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Abstract

Inflammasomes are multiprotein intracellular complexes which are responsible
for the activation of inflammatory responses. Among various subtypes of
inflammasomes, NLRP3 has been a subject of intensive investigation. NLRP3 is
considered to be a sensor of microbial and other danger signals and plays a
crucial role in mucosal immune responses, promoting the maturation of
proinflammatory cytokines interleukin 13 (IL-1p) and IL-18. NLRP3
inflammasome has been associated with a variety of inflammatory and
autoimmune conditions, including inflammatory bowel diseases (IBD). The role
of NLRP3 in IBD is not yet fully elucidated as it seems to demonstrate both
pathogenic and protective effects. Studies have shown a relationship between
genetic variants and mutations in NLRP3 gene with IBD pathogenesis. A
complex interaction between the NLRP3 inflammasome and the mucosal
immune response has been reported. Activation of the inflammasome is a key
function mediated by the innate immune response and in parallel the signaling
through IL-1P and IL-18 is implicated in adaptive immunity. Further research is
needed to delineate the precise mechanisms of NLRP3 function in regulating
immune responses. Targeting NLRP3 inflammasome and its downstream
signaling will provide new insights into the development of future therapeutic
strategies.

Key words: NLRP3 inflammasome; Inflammatory bowel diseases; Mucosal immune
system; Interleukin 1f; Interleukin 18; NLRP3 gene polymorphisms
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Core tip: NLRP3 inflammasome plays a major role in inflammatory bowel diseases
(IBD) pathogenesis through its contribution to chronic inflammatory processes.
Abnormal activation of NLRP3 inflammasome has been observed in inflamed tissue of
IBD murine models and patients, highlighting its possible pathogenic role in the disease.
However, protective effects of NLRP3 function have also been recorded. The pathogenic
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Tourkochristou E et al. NLRP3 inflammasome in IBD

NLRP3 inflammasome activity in mucosal immune system may be implicated in the
aberrant immune responses and in the disruption of intestinal homeostasis that
characterizes IBD. Targeting NLRP3 inflammasome and its downstream signaling will
provide new insights into the development of future therapeutic strategies.
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INTRODUCTION

The innate immune system is the first-line host defense specified to recognize specific
microbial pathogens, named pathogen-associated molecular patterns and damage-
associated molecular patterns, and to sense microbial and other danger signals. These
functions occur in macrophages, neutrophils, monocytes, dendritic cells (DCs), and
epithelial cells through host pattern recognition receptors, such as toll-like receptors
and nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs)!'-l.
NLRs play a critical role in innate immune responses and intestinal tissue repair!'l.

The NLRP (NOD-like receptor family, pyrin domain-containing) subfamily
comprises several subtypes and NLRP3 is one of the best-characterized. The
multiprotein complex of NLRP3, called the NLRP3 “inflammasome”, consists of three
major components —the sensor NLRP3 protein, the adaptor-apoptosis-associated
speck-like protein containing a N-terminal PYRIN-PAAD-DAPIN domain and a C-
terminal caspase recruitment domain (CARD) (ASC) and the effector protein-caspase-
1541 Activation of NLRP3 occurs when the host is subjected to an exogenous or
endogenous stimulus, resulting in the recruitment of ASC and caspase 1. The
stimulated NLRP3 interacts with ASC and pro-caspase-1 binds to ASC via CARD to
assemble into a large cytosolic complex, which triggers activation of caspase-1. Active
caspase-1 cleaves the pro-inflammatory cytokines interleukin 1 $ (IL-1B) and IL-18
from their precursors to their biologically active forms!”. These cytokines induce
inflammation by promoting the production of proinflammatory cytokines,
chemokines and growth factors (Figure 1), as well as recruiting and activating other
immune cells. NLRP3 inflammasome has been associated with a variety of
inflammatory and autoimmune conditions including inflammatory bowel diseases
(IBD)¥I. Crohn’s disease (CD) and ulcerative colitis (UC) are the main types of IBD.
UC is usually limited to the colon and consists of diffuse mucosal inflammation,
whereas CD can involve inflammation at any part of the gastrointestinal tract (from
mouth to anus)!'""'l. Although the etiology of IBD pathogenesis is not fully elucidated,
it has been widely suggested that a genetic-environmental mediated dysregulation of
the mucosal immune response is implicated in these diseases. The NLRP3
inflammasome, acting as a sensor of microbial and other danger signals, plays a
fundamental role in host defensel'*'"l. Recent data have demonstrated the function of
NLRP3 inflammasome, not only as a crucial mediator of host defense but also as a
critical regulator of intestinal homeostasis!'”. However, the studies on the role of
NLRP3 inflammasome in IBD have reported controversial findings.

