,7-dichlorofluorescin diacetate (DCFH-DA), and an ROS hydrogen donor
(concentration: 30 pM) was added to induce the cells; and (3) sample tube: cells were resuspended in
diluted DCFH-DA (cell density: 1 x 10°-2 x 10’/mL). Then, all cells were incubated for 50 min at 37 °C.
After labeling with the probe, the single-cell suspensions were subsequently collected and centrifuged
for 5-10 min. The precipitates were collected and washed with 0.01 M PBS 1-2 times. The precipitates
were centrifuged and collected again. Finally, the cell precipitates were resuspended in PBS and
measured on a fluorescence microplate reader (optimum excitation wavelength 500 nm, optimum
emission wavelength 525 nm). All results are expressed as fluorescence values.
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Table 3 Primer sequences used for quantitative real-time polymerase chain reaction

Gene

Sequence (5’ to 3’)

GAPDH
DR4

DR5
FADD
Caspase-8
Caspase-3
Cyto-C
XIAP
c-FLIP
Bcl-2

Bax

F: AGAAGGCTGGGGCTCATTTG

F: CCAGGCAGCATTGAAGTCAG

F: CCCTGGAGTGACATCGAATG

F: TGCGGGAGTCACTGAGAATC

F: GAGAAGCAGCAGCCTTGAAG

F: CCCTCCTCAGCATCTTATCC

F: CACAAGACTGGGCCAAATCTC

F: CTATGCTCACCTAACCCCAAG

F: GGAACCCTCACCTTGTTTCG

R: AGGGGCCATCCACAGTCTITC

R: GTTTCCAGCATCACCAGGGT

R: CAGCCACAATCAAGACTACGG

R: GGAGGTAGATGCGTCTGAGTTC

R: GACAGTATCCCCGAGGTTTG

R: TGGTACAGTCAGAGCCAACCT

R: CCAGGGATGTACTTCTTGGGA

R: TTCTGACCAGGCACGATCAC

R: CTCCTTGCTTATCTTGCCTCG

F: CCTTCTTTGAGTTCGGTGGG R: CGGTTCAGGTACTCAGTCATCC

F: CACCAGCTCTGAGCAGATCA R: TGTTACTGTCCAGTTCGTCCC

DR4: Death receptor 4; DR5: Death receptor 5, FADD: Fas-associated death domain protein; Cyto-C: Cytochrome C; XIAP: X-chromosome linked inhibitor-
of-apoptosis protein; c-FLIP: Cellular Fas associated death domain-like interleukin-1f converting enzyme inhibitory protein; Bcl-2: B-cell lymphoma-2; Bax:

Bcl-2-associated X protein.
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Statistical analysis

SPSS 25.0 and GraphPad Prism 8.3 software were used for all statistical analyses. Unless otherwise
stated, P < 0.05 was considered statistically significant. All data are expressed as the mean + SD. For the
cell viability assay, ANOVA was used to compare the means of multiple groups, Student’s f test was
used for pairwise comparisons, and Fisher’s exact test was used for ratio comparisons. For tumor
weight, qRT-PCR and WB, Student’s ¢ test was used when normality and ANOVA were satisfied. For
ROS assessment, the Mann-Whitney rank-sum test was used due to unsatisfactory normality. Two-way
ANOVA was used for tumor volume analysis.

RESULTS

Crude centipede peptides extracted by optimal enzymolysis hydrolysis extraction ratio of crude

peptides under different conditions

Based on the extract ratio and protein content, we carried out five single-factor experiments and finally
obtained the optimum conditions: the protease was trypsin, the water-centipede ratio was 5:1, the
protease dose was 0.1 g (300 U/g, with a centipede-trypsin ratio of 20:1), the enzymolysis temperature
was 46 °C, and the enzymolysis time was 4 h. The three most influential factors were enzymolysis time,
enzymolysis temperature and trypsin dose. Therefore, an L,(3*) orthogonal design was adopted to
further investigate the optimal group of three factors on the extract ratio, as shown in Table 4. In
conclusion, Group 4 (A2B1C2), Group 2 (A1B2C2), and Group 9 (A3B3C2) had higher extract ratios.

Cytotoxicity of crude peptides under different conditions

The L,(3*) orthogonal design was adopted to further investigate the optimal group of the three factors
for cytotoxicity in HepG2 cells, as shown in Table 5. A CCKS8 assay was used to evaluate HepG2 cell
viability. The results indicated that the 9 extracts induced cell death in a concentration-dependent
manner (P < 0.05). Extracts from Groups 4, 2, and 9 showed stronger cytotoxicity, and Groups 1, 3, 5, 6,
7, and 8 showed moderate cytotoxicity. In the L,(3*) orthogonal experiment, Group 2 (5.86%, 0.310 mg/
mL), which used the optimal process of the single-factor experiment, showed little difference from the
nonoptimal process of Group 9 (5.94% and 0.278 mg/mL). Indeed, Group 2 required less time and a
lower trypsin dose. Based on the IC;, extract ratio and suppression ratio shown in Table 5, Group 2 was
ultimately determined to have the optimal extraction process. The optimal extraction conditions were as
follows: Trypsin at 0.1 g (300 U/g, centipede-trypsin ratio of 20:1), enzymolysis temperature of 46 °C,
and enzymolysis time of 4 h.
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Table 4 Extract ratio analysis of L,(3*) orthogonal experimental design

Run A (mg, trypsin) B (min, time) C (°C) (temperature) D (blank) Extract ratio (%)
1 1 1 1 1 455
2 1 2 2 2 5.86
3 1 3 3 3 432
4 2 1 2 3 5.63
5 2 2 3 1 421
6 2 3 1 2 3.98
7 3 1 3 2 3.34
8 3 2 1 3 3.68
9 3 3 2 1 5.94
K1 14.73 13.52 1221 14.70 -
K2 13.82 16.01 14.83 13.18 -
K3 12.96 11.64 11.87 13.63 -

R 1.77 437 2.96 1.52 -

Kij parameters in a first level of the first i-j-average quality index; I = 1, 2, 3, representative of 3 levels; j = 1, 2, 3; representing three factors.

Table 5 Inhibitory effects of crude centipede peptides on HepG2 cells in different conditions

Concentration (mg/mL)

Suppression ratio (%)

Group1 Group2 Group3 Group4 Group5 Group6 Group7 Group8 Group9

0.039

0.078

0.156

0.3125

0.625

1.250

2.500

5.000

IC5, (mg/mL)

Extract ratio (%)

12.510 6.880 12.070 5.394 3.389 3:213 0.570 1.641 7.094
22.270 11.240 13.060 16.430 12.890 4.709 2.280 4.540 9.883
45.770 36.430 45.680 52.290 18.610 16.620 26.110 11.540 33.170
85.510 85.040 88.540 94.360 68.110 63.660 58.500 64.170 76.610
89.090 86.060 92.440 94.520 94.170 94.96 83.200 95.180 94.570
91.840 87.490 93.050 94.770 96.780 95.730 94.660 95.300 96.000
92.070 89.470 93.430 94.690 96.940 96.670 95.540 95.670 96.920
92.750 92.000 95.800 96.680 97.720 97.780 95.880 95.790 97.650
0.457 0.310 0.480 0.360 0.584 0.681 0.812 0.757 0.278
4.550 5.860 4.320 5.630 4.210 3.980 3.340 3.680 5.940

WIG |

JBaishideng®

Cytotoxicity of crude peptides from the optimal enzymolysis hydrolysis and freeze-thawing with
liquid nitrogen

HepG2 cells were treated with crude peptides extracted using two extraction methods. The results
showed that extracts obtained from the two methods significantly inhibited HepG2 cells in a concen-
tration-dependent manner. Optimal enzymatic hydrolysis (IC,: 0.31 mg/mL) was superior to freeze-
thawing with liquid nitrogen (IC;,: 3.07 mg/mL), and the cytotoxicity of extracts increased nearly 10
times (Figure 1A).