NLRP3 INFLAMMASOME IN IBD PATHOGENESIS: DATA
FROM ANIMAL AND HUMAN STUDIES

Animal studies

The exact role of NLRP3 in IBD is not yet fully elucidated as it seems to demonstrate
both pathogenic and protective effects. The study by Bauer et al'"! was conducted in
two IBD models (dextran sulfate sodium and 2,4,6-trinitrobenzene sulfonic acid
induced colitis) and showed that mice with NLRP3 deficiency [NLRP3(-/-)] exhibited
attenuated colitis. This result was followed by increased numbers of
immunosuppressive CD103* tolerogenic DCs!'"l. An abnormal NLRP3 activation has
also been reported to play an important pathogenic role in IBD, in a study using a
murine IBD model!"”l. In this report, NLRP3 and ASC protein levels were significantly
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Figure 1 NLRP3 inflammasome structure. NLRP3 inflammasome consists of three major components-the sensor NLRP3 protein, the adaptor-apoptosis-associated
speck-like protein (ASC) which contains a N-terminal PYRIN-PAAD-DAPIN domain (PYD) and a C-terminal caspase recruitment domain (CARD) and the effector
protein-caspase-1. Activation of NLRP3 occurs when the cell is subjected to pathogen-associated molecular patterns and damage-associated molecular patterns. The
stimulated NLRP3 interacts through PYD domain with ASC and pro-caspase-1 binds to ASC via CARD to assemble into a large cytosolic complex, which triggers
activation of caspase-1. Active caspase-1 cleaves the pro-inflammatory cytokines interleukin 1p (IL-18) and IL-18 from their precursors to their biologically active forms
inducing inflammation. ASC: Adaptor-apoptosis-associated speck-like protein; CARD: C-terminal caspase recruitment domain; PYD: PYRIN-PAAD-DAPIN domain; IL:
Interleukin; PAMPs: Pathogen-associated molecular patterns; DAMPs: Damage-associated molecular patterns.
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elevated in the colonic mucosa of deficient mice for anti-inflammatory cytokine IL-10
(IL-10-/-) before the onset of colitis compared to the wild type (WT) micel""l. Other
studies using spontaneous colitis mice showed that the inhibition of caspase-1 activity
and the selected blockade of NLRP3 complex ameliorated colonic inflammation and
were associated with decreased colitis!"*"l. In contrast, a protective role of NLRP3
inflammasome was recorded in studies presenting that mice with NLRP3, ASC or
caspase-1 deficiency exhibited more severe experimental colitis and decreased
intestinal epithelial integrity””?'l. The association of NLRP3 deficiency with IBD
severity was also highlighted in an oxazolone-induced colitis murine model, mediated
by T helper 2 (Th2) cytokines (IL-4, IL-13)*?. Th2 cytokines, such as IL-4 and IL-13,
were increased at mRNA and protein level in NLRP3-/- mice compared to WT
micel”.. NLRP3-/- and caspase 1-/- mice exhibited severe colitis after oxazolone
treatment compared to WT micel””. Administration of IL-1p or IL-18 prevented
progression of colitis in NLRP3-/- mice, but did not affect the severity of colitis in WT
mice™.