Purification of scolopentide from crude centipede peptides
We purified and screened crude centipede peptides three times and obtained a low-molecular-weight
peptide with the strongest antihepatoma effect, which was designated scolopentide.

The first purification step (Part A): Separation by a sephadex g-25 column

Sephadex G-25 gel chromatography was used, and the chromatogram obtained showed 3 peaks
(Figure 1B). Part A samples (sample ID nos. Al to A3) were then collected based on 3 peaks and
assessed by a microplate reader. The protein and polypeptide contents of A1, A2 and A3 were 55, 40
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Figure 1 Purification of scolopentide from crude centipede peptides. A: The CCK8 assay showed the cytotoxicity of extracts from two methods, and
optimal enzymatic hydrolysis was superior to freeze-thawing with liquid nitrogen; B: After the first purification, the Sephadex G-25 chromatogram showed 3 peaks, and
A2 was chosen for further isolation; after the second purification, the high-performance liquid chromatography (HPLC) chromatogram showed 6 parts, and B5 was
chosen for further purification (part 1); after the third purification, the HPLC chromatogram showed 4 parts, and C3 was chosen for further purification (part 2); C-E:
Relative cell viability of HepG2 (C), A549 (D), and Bel7402 (E) cells treated with A1-3 at different concentrations (mg/mL). A2 showed stronger suppression than A1
and A3; F: The CCK8 assay showed that B5 (50 ug/mL) had the strongest suppression of HepG2 cells among B1-6; G: The CCK8 assay showed that C3 (20 pg/mL)
had the strongest suppression of HepG2 cells among C1-4. 2P < 0.05, °P < 0.01, °P < 0.001, and °P < 0.0001.

and 20 pg/mL, indicating that samples A1-3 were mainly composed of protein. Since the separation
range of the Sephadex G-25 column was 1-5 kDa, we speculated that A1 contained proteins > 5 kDa and
that A2 and A3 were composed of low-molecular-weight polypeptides (1-5 kDa). Subsequently, a CCK8
assay was used to detect the suppressive effects of A1, A2 and A3 on HepG2, Bel-7402 and A549 cells
(Figure 1C-E). The CCK8 assay showed the following: (1) A2 showed the most significant inhibition of
proliferation of the three tumor cell lines among samples A1-3 (P < 0.05); (2) A2 showed the strongest
inhibitory effect on HepG2 cells: The IC,, values of A2 against the three tumor cell lines were 50.1 mg/
mL (HepG2), 132.8 mg/mL (Bel-7402) and 154.5 mg/mL (A549); and (3) Al-3 showed an inhibitory
effect on the three tumor cell lines in a concentration-dependent manner.

The second purification step (Part B): Purification by HPLC
In Part B, A2, which had the best antineoplastic effect in vitro among samples A1-3, was used. HepG2
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cells, which were the most strongly inhibited among the three tumor cell lines, were used. First, tricine-
SDS-PAGE[10] was performed to further purify this sample in Part B, but the peptide separation was
not obvious, and the band patterns were light and diffuse. The reason may be that the molecular weight
of the sample was too low for separation by tricine-SDS-PAGE. However, satisfactory results were
obtained from HPLC. Therefore, HPLC was adopted for further purification. The chromatogram
indicated that the sample from Part B was composed of a variety of peptides with very similar and low
molecular weights in 6 peaks (Figure 1B; part 1). Subsequently, the Part B sample was collected in 6
parts (sample ID nos. Bl to B6) based on 6 peaks. A CCKS8 assay was used to assess the suppressive
effect of B1-6 on HepG2 cells cultured for 48 h, which were the tumor cells that were most sensitive to
the centipede extracts. The CCKS8 assay showed that B1-4 hardly inhibited the proliferation of HepG2
cells, while B5 and B6 inhibited proliferation (P < 0.05), with B5 having the strongest effect (Figure 1F).

The third purification step (Part C): Purification by HPLC

In Part C, the B5 sample, which had the best antihepatoma effect in vitro among B1-6, was used. HPLC
was adopted for purification, and the chromatogram showed 4 peaks (Figure 1B; part 2). Then, the
sample from Part C was collected in 4 parts (C1-4) based on the 4 peaks. The CCK8 assay showed that
C3 had the strongest inhibitory effect on HepG2 cells cultured for 48 h, while C1, C2, and C4 showed
relatively weak inhibition of proliferation (Figure 1G). Finally, we concentrated and purified C3 and
designated it scolopentide.

Characterization of scolopentide

The peptide sequence of the extracted scolopentide is RAQNHYCK, and the mass spectrum (Figure 2A)
showed that its molecular weight was 1018.997 Da (the highest peak). Mascot was used to determine the
specific peptide sequence of scolopentide, and the final matched sequence was RAQNHYCK, which
conformed to the restriction site of the protease. The molecular structure of scolopentide (C,,H¢N,O,,5)
is shown in Figure 2A (the asterisk).

Synthesis and detection of scolopentide

Scolopentide was synthesized in vitro according to the peptide sequence RAQNHYCK, the length of
which is 8 AA. Then, MS was used to detect the molecular weight. The observed molecular weight of
synthetic scolopentide was 1018.8 Da (Figure 2B), which was similar to that of the extract (1018.997 Da).
HPLC was used to assess the purity. The chromatogram is shown in Figure 2C, and the peak proportion
is shown in Figure 2D. The synthetic scolopentide corresponds to peak 3; thus, its purity was inferred to
be 98.014% according to the area fraction of peak 3. Consequently, the purity and molecular weight of
synthetic scolopentide met the requirements.

Antineoplastic effect of extract scolopentide in vitro

Eca-109, HepG2, and A549 cells were treated with the extracted scolopentide. A CCK8 assay showed
that the IC,;, values in the three cell types were 76.27 pg/mL (Eca-109), 22.06 pg/mL (HepG2), and 35.13
pg/mL (A549) (Figure 3A). Morphological changes in the three cell lines showed that the A549 and
HepG2 cells changed considerably (Figure 3B). Based on the CCK8 assay and morphological changes,
the following conclusions were drawn: extracted scolopentide still has antineoplastic effects in vitro,
which inhibited the proliferation of three tumor cell lines, especially HepG2 cells.

Antihepatoma effect of synthetic scolopentide in vitro and in vivo

We wanted to determine whether synthetic scolopentide can exert an antihepatoma effect. Our
experiments suggested that synthetic scolopentide had antihepatoma effects in vitro and in vivo, which
may be related to apoptosis induction. In vitro, the CCK8 assay suggested that synthetic scolopentide
inhibited the proliferation of HepG2 cells in a concentration-dependent manner. The inhibitory effects
were the strongest at 12 h, and there was no significant difference between 24 h and 48 h (Figure 3C).
Moreover, a Hoechst staining assay was used to observe the morphological changes in HepG2 cells
treated with scolopentide (100 pg/mL) (6 h, 12 h, and 24 h). The results showed that cytoplasmic
staining and nuclear pyknosis occurred after treatment for 12 h and 24 h, which indicated apoptosis.
Apoptosis was most clearly observed at 12 h (IC;;: 208.11 pg/mL), consistent with the CCK8 assay
(Figure 3D). In vivo, the tumor xenograft experiment suggested that the mean tumor volume of the two
groups increased gradually, but that of the scolopentide group grew slower. The tumor weight of the
scolopentide group was lower than that of the vehicle group (Figure 3E-G).

Cytotoxicity of synthetic scolopentide to L02 cells and HepG2 cells

CCKS8 assays and morphological changes were used to compare the cytotoxicity of synthetic
scolopentide to liver cancer cells and normal liver cells. After treatment with synthetic scolopentide for
12 h, the CCK8 assay suggested that the cytotoxicity in L02 cells was significantly lower than that in
HepG2 cells (100, 150, and 200 pg/mL) (Figure 4A). Morphological changes in the scolopentide group
(100 pg/mL) and vehicle group (0 pg/mL) are shown in Figure 4B. Compared to the vehicle group,
most HepG2 cells in the scolopentide group died, while some L02 cells survived. The CCK8 assay and
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Figure 2 Characterization of extracted scolopentide and detection of synthetic scolopentide. A: Mass spectrum of extracted scolopentide; the
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highest peak indicates the active peptide (scolopentide). The observed molecular weight was 1018.997 Da; the asterisk “*” means molecular structure of
scolopentide; B: Mass spectrum of synthetic scolopentide. The observed molecular weight was 1018.8 Da; C and D: HPLC chromatogram of synthetic scolopentide
(C); the highest peak (peak 3) indicates the active peptide, and the area % of peak 3 indicates the purity of synthetic scolopentide (98.014%) (D).

morphological changes indicated that synthetic scolopentide was cytotoxic and was significantly
stronger in HepG2 cells than in LO2 cells.

Molecular docking of scolopentide with DR4 and DR5

Scolopentide was more cytotoxic in HepG2 cells than in L02 cells (Figure 4), which is similar to the
activity of TRAIL, which selectively initiates apoptosis in cancer cells without significant toxicity to
normal cells. Among the known TRAIL receptors, only DR4 and DRS5 are able to induce apoptosis[33].
In addition, Hoechst staining indicated that HepG2 cells underwent apoptosis after treatment with
synthetic scolopentide (Figure 3D). Therefore, we hypothesized that scolopentide could induce
apoptosis by activating DR4/DRb5. The binding free energies of scolopentide to DR4 and DR5 were-10.4
kcal/mol and-7.1 kcal/mol, respectively. Molecular docking suggested that scolopentide tightly bound
to DR4 (Figure 5A) and DR5 (Figure 5B), which supported our hypothesis.

Apoptosis of HepG2 cells treated with extracted scolopentide

Flow cytometry suggested that apoptosis occurred in HepG2 cells after treatment with extracted
scolopentide in vitro. The apoptosis ratios were 5.01% (0 pg/mL), 12.13% (10 pg/mL), 16.52% (20 pg/
mL), and 23.2% (40 pg/mL), which indicates concentration-dependence (Figure 6A).

The antihepatoma mechanism of scolopentide was determined to be induction of apoptosis by
activating the TRAIL pathway

Animal experiments were used to further verify our hypothesis that scolopentide can stimulate the
TRAIL pathway to induce apoptosis. The results of qRT-PCR and western blotting suggested that
scolopentide activated DR4 (Figure 6B and C) and DR5 (Figure 6H and I), which promoted the
expression of FADD (Figure 6E and F), activated the apoptosis promoter caspase-8 (Figure 6F and G)
and the executor caspase-3 (Figure 6C and D), and finally induced apoptosis in SMMC-7721 Liver
cancer cells. This form of apoptosis appears to be more related to the mitochondria-independent
pathway, as Cyto-C and Bcl-2-associated X protein/B-cell lymphoma-2 (Bax/Bcl-2), which are key
indicators in the mitochondria-dependent pathway, showed only slight upregulation and insignificant
differences (Figure 61-K). In addition, ROS levels were upregulated (Figure 6L). Cellular fas-associated
death domain-like interleukin-1f converting enzyme inhibitory protein (c-FLIP), an inhibitory protein of
caspase-8, was downregulated (Figure 6M), and x-chromosome linked inhibitor-of-apoptosis protein
(XIAP), an inhibitory protein of caspase-3, was insignificantly upregulated (Figure 6N).

DISCUSSION

Peptides from centipedes have potential antitumor activity that should not be ignored. We isolated and
purified crude centipede peptides 3 times and finally obtained a low molecular weight peptide
(scolopentide) with the strongest antihepatoma effect. We further demonstrated that mechanistically,
scolopentide induced apoptosis in liver cancer cells by activating DR4 and DR5 and promoting the
upregulation of FADD, caspase-8 and caspase-3.

Centipedes, an important part of animal Chinese medicine, have played an important role in clinical
treatment[1]. The remarkable activities and novel structure also give bioactive components of centipedes
enormous potential to be exploited and modified as biological drugs[34]. However, pharmacological
studies of centipedes are far behind those of other animals, such as snakes and scorpions[34,35]. Similar
to animal-derived medicines, most centipede extracts are still crude. These crude extracts may contain a
large number of histamines, polypeptide toxins and other biologically active substances[34], leading to
allergic reactions such as itching or serious adverse reactions such as acute myocardial infarction,
arrhythmia, tissue necrosis, respiratory depression and hemolysis, which hinder the clinical use of
centipedes[11,36]. Small molecular substances from centipedes may not cause adverse reactions and
may play a critical role with precise effects.

We tried a variety of ways to obtain a higher extraction rate and more accurate activity. For protein
extraction, the optimal conditions were determined: 0.1 g trypsin (300 U/g, centipede-trypsin ratio of
20:1), enzymolysis temperature of 46 °C and enzymolysis time of 4 h. For peptide purification, GC[37-
39] and HPLCJ[3,5,6], widely used techniques, were adopted to further purify crude centipede peptides.
Mass spectrometry[5-7], the most widely used technique for peptide characterization, was used to
identify scolopentide. The object of extraction and method used here are also noteworthy. The whole
body of the centipede was chosen for extraction as recorded in Chinese works[14], even though most
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Figure 3 Antihepatoma effect of scolopentide. A: The CCK8 assay showed the suppression ratio of Eca-109, HepG2, and A549 cells treated with extracted
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scolopentide at different concentrations; B: Morphological changes in Eca-109, HepG2, and A549 cells under a light microscope (x 40); after treatment with extracted
scolopentide, three cells were morphologically changed, especially HepG2 cells; C: The CCK8 assay showed the suppression ratio of HepG2 cells treated with
synthetic scolopentide at different times (6 h, 12 h, 24 h, and 48 h) and different concentrations (50 pg/mL, 100 pg/mL, 150 pg/mL, and 200 pg/mL); D: Hoechst
33342 staining (x 400) of HepG2 cells. After treatment with synthetic scolopentide for 12 h and 24 h, cytoplasmic highlight staining and nuclear pyknosis occurred; E-
G: Tumor volume and weight of the scolopentide group (synthetic scolopentide 500 mg/kg/d) and vehicle group (constant volume of normal saline). n =6, °P < 0.01, ¢

P<0.001.
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Figure 4 Cytotoxicity of synthetic scolopentide to L02 cells and HepG2 cells. A: The CCK8 assay showed that cytotoxicity to L02 cells was
significantly lower than that to HepG2 cells after treatment with synthetic scolopentide for 12 h (100 ug/mL, 150 pg/mL, and 200 pg/mL); B: Morphological changes in
HepG2 and L02 cells under a light microscope after treatment with synthetic scolopentide for 12 h (x 100). Compared to cells in the vehicle group (0 pg/mL), most
HepG2 cells in the scolopentide group (100 ug/mL) died, while some L02 cells survived. P < 0.0001.
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current studies focus on the venom([12,34]. In addition, enzymatic hydrolysis[6], a special extract
technique, was chosen for the initial extraction to obtain crude centipede peptides. We aimed to
simulate the environment of Chinese medicine being digested by various proteinases in the stomach
after oral administration.