Therapeutic strategies targeting NLRP3 activity are used in IBD murine models,
highlighting the potent clinical relevance of NLRP3 in the disease. A micro-RNA
(miR-223) has been shown to be an important therapeutic target for IBD™!. It regulates
the NLRP3 inflammasome activity, by interfering and inhibiting mRNA expression of
NLRP3 genel”]. Treatment of experimental colitis mice with nanoparticles for
overexpression of miR-223 ameliorated colitis symptoms and caused a decrease in
protein levels of NLRP3 and IL-1p™. The therapeutic potential of the blockade of IL-
1p and IL-18 cytokines has also been reported. Experimental colitis mice with genetic
and pharmacological deficiency of IL-1p and IL-18 exhibited attenuated colitis**l.
Lastly, in a murine colitis model, suppression of pyroptosis signaling through
Cholecalciterol Cholesterol Emulsion was associated with ameliorated diseasel”.

Human studies
Human data have demonstrated that the NLRP3 inflammasome activity plays a key
part in IBD pathogenesis. Lazaridis et al*°l, presented that ex vivo NLRP3
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inflammasome was activated in CD patients whereas in UC patients NLRP3
activation occurred in late disease stage compared to controls. This finding was
combined with an in vitro increase in IL-1 concentrations in peripheral blood
mononuclear cells of CD patients compared to UC patients and controls?. A recent
study has displayed an upregulation of NLRP3 components in both CD and UC
patients as increased mRNA expression of NLRP3, IL-1, ASC and Caspase-1 was
observed in their colonic biopsies; this result was associated with increased disease
activity™l. Inhibition of NLRP3 inflammasome in CD patients resulted in suppressive
response of proinflammatory cytokines and chemokines, emphasizing the pathogenic
contribution of NLRP3 aberrant activation in the diseasel'"l.

Moreover, IL-1p and IL-18 cytokines have been increased in plasma and colonic
mucosa of IBD patients?”**’l. Increased IL-1f secretion from colonic tissues and
macrophages in IBD patients has been correlated to the severity of the disease, by
promoting chronic intestinal inflammation” . In a study encompassing children
with IBD, the balance between IL-18 cytokine and its natural inhibitor IL-18-binding
protein (IL-18BP) has been involved in IBD pathogenesis™. Specific microRNAs have
been correlated to UC activity based on a high-throughput profiling of blood serum
microRNAs of UC patientsl’'). A major involvement of microRNAs in IBD
development, through interfering NLRP3 activity, has been observed. NLRP3
deficiency in IBD patients, caused by a microRNA, called miR-223, which inhibits
NLRP3 gene expression, was associated with active inflammation state in IBD, as
increased miR-223 levels were observed in mucosal biopsies*-.

Clinical studies which target NLRP3 inflammasome activity are limited™ .
Curcumin, an NLRP3 inhibitor acting by interfering the inflammasome-mediated
secretion of IL-1P and activation of caspase-1, has been proven to be a potential and
safe agent for the treatment of UC™.. The use of curcumin combined with mesalamine
in UC patients was linked to clinical improvement and endoscopic remission”*1.

The controversial data on the NLRP3 activity in IBD reveal the complicated and
probably diverse role of NLRP3 inflammasome in IBD. The NLRP3 activation seems
to be a major characteristic in inflamed tissue of IBD murine models and patients, as
high expression levels of its components have been observed. Activation of NLRP3
inflammasome constitutes a crucial step in the initiation of inflammatory processes,
which results in tissue damage and IBD clinical manifestations development. Thus,
NLRP3 pathogenic effect may be due to increased or aberrant activity of the complex.
The etiological factors of inflammasome abnormal activity remain to be clarified.
Furthermore, the possibility of the NLRP3 inflammasome exerting a protective
function during inflammation as a compensatory mechanism of maintaining intestinal
homeostasis, should be investigated. Study on molecular regulation of NLRP3
inflammasome activity during inflammation will provide useful knowledge in
development of therapeutic approaches in IBD. Activation of NLRP3 inflammasome
as well as endpoints of this process (IL-1p, IL-18, pyroptosis) seem to be promising
therapeutic options which need further research.

GENETIC STUDIES ON THE ROLE OF NLRP3
INFLAMMASOME IN IBD

Numerous genetic studies have been performed to explain the association of genetic
variants in NLRP3 inflammasome with IBD pathogenesis. These data suggest that
NLRP3 inflammasome dysregulation may have a prominent role in the pathogenesis
of IBD. Genetic variations could be responsible for NLRP3 enhanced or reduced
activity, affecting the microenvironment balance and inflammatory state in
pathological conditions such as IBD. Mutations or polymorphisms in NLRP3 have
been associated with inflammatory diseases!™*.