Currently, studies on the antihepatoma components of centipedes are rare (Table 1). Thus, we
isolated, purified, and screened the crude centipede peptides three times. Finally, we obtained
scolopentide (1018.997 Da), which had the strongest antihepatoma activity. Moreover, the peptide
sequence RAQNHYCK of scolopentide was matched with the Mascot search engine, which helped to
achieve scolopentide synthesis in vitro. Mascot also revealed that scolopentide was supposed to be a
polypeptide from centipede venom proteins located in Kappa-scoloptoxin (07)-Ssm?a OS. It is worth
noting that the tumor types used for screening were tumors in the chest and abdomen, such as liver
cancer and esophageal cancer, as recorded in ancient Chinese works[13]. Liver cancer cells were more
sensitive than other tumor cells and were chosen for subsequent mechanistic exploration (Figure 3A).

Antimicrobial activity is the most common pharmacological characteristic known among isolated
centipede peptides at present (Table 1). Centipede peptides mainly destroy the integrity of cell
membranes, which leads to the death of microbes[40-42]. Inducing apoptosis is the second major
mechanism by which centipede peptides induce resistance to microorganisms (Table 1). Two antimi-
crobial centipede peptides, scolopendin and scolopendin 1, were obtained by RNA sequencing[41,43].
They have been shown to cause ROS accumulation in Candida albicans, which leads to mitochondrial
depolarization, thus releasing Cyto-C into the cytoplasm from mitochondria and resulting in an increase
in Ca? in the cytoplasm and mitochondria, ultimately inducing caspase-related apoptosis[43,44]. Some
centipede peptides can also block the cell cycle and affect the expression of genes related to DNA
replication and repair[45]. Additionally, some scholars have shown that a few antimicrobial centipede
peptides also have antitumor activity[17,26]. Distinct from the antimicrobial mechanism, the antitumor
activities are mainly related to apoptosis, especially the mitochondrial-dependent pathway/[3,4,18]. To
date, there have been no studies related to the mitochondrial-independent pathway of centipede effects

Table 1).

( DR4 e)md DRS5 are involved in the mitochondria-independent apoptosis pathway, which can receive
extracellular death signals and induce intracellular apoptosis[46]. FADD receives apoptosis signals
transmitted from DR4/DR5 and forms the death-inducing signaling complex TRAIL-DR4/DR5-FADD-
procaspase. Then, caspase-8 is activated to initiate two apoptotic pathways: (1) The mitochondria-
independent pathway, in which caspase-8 directly activates caspase-3; and (2) the mitochondria-
dependent pathway, in which caspase-8 cleaves Bid, resulting in tBID that triggers the release of Cyto-C.
Then, Cyto-C successively activates the promoter caspase-9 and the executor caspase-3. ROS accumu-
lation can cause mitochondrial permeability transition pore opening, also leading to Cyto-C release.
Apoptosis is the common end of these two pathways (Figure 7)[28,47-49].
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Figure 5 Molecular docking of scolopentide and death receptor 4 and death receptor 5. A: Stereograms of the molecular docking of scolopentide
and death receptor 4. Hydrogen bonds formed with amino acid residues of the receptor include LYS145, ALA201, PRO219, and CYS190; B: Stereograms of
molecular docking of scolopentide and death receptor 5. Hydrogen bonds formed with amino acid residues of the receptor are TRP74, SER73, ER149, and TYR148.

JBaishideng®

We found that scolopentide may activate DR4 and DR5 and induce apoptosis. Flow cytometry
suggested that apoptosis occurred in HepG2 cells after treatment with extracted scolopentide in vitro
(Figure 6A). Hoechst staining showed the occurrence of apoptosis in HepG2 cells after treatment with
synthetic scolopentide (Figure 3D). The CCKS8 assay showed that scolopentide was significantly more
cytotoxic in HepG2 cells than in L02 cells (Figure 4), which was similar to the effect of TRAIL, which
selectively induced tumor cell apoptosis. Molecular docking also indicated that scolopentide binds well
to TRAIL receptors (DR4 and DR5) (Figure 5). In our previous study, crude centipede peptides were
also found to inhibit STAT3 protein phosphorylation[19], while some studies have suggested that
dovitinib and sorafenib could overcome TRAIL resistance in HCC by inhibiting STAT3[50,51].
Consequently, animal experiments were used to further verify our hypothesis that scolopentide can
stimulate the TRAIL pathway to induce apoptosis. In animal experiments, after treatment with synthetic
scolopentide, the expression of DR4 and DR5, which are upstream of the TRAIL pathway, was clearly
upregulated, especially the expression of DR4. The expression of FADD, caspase-8, and caspase-3,
which are downstream of the TRAIL pathway, was also upregulated (Figure 6B-I). The animal
experiments further confirmed the viewpoint that scolopentide induces apoptosis by activating DR4
and DR5.

This process may be more related to the mitochondria-independent pathway, as Cyto-C and Bax/Bcl-
2 showed only slight upregulation and insignificant differences (Figure 61-K), which are key indicators
in the mitochondria-dependent pathway[52]. ROS were significantly upregulated but could not cause
Cyto-C release (Figure 61, ] and L). Thus, we hypothesized that ROS mainly acted as signal transduction
factors of the TRAIL pathway rather than the mitochondrial-dependent pathway[49]. Additionally, c-
FLIP was inhibited, but XIAP was slightly upregulated (Figure 6M and N). A negative feedback
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Figure 6 Antihepatoma mechanism of scolopentide. A: Flow cytometry suggested that apoptosis occurred in HepG2 cells after treatment with extracted
scolopentide in vitro. B-I: Quantitative real-time polymerase chain reaction (qQRT-PCR) and western blotting showed that the expression of DR4 (B and C), DR5 (H
and ), FADD (E and F), caspase-8 (F and G), and caspase-3 (C and D) was significantly upregulated in the scolopentide group. DR4 was the most considerably
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upregulated; I-K: gRT-PCR and western blotting showed that the expression of Cyto-C (I and J) and Bax/Bcl-2 (K) was not upregulated, which are key indicators of
mitochondria dependence; L: Tumor ROS levels in the scolopentide group were higher than those in the vehicle group; M: ¢-FLIP, an inhibitory protein of caspase-8,
was significantly downregulated in gRT-PCR; N: XIAP, an inhibitory protein of caspase-3, was insignificantly upregulated in qRT-PCR. DR4: Death receptor 4; DR5:
Death receptor 5; FADD: Fas-associated death domain protein. n = 4 per group in gRT-PCR, n = 3 per group in Western blotting, n = 4 per group in ROS; 2P < 0.05, ®

P<0.01.
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Figure 7 Activation of the mitochondria-independent and mitochondria-dependent apoptosis pathways by tumor necrosis factor-related
apoptosis-inducing ligand. The mitochondria-independent pathway (engaged through death receptors, activated caspase family directly) and mitochondria-
dependent pathway (triggered through the Bcl-2 gene superfamily) are represented. TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand; DR4: Death
receptor 4; DR5: Death receptor 5; FADD: Fas-associated death domain protein; Cyto-C: Cytochrome c; Bax: Bcl-2-associated X protein; Bcl-2: B-cell ymphoma-2;
ROS: Reactive oxygen species; c-FLIP: Cellular Fas associated death domain-like interleukin-1B converting enzyme inhibitory protein; XIAP: X-chromosome linked
inhibitor-of-apoptosis protein.
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mechanism of apoptosis may contribute to preventing excessive apoptosis in the body. Overall, our
findings suggested that scolopentide may induce apoptosis in tumor cells, especially gastrointestinal
tumors, by activating DR4 and DR5 and leading to the caspase cascade.

CONCLUSION

In summary, we obtained a small molecule polypeptide from Scolopendra subspinipes mutilans L. Koch
with the strongest antitumor activity, especially for liver tumors. Mechanistically, scolopentide may
induce tumor cell apoptosis by activating DR4 and DR5. Scolopentide is considered to be a promising
drug candidate for cancer treatment, especially treatment of gastrointestinal tumors. Our studies are
also expected to provide a reference for the extraction, purification and characterization of effective
components in animal-derived medicines. Both extracted and synthesized scolopentide had anti-
hepatoma activity. When HepG2 cells were cultured with two scolopentides for 48 h, a CCK8 assay
showed that the IC,; values were 22.06 pg/mL (extracted scolopentide) and 237.726 jug/mL (synthesized
scolopentide), which indicates that the antihepatoma activity of synthesized scolopentide was weaker
than that of the extracted scolopentide. This may be due to the lack of dimensional folding configur-
ations in the synthesized peptide during synthesis. Additionally, the TRAIL pathway was activated but
decreased incrementally. Key areas of future research include investigating methods of modifying the
spatial architecture of synthetic scolopentide, fully activating the TRAIL pathway and improving its
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antihepatoma activity.

ARTICLE HIGHLIGHTS

Research background

Centipedes have been used to treat tumors for hundreds of years in China, while current studies rarely
focus on hepatoma. The molecular identities of antihepatoma bioactive components in centipedes have
not yet been extensively investigated. It is a challenge to isolate and characterize the effective
components of centipedes due to limited peptide purification technologies for animal-derived
medicines.

Research motivation
The antihepatoma components in centipedes remain unclear. We investigated the centipede
components with the strongest antihepatoma activity to develop candidates for antihepatoma drugs.

Research objectives

To purify, characterize, and synthesize the bioactive components with the strongest antihepatoma
activity from centipedes and determine the antihepatoma mechanism. To provide a reference for the
extraction, purification and characterization of effective components for animal-derived medicines.

Research methods

An antihepatoma peptide (scolopentide) was isolated and identified from the centipede scolopendra
subspinipes mutilans using a combination of enzymatic hydrolysis, a Sephadex G-25 column, and two
steps of high-performance liquid chromatography. Additionally, the CCK8 assay was used to select the
extracted fraction with the strongest antihepatoma activity. The molecular weight of the extracted
scolopentide was characterized by quadrupole time-of-flight mass spectrometry, and the sequence was
matched by using the Mascot search engine. Scolopentide was then synthesized using solid-phase
peptide synthesis methods. The antihepatoma effects of extracted and synthetic scolopentide were
confirmed in vitro and in vivo. Mechanistically, flow cytometry and Hoechst staining were conducted to
confirm the occurrence of apoptosis. Molecular docking and CCK8 assays were performed to determine
the relationship between scolopentide and the tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) pathway. Reactive oxygen species assessment, quantitative real-time polymerase chain reaction
and Western blot were used to further verify the hypothesis that scolopentide can stimulate the TRAIL
pathway to induce apoptosis.

Research results

A small molecule polypeptide with the strongest antihepatoma activity was derived from Scolopendra
subspinipes mutilans L. Koch. The molecular weight was 1018.997 Da, and the peptide sequence was
RAQNHYCK. Both extracted and synthesized scolopentide had antihepatoma activity in a concen-
tration-dependent manner. Mechanistically, scolopentide activated death receptor 4 (DR4) and DR5 and
induced apoptosis in liver cancer cells by promoting the expression of Fas-associated death domain
protein (FADD), caspase-8 and caspase-3 through a mitochondria-independent pathway.

Research conclusions
Scolopentide, an antihepatoma peptide, was isolated and identified from centipedes, which activated
DR4 and DR5 and induced apoptosis through a mitochondria-independent pathway.

Research perspectives

Scolopentide is considered to be a promising drug candidate for cancer treatment, especially treatment
of liver cancer. Ways in which to modify the spatial architecture of synthetic scolopentide, fully activate
the TRAIL pathway and improve its antihepatoma activity will be key areas for future research.
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Lugol chromoendoscopy (LCE) has served as a standard screening technique in
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high-risk patients with esophageal cancer. Nevertheless, LCE is not suitable for
general population screening given its side effects. Linked color imaging (LCI) is a
novel image-enhanced endoscopic technique that can distinguish subtle diff-
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AIM
SH, Congo To compare the diagnostic performance of LCI with LCE in detecting esophageal
Received: November 30, 2022 squamous cell cancer and precancerous lesions and to evaluate whether LCE can
Peer-review started: November 30, be replaced by LCI in detecting esophageal neoplastic lesions.
2022 METHODS
First decision: December 20,2022 In this prospective study, we enrolled 543 patients who underwent white light
Revised: December 29, 2022 imaging (WLI), LCI and LCE successively. We compared the sensitivity and
Accepted: March 9, 2023 specificity of LCI and LCE in the detection of esophageal neoplastic lesions.
Article in press: March 9, 2023 Clinicopathological features and color analysis of lesions were assessed.

Published online: March 28, 2023 RESULTS

In total, 43 patients (45 neoplastic lesions) were analyzed. Among them, 36
patients (38 neoplastic lesions) were diagnosed with LCI, and 39 patients (41
neoplastic lesions) were diagnosed with LCE. The sensitivity of LCI was similar to
that of LCE (83.7% vs 90.7%, P = 0.520), whereas the specificity of LCI was greater
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than that of LCE (92.4% vs 87.0%, P = 0.007). The LCI procedure time in the esophageal
examination was significantly shorter than that of LCE [42 (34, 50) s vs 160 (130, 189) s, P < 0.001].
The color difference between the lesion and surrounding mucosa in LCI was significantly greater
than that observed with WLI. However, the color difference in LCI was similar in different
pathological types of esophageal squamous cell cancer.

CONCLUSION
LCI offers greater specificity than LCE in the detection of esophageal squamous cell cancer and
precancerous lesions, and LCI represents a promising screening strategy for general populations.

Key Words: Linked color imaging; Lugol chromoendoscopy; Esophageal squamous cell cancer; Precancerous
lesions; Color difference
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Core Tip: Lugol chromoendoscopy (LCE) has served as the standard screening technique in high-risk
patients with esophageal cancer. Nevertheless, LCE can induce esophageal spasms and chest pain and is
associated with the risk of aspiration and iodine allergy. Therefore, LCE is not suitable for general
population screening. Linked color imaging (LCI) is a novel image-enhanced endoscopy that can
distinguish subtle differences in mucosal color. In this study, we compared the use of LCI and LCE in the
screening of esophageal neoplastic lesions. Based on our analysis, we found that LCI is more specific than
LCE and represents a promising screening strategy.
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INTRODUCTION

Esophageal cancer is the seventh most common cancer and the sixth leading cause of cancer-related
deaths worldwide[1]. Most patients with esophageal cancer have progressed to an advanced stage when
diagnosed, with poor quality of life and an overall 5-year survival rate of less than 20%[2,3]. Esophageal
squamous cell carcinoma (ESCC) is the most common form of esophageal cancer worldwide, repres-
enting greater than 85% of all esophageal cancer cases[4,5]. Curative resection using endoscopic mucosal
resection or endoscopic submucosal dissection is possible for lesions with high-grade intraepithelial
neoplasia and most T1 tumors, offering less trauma, faster recovery and fewer complications[6].
Therefore, early diagnosis is critical for treatment success and prognostic improvement. Early identi-
fication and timely intervention of esophageal cancer or precancerous lesions are of great significance to
delay the progression of the disease, improve the prognosis and improve the quality of life.

However, under white light imaging (WLI) endoscopy, early neoplastic lesions are easily missed due
to the presence of small lesion areas and subtle differences in the surrounding mucosa color[7]. Histor-
ically, Lugol chromoendoscopy (LCE) has served as the standard diagnostic technique given its higher
detection rate[8-12]. However, its specificity is low due to light staining under conditions of inflam-
mation, which has been demonstrated in previous studies[13-15]. Furthermore, LCE occasionally
induces esophageal spasms and chest pain and is associated with the risk of aspiration and iodine
allergy[16,17].