Specific single nucleotide polymorphisms (SNPs), which are located in a regulatory
region downstream the NLRP3 gene, have been linked to CD susceptibility. These
SNPs have been related to hypoproduction of IL-1p and decreased NLRP3
expression!’l. However, a panel study showed no significant associations among
SNPs in the regulatory region of NLRP3 and CD pathogenesis!*’l. Another SNP
analysis in CD and UC patients of Chinese Han population demonstrated an
association between two SNPs in NLRP3 gene, with susceptibility to UC but not to
CDl,

A mutation affecting a component of NLRP3 inflammasome could also contribute
to susceptibility to IBD. A study in CD patients, who carry a loss-of-function mutation
of T60 CARDS, a negative regulator of inflammasome activation, has reported
increased NLRP3 inflammasome activity and excessive production of IL-1p and IL-18
by monocytes!*l. This mutation resulted in decreased overall CARDS function, which
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normally regulates negatively NLRP3 activation by inhibiting its oligomerizationt*!. A
combination of polymorphisms in NLRP3 and CARDS genes has been linked to high
risk of developing CD in men*l.

Nevertheless, hyperactivation of NLRP3 inflammasome has been suggested to be a
protective mechanism against colitis in a murine model“’. Particularly, genetically
modified mice carrying the NLRP3 R258W mutation, which induces hyperactivation
of NLRP3 inflammasome, were strongly resistant to experimental colitis”. This result
was due to an excess of local IL-1p production, but not IL-18, which causes the
intestinal microbiota to induce local regulatory T cells (Tregs) , maintaining intestinal
homeostasis!*l.

Mutations or polymorphisms related to NLRP3 inflammasome genes contribute to
IBD susceptibility in various ways. It has been reported that an aberrant activity of
NLRP3 inflammasome in IBD may be due to a specific genetic background. Further
studies, which will elucidate the link among NLRP3 inflammasome associated genes,
genetic susceptibility and the molecular function and mechanisms of NLRP3
inflammasome, will provide new insights into the field of IBD pathogenesis.

ROLE OF NLRP3 INFLAMMASOME IN MUCOSAL IMMUNE
RESPONSES

There is a complex interaction among the NLRP3 inflammasome, the mucosal
immune response and the gut homeostasis. A disrupted inflammasome signaling may
result in dysbiosis and increased colonization of pathobionts. Intestinal microbiota
plays a crucial role in regulating gut homeostasis!”’*’l. Alterations in the microbiota
composition initiate aberrant innate immune responses!*). Microbiota infiltrates into
the lamina propria and recruits immune cells which secrete cytokines, chemokines
and antimicrobial agents promoting inflammation'’. NLRP3 inflammasome may also
lead to death of innate cells such as macrophages and DCs by triggering a caspace-1-
dependent form of cell death, called pyroptosis®’!. Thus, NLRP3 inflammasome can
have a dual role in IBD pathogenesis, related to initiation and maintenance of
inflammation. Firstly, a disrupted NLRP3 signaling may alter the colonization of
intestinal microbiota, causing dysbiosis, a crucial condition for IBD development.
Secondly, NLRP3 inflammasome through pyroptosis may promote a vicious circle of
inflammation, leading to tissue destruction due to consecutive release of cellular
debris, which will reactivate immune cells.