With the advent of image-enhanced endoscopy, many studies have confirmed its efficacy in
diagnosing upper gastrointestinal neoplasms[13,18]. The LASEREO system (Fujifilm Corporation,
Tokyo, Japan), a new linked color imaging (LCI) technology, was recently developed. LCI images are
illuminated with white light and short wavelength narrow-band light in an appropriate proportion
simultaneously to realize the simultaneous expansion and contraction of colors. This procedure
facilitates enhancement of the red and white colors and makes it easier for the operators to identify the
subtle differences in mucosal color[18-21]. In our clinical work, it was found that LCI significantly
improved the ability to identify lesions. In a large-scale randomized comparative study, Ono et al[20]
reported the superiority of LCI over WLI in detecting neoplastic lesions in the upper gastrointestinal
tract. Previous studies reported the usefulness of LCI for esophageal neoplasm detection and
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assessments of invasive depth[20-24]. Although Yi et al[25] compared LCI and LCE in the diagnosis of
multiple primary esophageal cancers, no prospective study has compared the diagnosability of LCI with
LCE in screening esophageal neoplastic lesions to date. Therefore, we conducted a prospective
noninferiority study to compare the efficacy of non-magnifying LCI and LCE in detecting and
diagnosing ESCC and precancerous lesions. We evaluated whether LCE can be replaced by LCI in
detecting esophageal neoplastic lesions for the general population.

MATERIALS AND METHODS

Study design

This was a single-center, prospective, registered clinical study (No. ChiCTR2100045636) conducted at
the First Medical Center of Chinese PLA General Hospital that compared the detection of ESCC and
precancerous lesions using LCI vs LCE after a conventional white light examination. Endoscopic biopsy
is considered the gold standard for ESCC detection. The study was approved by the medical ethics
committee of the Chinese PLA General Hospital (Beijing, China), and informed consent forms were
obtained from all patients.

Patients

The regional screening studies of esophageal cancer in China revealed that endoscopic screening
starting at 40 years of age was cost-effective[26,27]. We recommended 40 years as the beginning age for
screening in the Chinese consensus[28]. The following inclusion criteria were employed: (1) Age > 40-
year-old; and (2) Provision of written consent to participate. The exclusion criteria were as follows: (1)
Contraindication for upper gastrointestinal endoscopy or general anesthesia; (2) Iodine allergy or
hyperthyroidism; and (3) Previous surgical resection or chemotherapy, radiotherapy or chemoradio-
therapy for ESCC (as these procedures may influence the mucosal surface, which is important for
detecting these lesions).

Diagnostic strategies

This study used an upper EG-590WR scope (Fujifilm) for gastroscopy. The specific examination
procedure was performed as follows. First, WLI examination was performed, and all detected lesions
were described. Second, LCI examination was performed, and all lesions detected were recorded in the
report (another researcher) but not biopsied immediately to avoid bleeding that could influence the
Lugol examination. Third, LCE was performed (2% Lugol dye was spread over the entire esophagus
using a spray catheter except near the upper esophageal sphincter given the risk of aspiration), and we
biopsied the suspected lesions detected by LCE. Finally, vitamin C solution was used to discolor the
Lugol-stained mucosa[29], and lesions suspected only in LCI mode were biopsied based on the recorded
location. All suspected lesions were biopsied, and the modality (only LCI, only LCE, or both LCI and
LCE) that detected each lesion was indicated in the report. A flow chart of the study is described in
Figure 1. All endoscopic operators were experienced and had completed at least 1000 endoscopies. The
diagnosis modality (LCI or/and LCE), size, location and macroscopic type (Paris classification[30]) of
each detected lesion were recorded and described after examination.

Outcome

The diagnostic criteria for intraepithelial neoplasia and ESCC proposed by the Vienna Classification are
as follows: Low-grade intraepithelial neoplasia (LGIN); high-grade intraepithelial neoplasia (HGIN),
ESCC and negative for neoplasia, including chronic esophagitis[31]. The primary outcome was the
sensitivity and specificity of the diagnostic strategies to detect squamous cell neoplastic lesions (LGIN,
HGIN and/or ESCC) according to histology. Endoscopically suspicious ESCC lesions and precancerous
lesions were defined as follows: (1) The presence of a reddish color change with a rough mucosal
surface in WLI (Figure 2A); (2) The presence of a well-demarcated red or red-orange color region in LCI
(Figure 2B)[21,22]; and (3) The presence of a well-demarcated unstained area > 5 mm in diameter or a
pink color area after iodine staining given that a Lugol-voiding lesion is more likely to be neoplastic
with increasing size (Figure 2C)[32,33].

All suspected lesions were pathologically evaluated by biopsy to determine their neoplastic nature. If
the lesion was confirmed to be neoplastic, it was a true positive for the detection modality. Conversely,
for non-neoplastic lesions, an unconfirmed suspected lesion was defined as a false positive for the
detection modality.

Major outcomes included sensitivity and specificity. The secondary outcome was procedure time. It
was possible to determine the length of the imaging operation using a clock linked to the endoscopic
equipment. The LCI procedure time was defined as the total examination time from the epiglottis to the
dentate line in the image files. The LCE procedure time was defined as the examination time from
spraying Lugol dye to complete discoloration.
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Figure 1 Flow chart of study design. ESCC: Esophageal squamous cell carcinoma; GI: Gastrointestinal; LCE: Lugol chromoendoscopy; LCI: Linked color
imaging; WLI: White light imaging.

Jaishideng®

Sample size

In this study, we calculated the required sample size for a noninferiority test using the PASS 15.0.5
sample size software (NCSS, LLC, Kaysville, UT, United States). We regarded LCE as the reference
endoscopy technique, and sensitivity was assumed to be 90.0%[13,14]. A sensitivity of 80.0% would be a
clinically adequate diagnostic value for screening endoscopy for ESCC. The sample size required was
535 patients using the Z test with pooled variance for a statistical power of 90% with statistical
significance defined as P < 0.05 (a = 0.05 and $ = 0.10).

Color analysis

Color analysis was performed using Adobe Photoshop CC2017 (Adobe Systems Inc., San Jose, CA,
United States). First, regions of interest of the lesion mucosa and surrounding mucosa were selected in
WLI and LCI, separately (Figure 3). Second, the Commission International de I'Eclairage - L*a*b* color
space was used to evaluate the mean color value in the regions of interest[34]. The three-dimensional
color parameters L* (black to white; range: 0 to + 100), a* (green to red; range: 128 to + 127) and b* (blue
to yellow; range: 128 to + 127) were used to define the color value. In Photoshop, L#, a* and b* represent
color scores (Lab color unit). Third, the color difference between the lesion and the surrounding mucosa
(A E) was represented by the distance connecting the two points:

AE = J{(AL %2 + (da*)2 + (4b *)2}

To reduce the influence of color difference depending on imaging conditions, we chose similar
distance and angle images in each mode to calculate color values. We calculated the A E of each image
in LCI and WLI. In addition, we calculated the A E of different neoplastic pathologies in LCI and
compared them.

Statistical analysis

All analyses were performed using SPSS 26.0 statistical software (IBM Corp., Armonk, NY, United
States). The characteristics and diagnostic yields of patients were presented as percentages (%) or
medians (interquartile range), and the color difference variables were expressed as the mean + SD.
Continuous variables were compared using the student’s ¢-test or the Mann-Whitney U test, whereas
categorical variables were compared using Pearson’s y” test or Fisher’s exact test. A two-tailed P value of
< 0.05 was considered statistically significant. The statistical methods of this study were reviewed by the
staff of the Department of Epidemiology and Statistics from the First Medical Center of PLA General
Hospital (Beijing, China).
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Figure 2 A single esophageal squamous cell carcinoma lesion visualized under the three detection methods. A: Under white light imaging; B:
Under linked color imaging; C: Under Lugol chromoendoscopy.