Aberrant Th cell responses play a major role in IBD pathogenesis. In particular,
chronic inflammation in CD has been associated with Th1 immune responses. High
levels of Thl cytokines and high expression of transcription factors and cytokine
receptors that promote Thl cell development, have been reported”'. Moreover, it has
been noted that dysfunction of immunosuppressive Th cells, such as Tregs and Th3
cells, may constitute a pathogenic factor for CD. Th17 cells have an important role in
IBD, and especially in CD, by stimulating intestinal inflammation and regulating the
integrity of epithelial cell barrier”. By contrast, UC is considered to be a Th2 driven
disease, as inflamed tissue in UC patients expresses high levels of Th2-associated
cytokines!™ !,

NLRP3 protein, which is crucial for NLRP3 inflammasome formation, has been
proven to be a key regulator in Th2 differentiation. Bruchard et al*! supported that
NLRP3 expression in naive CD4+ T cells induced a Th2 immune profile in a mouse
model. NLRP3 protein can act as a transcriptional factor, regulating the expression of
genes associated with the Th2 cells, independently of the inflammasome!*. IL-1p,
which is produced as a result of activation of NLRP3 inflammasome, has been found
to contribute to differentiation of Th lymphocytes, such as Th17 and Th1 derived from
Th17 cells in vitro and in vivo™, and to enhance the antigen-driven expansion of naive
and memory T cells".

The mechanism, by which NLRP3 inflammasome links innate to adaptive
immunity in IBD, has not been elucidated. Mak'Anyengo et all™*), using a T cell transfer
murine colitis model, examined the role of the NLRP3 inflammasome in DCs’
differentiation, T cell polarization and intestinal inflammation. Intestinal DCs have a
significant involvement in antigen presentation, T cell activity and Tregs
differentiation. Specifically, intestinal CD103* DCs have immunosuppressive function
and promote Tregs activity!”’l. Mak'Anyengo et al**! showed that NLRP3
inflammasome-driven cytokine release of IL-1P led to the induction of Th17
inflammatory immune responsel™l. NLRP3-deficient mice with decreased IL-1f levels
were protected from colitis due to accumulation of CD103* DCs. This study suggested
that NLRP3 inflammasome acts as a checkpoint regulator of IL-1f3 and IL-18 in the
intestine, controlling the secretion of DC-expanding cytokines by T cells in vitro and in
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vivol*l,

NLRP3 inflammasome activation results in the maturation of proinflammatory
cytokines IL-1p and IL-18. IL-1P has a multifunctional role in immune responses,
inducing cytokine production, enhancing T cell activation and antigen recognition,
and directing innate immune cells to the site of infection®"*\. Increased levels of IL-1
have been recorded in IBD patients and mice models and have been associated with
severity of diseasel”l. IL-1f signaling is required for the development of acute
inflammation in both T cell-independent and T cell-mediated colitis**l. The
pathogenic activity of IL-1p in IBD has been shown to induce the accumulation of IL-
17A producing cells and Th17 inflammatory responses. However, the dominant role
of IL-1p in IBD development has not been fully determined 1. IL-1f signaling
induces activation of nuclear factor kappa light chain enhancer of activated B cells
(NF-xB) and mitogen-activated protein kinase signaling cascades which results in the
transcriptional activation of genes encoding cytokines, chemokines and a variety of
pro-inflammatory mediators!**.

IL-18 is another cytokine which belongs to the IL-1 family of cytokines. Constant
expression of IL-18 has been proposed to be important for the maintenance of
epithelial integrity. IL-18 can promote barrier function in the intestine, controlling the
outgrowth of colitogenic bacteria®. The role of IL-18 in immune responses has also
been noted. It induces interferon gamma (IFN-y) production by natural killer and T
cells in the presence of IL-12, whereas in the absence of IL-12, IL-18 promotes Th2
responses by inducing IL-4 production!l. Although increased plasma levels of free IL-
18 have been reported in CD patients!”’], an immunomodulatory activity of this
cytokine has been demonstrated in chronic inflammation in IBD. An in vitro analysis
of cells isolated from CD lesions showed that IL-18 affects IFN-y and IL-10 production
and apoptosis. T cells isolated from inflamed tissue of CD patients in the presence of
IL-18 had increased IFN-y and decreased IL-10 production compared to controlst®l.
Inhibition of IL-18 with recombinant human IL-18 binding protein (rhIL-18BPa) in
experimental colitis model was associated with reduced apoptosis of lamina propria
CD4+ T cells’l. Protective function of IL-18 in IBD has been suggested in a T-cell
driven colitis modell). IL-18R1 receptor expression on CD4+ T cells seems to be
crucial for suppression of IL-17 production and Th17 differentiation. In addition,
during intestinal inflammation, IL-18/IL-18R1 signaling has been shown to play a key
role in Tregs function, by promoting expression of their effector molecules!*’.