Figure 3 Method to measure the color difference between neoplastic and non-neoplastic lesions detected by white light imaging and

linked color imaging. A: Neoplastic lesion (1) and non-neoplastic lesion (2) detected by white light imaging; B: Neoplastic lesion (3) and non-neoplastic lesion (4)
detected by linked color imaging.

JBaishideng®

RESULTS

Participants

From March 2021 to May 2022, a total of 543 patients were enrolled in our study (Figure 1). Among
them, a total of 141 suspected lesions were identified in 115 patients. Of these lesions, 45 neoplastic
lesions (17 ESCC, 3 HGIN and 25 LGIN) were histologically confirmed in 43 (7.8%) patients (Table 1).
Among the 45 lesions, 38 lesions (17 ESCC, 3 HGIN and 18 LGIN) were endoscopically suspicious
during LCI examination; further, 41 lesions (17 ESCC, 3 HGIN and 21 LGIN) were endoscopically
suspicious during LCE examination. Regarding the diagnostic modality of the 45 lesions, 34 (75.6%)
lesions were identified by LCI and LCE compared to 4 (8.9%) lesions that were detected only by LCI and
7 (15.6%) lesions that were detected only by LCE.

Diagnostic performance of LCI and LCE for neoplastic lesions
In LCI mode, 74 suspected lesions underwent histological examination, and 38 lesions were confirmed
histologically in 36 patients. In LCE mode, 104 suspected lesions were detected, and 41 lesions were
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Table 1 Clinicopathological features of the patients

Item n % (nin total)
Patients with suspected lesions' 115 21.2 (115/543)
Inflammation 72 132

LGIN 25 46

HGIN B 0.5

ESCC 15 2.7
Suspected lesions, including non-neoplastic 141 -

Neoplastic lesions” 45 31.9 (45/141)
LGIN 25 17.7 (25/141)
HGIN 3 2.1 (3/141)
ESCC 17 12.1 (17/141)
Neoplastic lesions detected with LCI

LGIN 18 72.0 (18/25)
HGIN 3 100 (3/3)
ESCC 17 100 (17/17)
Neoplastic lesions detected with LCE

LGIN 21 84.0 (21/25)
HGIN 3 100 (3/3)
ESCC 17 100 (17/17)
Neoplastic lesions detected by different diagnosis modality

Only LCI 4 8.9 (4/45)
Only LCE 7 15.6 (7/45)
Both LCI and LCE 34 75.6 (34/45)
Neoplastic lesions per patient, mean (SD) 0.08 (0.29)

1Suspected lesions included neoplastic lesions and false positives (lesions detected but not confirmed to be neoplastic after histological examination).

*Neoplastic lesions confirmed by histological examination.

ESCC: Esophageal squamous cell carcinoma; HGIN: High-grade intraepithelial neoplasia; LCE: Lugol chromoendoscopy; LCI: Linked color imaging;

LGIN; Low-grade intraepithelial neoplasia; SD: Standard deviation.
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histologically confirmed in 39 patients. In Table 2, the sensitivity, specificity, positive predictive value
and negative predictive value for LCI for the diagnosis of ESCC/HGIN/LGIN were 83.7%, 92.4%, 48.6%
and 98.5%, respectively. The sensitivity, specificity, positive predictive value and negative predictive
value for LCE were 90.7%, 87.0%, 37.5% and 99.1%, respectively. No significant differences in
sensitivity, positive predictive value and negative predictive value were noted between LCI and LCE.
However, the specificity of LCI was significantly higher than that of LCE (92.4% vs 87.0%, P = 0.0023).

Characteristics of the neoplastic lesions detected by LCl and LCE

The characteristics of the neoplastic lesions detected by LCI and LCE of the respective comparison
groups are shown in Table 3. No significant differences in lesion location, size, morphologic type or
pathology were noted between the two modality groups. However, the procedure time was
significantly shorter for the LCI group compared with the LCE group [42 (34, 50) s vs 160 (130, 189) s, P
< 0.001].

All detected neoplastic lesions were further divided into three subgroups according to the different
diagnosis modalities: LCI only group (detected by LCI only, n = 4 lesions), LCE only group (detected by
LCE only, n = 7 lesions), and LCI + LCE group (detected by both LCI and LCE, n = 34 lesions). We
compared the clinicopathological features of the three groups in Supplementary Table 1. The lesion
location, morphologic type and pathology were comparable among the three groups. However, the
lesion sizes of the three groups were significantly different: 20 (55.8%) lesions in the LCI + LCE group
were > 20 mm; 3 (75%) lesions in the LCI only group were < 10 mm; and 7 (100%) lesions in the LCE
only group were < 10 mm (P = 0.016). We further compared the lesion size in the LCI only group and
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Table 2 Esophageal neoplastic lesions (non-inflammation) detected using linked color imaging and Lugol chromoendoscopy

Parameter LCI LCE Pvalue
Sensitivity 83.7 (36/43) 90.7 (39/43) 0.520
Specificity 92.4 (462/500) 87.0 (435/500) 0.007"
PPV 48.6 (36/74) 37.5 (39/104) 0.166
NPV 98.5 (462/469) 99.1 (435/439) 0.549

1P <0.01.

Data are presented as % (1/n total). LCE: Lugol chromoendoscopy; LCI: Linked color imaging; NPV: Negative predictive value; PPV: Positive predictive

value.

Table 3 Clinicopathological features of neoplastic lesions (non-inflammation) detected by linked color imaging and Lugol

chromoendoscopy, n (%)

ltem Det.ected by L(?I, n=236 Det.ected by L(?E, n=39 P value
patients/38 lesions patients/41 lesions
Lesion location 0.969
Upper 3(7.9) 3(73)
Middle 11 (28.9) 11 (26.8)
Lower 24 (63.2) 27 (65.9)
Morphologic type 0.902
I 1(2.6) 1(24)
Ia 9(23.7) 8 (19.5)
IIb 18 (47.4) 24 (58.5)
I 9(23.7) 7 (17.1)
I 1(2.6) 1(24)
Size in mm 0.814
<10 14 (36.8) 18 (43.9)
10-20 3(7.9) 3(73)
>20 21 (55.3) 20 (48.8)
Pathology 0.998
LGIN 18 (47.4) 21 (51.2)
HGIN 3(7.9) 3(7.3)
ESCC EP/LPM 3(7.9) 3(73)
MM/SM1 1(2.6) 1(24)
2 SM2 13 (34.2) 13 (31.7)
Procedure time (s), median (IQR) 42 (34, 50) 160 (130, 189) <0.001"

'P value < 0.01.

EP: Epithelial; ESCC: Esophageal squamous cell carcinoma; HGIN: High-grade intraepithelial neoplasia; IQR: Interquartile range; LCE: Lugol
chromoendoscopy; LCI: Linked color imaging; LGIN: Low-grade intraepithelial neoplasia; LPM: Lamina propria mucosa; MM: Muscularis mucosa; SM1:
Submucosa invading < 200 pm below the inferior margin of the muscularis mucosa; SM2: Submucosa invading > 200 pm below the inferior margin of the

muscularis mucosa.

LCE only group, and the difference was not statistically significant (P = 0.364).

Color analysis
Of the 45 neoplastic lesions, 30 lesions had endoscopic images with clear visibility. Color analysis was
conducted in the 30 lesions. Supplementary Table 2 compares the color difference between the lesion

Bishidengs WIG | https://www.wjgnet.com 1905 March 28,2023 | Volume?29 | Issuel2 |


https://f6publishing.blob.core.windows.net/a1a41ae7-2ca3-47ba-9e90-3c67a9f51477/WJG-29-1899-supplementary-material.pdf

Wang ZX et al. LCI and LCE screening esophageal cancer

Jaishideng®

and surrounding mucosa in WLI and LCI. We found that the A E between the lesions and the
surrounding mucosa was significantly higher in LCI compared with WLI (21.20 + 9.79 vs 15.92 + 7.50,
respectively, P = 0.023). For the three-dimensional color parameters of L*a*b*, A a* was higher in LCI
than in WLI (12.43 + 10.00 vs 4.97 £ 6.96, respectively, P = 0.001), and A L* and A b* were similar in LCI
and WLI. We further analyzed the color difference between the lesion and surrounding mucosa in
different neoplastic pathologies (LGIN, HGIN and ESCC) in LCI mode, as shown in Supple-
mentary Table 3. However, no significant differences in AE, A L*, Ag*and A b* were noted among the
three pathological types.