PERSPECTIVE

NLRP3 inflammasome is probably a key point in inflammatory processes that
characterize IBD. The differential role of the inflammasome in IBD is supported by
controversial findings about its protective and pathogenic activity; NLRP3
inflammasome has either pathogenic activity, the etiological factors of which have not
been elucidated, or it acquires a protective function during the disease, being a
compensatory mechanism. Further animal and human studies are needed to examine
these hypotheses. Specific genetic background may be responsible for the aberrant
activity of NLRP3 inflammasome in IBD. Investigation of the link between genetic
susceptibility of NLRP3 inflammasome associated genes and molecular regulation of
NLRP3 inflammasome, is of particular importance. NLRP3 inflammasome acts as a
potent regulator of mucosal immune responses and intestinal homeostasis due to its
association with innate and adaptive immunity. Targeting activation of NLRP3
inflammasome and the related endpoints (IL-1(, IL-18, pyroptosis) will provide new
insights into the development of novel therapeutic options in IBD.
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Abstract

Obesity is a global health epidemic with considerable economic burden. Surgical
solutions have become increasingly popular following technical advances leading
to sustained efficacy and reduced risk. Sleeve gastrectomy accounts for almost
half of all bariatric surgeries worldwide but concerns regarding its relationship
with gastroesophageal reflux disease (GERD) has been a topic of debate. GERD,
including erosive esophagitis, is highly prevalent in the obese population. The
role of pre-operative endoscopy in bariatric surgery has been controversial. Two
schools of thought exist on the matter, one that believes routine upper endoscopy
before bariatric surgery is not warranted in the absence of symptoms and another
that believes that symptoms are poor predictors of underlying esophageal
pathology. This debate is particularly important considering the evidence for the
association of laparoscopic sleeve gastrectomy (LSG) with de novo and/or
worsening GERD compared to the less popular Roux-en-Y gastric bypass
procedure. In this paper, we try to address 3 burning questions regarding the
inter-relationship of obesity, GERD, and LSG: (1) What is the prevalence of GERD
and erosive esophagitis in obese patients considered for bariatric surgery? (2) Is it
necessary to perform an upper endoscopy in obese patients considered for
bariatric surgery? And (3) What are the long-term effects of sleeve gastrectomy
on GERD and should LSG be done in patients with pre-existing GERD?

Key words: Reflux; Erosive; Acid; Bariatric; Obesity; Gastric bypass; Endoscopy

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The convenience and ease of sleeve gastrectomy comes at a risk of de novo or
worsening of pre-existing gastroesophageal reflux disease. Candidates for bariatric
surgery should have a thorough evaluation of reflux symptoms as well as esophageal
anatomy and pathology. This should be followed by an informed and open discussion
with the patient about risks and benefits of different bariatric surgical options leading to
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INTRODUCTION

Obesity is a modern-day global epidemic with significant health and economic
burden. According to the World Health Organization, 650 million adults (13% of all
adults) and over 340 million children and adolescents are overweight or obesel'l. In
light of the oft-disappointing long-term results of medical and behavioral
interventions, an increasingly larger number of obese patients are turning to
minimally invasive bariatric surgery. According to the American Society for
Metabolic and Bariatric Surgery, approximately 216000 individuals underwent
bariatric surgery in 2016 in the United States, a net increase of 36.7% over a five-year
period starting in 20117. Laparoscopic sleeve gastrectomy (LSG) is currently the most
popular procedure accounting for more than 50% to 60% of bariatric surgeries
worldwidel””l. Two recent large randomized trials have confirmed that there is no
significant difference in excess weight loss between LSG and laparoscopic Roux-en-Y
gastric bypass (RYGB) at 5 years of follow-up!*’l. However, enthusiasm for this
relatively simple procedure has been curtailed by concerns of post-operative
gastroesophageal reflux disease (GERD), as a result of either persistent or de novo
reflux®. This remains an issue of significant controversy and active debate in clinical
practice. At the Fifth International Consensus Conference on LSG, 52.5% of general
surgeons and 23.3% of bariatric experts considered GERD a contraindication to LSGI’.
This article will address 3 burning questions concerning the inter-relationship
between obesity, GERD, and LSG.

WHAT IS THE PREVALENCE OF GERD AND EROSIVE
ESOPHAGITIS IN OBESE PATIENTS CONSIDERED FOR
BARIATRIC SURGERY?

Obesity is an important risk factor for GERD and is associated with esophageal
complications such as erosive esophagitis (EE), Barrett's esophagus, and esophageal
adenocarcinoma!”*l. GERD has been reported in as many as 62.4% to 73% of bariatric
surgery candidates!”'”l. The pathophysiological mechanisms predisposing to GERD in
obesity include increased intra-abdominal pressure!", impaired gastric emptying!'?,
decreased lower esophageal sphincter (LES) pressure, and higher frequency of
transient LES relaxation”".. In addition, a higher prevalence of hiatal hernia has been
described in obese individuals!”. Central obesity, rather than body mass index (BMI),
is more closely associated with GERD"“l. High-resolution manometry suggests that
both intragastric pressure and gastroesophageal pressure gradient correlate primarily
with waist circumference!".

Overweight and obesity (especially abdominal visceral obesity) are also risk factors
for EE. EE is associated with higher distal acid exposure time (percentage time with
pH < 4) and higher percentage of reflux episodes reaching the proximal esophagus!’l.
El-Serag et al”! showed that patients with a BMI > 30 are 2.5 times more likely to have
reflux symptoms and EE than those with a normal BMI. A meta-analysis of 6 studies
showed that the adjusted risk ratio for EE was 1.76 in patients with BMI > 25
compared to those with BMI < 25!"l. Prospective endoscopic studies in bariatric
surgery candidates have documented a high prevalence of EE in obese individuals
ranging from 4.2% to 33.9% (Table 1)F-'%*-*1. Risk factors for EE varied between
studies and included increased waist circumference, insulin resistance, and presence
of reflux symptoms!"'l. It is important to note that the absence of symptoms does not
exclude erosive disease. In one study, 12.3% of obese patients with low probability of
reflux symptoms (low GERDQ score < 8) had EE". The literature is conclusive on the
matter: Obesity is associated with higher prevalence of GERD and erosive esophagitis.
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Table 1 Prospective studies on the prevalence of erosive esophagitis in obese patients

Publication

Year

Number of subjects Prevalence of EE (%) Comments

Verset et all']

Ortiz et al”!

Csendes et all'’]

Merrouche et all''!

Dutta et all'”]

Tai et al”"!

Martin-Perez et al*!]

Carabotti et all*’]

Mora et all*’]

Sharara et all”*]

1997

2006

2007

2007

2009

2010

2014

2015

2016

2019

147 30.6 High incidence of peptic
lesions that were mainly
asymptomatic

138 18.8 Sensitivity of heartburn as
diagnostic criterion of GERD
was 29.3%, with a specificity
of 85.7%

Asymptomatic GER
(abnormal esophageal acid
exposure and/or EE) more
common than symptomatic
GER

426 26.3 Out of the 112 EE patients, 77
(68.7%) reported GERD
symptoms

94 6.4 46% of patients had abnormal
24-pH study

101 8.9 6.9% EE in age- and sex-
matched non-obese control
subjects

260 323 Increased waist
circumference, insulin
resistance, and presence of
reflux symptoms
independent risk factors for
EE

88 45 Esophageal pH monitoring
tests positive in 65% of
patients

Absence of symptoms did not
rule out abnormal esophageal
function tests

142 42 Majority of endoscopic
lesions were asymptomatic

196 17.3 Esophageal pH-metry
abnormal in 54.2% of patients

Symptoms not enough to
diagnose underlying GERD
or EE

242 33.9 Anthropometric data and
GERD questionnaires have
limited accuracy for EE

12.3% of patients with low
GERDQ (< 8) had EE

GERD: Gastroesophageal reflux disease; EE: Erosive esophagitis.