DISCUSSION

In this prospective study, we demonstrated that the sensitivity and specificity of LCI to detect ESCC
and/or precancerous lesions (LGIN or/and HGIN) are acceptable. The specificity of LCI is higher than
that of LCE, and the differences in sensitivity between the two modes were not obvious.

Previous studies have reported the utility of LCE in the detection of esophageal cancer[7,10-12]. LCE
has served as the reference technique in patients at high risk for esophageal cancer[8,9]. Nevertheless,
LCE is not suitable for general population screening given its side effects[16,17]. As a type of enhanced
endoscopy, some studies have shown that narrow-band imaging is comparable to LCE in detecting
esophageal cancer due to its excellent sensitivity and specificity[13-15]. Narrow-band imaging is
typically combined with magnifying endoscopy, and the requirements for hospitals and operators are
relatively high. LCI is a novel enhanced endoscopic technique, and Ono et al[20] reported that the
detection rate of LCI in the diagnosis of neoplastic lesions in the upper gastrointestinal tract is 1.67 times
higher than that of WLI. Yi et al[25] compared LCI and LCE in the detection of multiple primary
esophageal cancers in primary ESCC patients and found that both modalities exhibited great value for
multiple primary esophageal cancers. However, no study has compared their screening ability. To the
best of our knowledge, this was the first prospective study to compare the effectiveness of LCI and LCE
in screening esophageal cancer and precancerous lesions.

The present results showed that LCI is significantly more specific than LCE (92.4% vs 87.0%, P =
0.0023), and both modes exhibited high sensitivity for detecting neoplastic lesions (LGIN/HGIN/ESCC)
(83.7% ©vs 90.7%, P = 0.520). The lesions were all pathologically diagnosed as LGIN (7 lesions in LCI and
4 in LCE). Therefore, our study results were consistent with previously published data reporting that
the sensitivity of narrow-band imaging and Lugol for the diagnosis of ESCC and/or HGIN was approx-
imately 100%[13,14]. The LCI only group included a lesion approximately 4 cm in length, and no
unstained areas were observed. Based on the endoscopic findings, we thought that it was an erosive
mucosal lesion caused by gastric acid reflux. Our results indicate that the capability of LCI to detect
neoplastic lesions is acceptable.

The LCI technique is convenient for clinical endoscopists to use with the Fujifilm system because the
imaging modes can easily be switched during the examination. Thus, the process is not as time-
consuming as iodine staining. In our research, the median LCI procedure time was significantly shorter
than for LCE (42 s vs 160 s, P < 0.001). In addition, Lugol solution can irritate the mucosa and may cause
many side effects (chemical esophagitis, laryngitis, bronchopneumonia, chest pain, esophagospasm,
gastritis and hypersensitivity)[16,17]. In clinical practice, the upper end of the Lugol staining site is
generally less than 20 cm from the incisor given the high risk of solution aspiration. Therefore, it is
difficult to detect cervical esophageal lesions, which reduces the detection of synchronous or
metachronous neoplastic lesions. Therefore, the LCI technique is more useful for the diagnosis of ESCC
or precancerous lesions given the mild mucosal irritation.

After color analysis, we found that the color difference between the lesion and the surrounding
mucosa was greater for LCI compared with WLI. The results demonstrated that the lesion was more
visible in LCI mode, which is consistent with previous studies[18,19,21,22]. Kobayashi et al[21] invest-
igated the relationship between color information and the invasion depth of ESCC in LCI mode. They
found that the color difference was greater in muscularis mucosa/submucosa invading <200 pm below
the inferior margin of the muscularis mucosa or deeper lesions compared with epithelium and lamina
propria mucosa lesions using LCI. However, they did not compare the color differences between ESCC
and precancerous lesions. In our study, we further compared the color difference of different neoplastic
pathologies in LCI mode, and the differences among LGIN, HGIN and ESCC were not significant.
Notably, Tsunoda et al[35] reported a case using LCI and blue laser imaging with Lugol staining to
provide an accurate diagnosis of ESCC and squamous intraepithelial neoplasia. Therefore, whether LCI
and blue laser imaging combined with Lugol staining can be used to evaluate esophageal neoplastic
lesions before endoscopic treatment deserves further study.

There are some limitations in our study. First, the number of lesions, especially neoplastic lesions,
was low. Second, LCI and LCE can be performed sequentially during the same endoscopy procedure,
but it is impossible to perform them in the reverse order. Thus, we were unable to perform a random
crossover trial. Third, the images obtained in this study included two arbitrary regions of interest in the
lesion mucosa and surrounding mucosa, which may have sampling errors and affected the
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measurement results. However, for the WLI and LCI modes, we choose similar distance and angle
images to calculate color values to reduce the influence of color differences based on various conditions.
In the future, we need to conduct a multicenter study and collect more neoplastic lesions to further
evaluate the usefulness of LCI. Further evaluation of the validity of LCI in diagnosing the depth of
invasion of ESCC is also warranted.

CONCLUSION

Our study confirmed that LCI is efficient and specific for the surveillance of ESCC without causing
discomfort. In the future, LCI, as a promising screening strategy, could replace LCE in the screening of
esophageal neoplastic lesions in the general population.

ARTICLE HIGHLIGHTS

Research background

Lugol chromoendoscopy (LCE) has served as a standard screening technique in high-risk patients with
esophageal cancer. Nevertheless, LCE is not suitable for the general population screening given its side
effects. Linked color imaging (LCI) is a novel image-enhanced endoscopic technique that can distinguish
subtle differences in mucosal color. It would be beneficial for the general population if LCE can provide
similar diagnostic performance to LCL

Research motivation

We compared the diagnostic performance of LCI with LCE in detecting esophageal squamous cell
carcinoma (ESCC) and precancerous lesions. If LCI can replace LCE in detecting esophageal neoplastic
lesions, it would be useful for esophageal screening in the general population.

Research objectives

As a novel image-enhanced endoscopic technique, LCI has been confirmed to be superior to white light
imaging (WLI) in detecting neoplastic lesions in the upper gastrointestinal tract. We aimed to confirm
that the diagnostic performance of LCI is comparable to LCE for the surveillance of ESCC.

Research methods

This was a single-center, prospective, registered clinical study. In this noninferiority study, we
prospectively enrolled 543 patients who underwent WLI, LCI and LCE successively. We compared the
sensitivity and specificity of LCI and LCE in the detection of esophageal neoplastic lesions. We further
used L*a*b%* color space to evaluate the color differences of LCI.

Research results

In total, 43 patients were analyzed. The sensitivity of LCI was similar to that of LCE, whereas the
specificity of LCI was greater than that of LCE. The LCI procedure time in the esophageal examination
was significantly shorter than that of LCE. However, the color difference in LCI was similar in different
pathological types.

Research conclusions

Our study showed that LCI is efficient and specific for the surveillance of ESCC without causing
discomfort. In the future, LCI, as a promising screening strategy, could replace LCE in the screening of
esophageal neoplastic lesions in the general population.

Research perspectives

Because of the low detection rate of esophageal cancer, we were only able to enroll a limited number of
neoplastic lesions. In the future, we need to conduct a multicenter study and collect more neoplastic
lesions to further evaluate the usefulness of LCI. Further evaluation of the validity of LCI in diagnosing
the depth of invasion of ESCC is also warranted.
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