IS IT NECESSARY TO DO AN UPPER ENDOSCOPY IN
OBESE PATIENTS CONSIDERED FOR BARIATRIC
SURGERY?

Clinical practice guidelines published in 2013 by the American Association of Clinical
Endocrinologists, The Obesity Society, and American Society for Metabolic and
Bariatric Surgery recommend preoperative endoscopy only when clinically
indicated™. This is in line with the Society of American Gastrointestinal and
Endoscopic Surgeons (SAGES) 2008 guidelines and the 2014 interdisciplinary
European guidelines endorsed by the International Federation for the Surgery of
Obesity and Metabolic Disorders-European Chapter and European Association for the
Study of Obesity®”.. On the other hand, the 2015 ASGE guidelines recommend that the
decision be individualized™ while the European Association of Endoscopic Surgeons
advises that all patients be evaluated by either endoscopy or upper gastrointestinal
series prior to their bariatric surgery™. In short, the jury is still out on the matter and
a consensus between international and national societies seems unlikely. In a recent
series of 1555 patients, asymptomatic patients with significant findings on endoscopy
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did not require a change in management or surgery!’. The authors went on to
conclude that routine upper endoscopy requires further justifications for
asymptomatic patients. On the other hand, several recent studies emphasized the
importance of doing an upper endoscopy preoperatively®1. Carabotti et al*"! showed
that the incidence of endoscopic lesions was the same between patients who reported
symptoms and those who did not; the study also concluded that with the current
adopted approach to preoperative endoscopy, 87% of EE cases would have been
missed. In our experience, we had similar outcomes when we administered the
GERD-Q and the Nocturnal GERD Symptom Severity and Impact Questionnaire (N-
GSSIQ) to more than 240 consecutive unselected patients scheduled for bariatric
surgery. These validated scores were poorly predictive of endoscopically-proven EE
in these patients, even when combined with clinical assessment as part of a composite
scorel’l. As mentioned earlier, the absence of symptoms does not rule out the presence
of GERDI#1. A recent survey conducted in the United Kingdom showed that 90% of
bariatric units perform preoperative upper endoscopy either routinely or
selectivelyl”!. However, there is also no clear consensus on the indications amongst
those who do it selectively. This is particularly important in patients considered for
LSG given the evidence linking it to worsening GERD and PPI dependencel™*!. The
reason so much debate surrounds the issue is because significant GERD plays a major
role in the choice of the bariatric procedure and the presence of per-operative reflux
symptoms appears to be associated with post-operative GERDI™!. In the absence of
proper randomized trials and dedicated large long-term follow-up studies, the impact
of baseline GERD as well as its post-operative risk should be thoroughly discussed
with the patient to help guide the choice of the bariatric procedure. We recommend
routine upper endoscopy for all patients scheduled to undergo bariatric surgery to
assist with this shared decision process.

WHAT ARE THE LONG-TERM EFFECTS OF SLEEVE
GASTRECTOMY ON GERD? AND SHOULD LSG BE DONE IN
PATIENTS WITH PRE-EXISTING GERD?

Several short-term (less than 2 years) follow-up studies have looked at the effect of
sleeve gastrectomy on GERD. Some have shown improvement of GERD symptoms
after LSGP*"! while others reported worsening and de novo GERD!"'-l. Few studies
have objectively evaluated the presence of pathologic reflux by 24-h multichannel
intraluminal impedance pH monitoring at = 12 mo after LSG reporting conflicting
resultst*’l. A systematic review and meta-analysis was inconclusive reporting “high
heterogeneity among available studies and paradoxical outcomes of objective
esophageal function tests”""’l. Recently, two large randomized controlled trials were
published comparing the 5-year follow-up outcome of LSG and RYGB!*’l. The SM-
BOSS trial reported 5-year postoperative GERD remission in 25% in the LSG group
compared to 60.4% in RYGB (P = 0.002) with de novo GERD in 31.6% of LSG patients
compared to 10.7% in RYGB patients (P = 0.01). The study also reported that 9% of
LSG patients had to undergo conversion to RYGB because of GERD (highest reason
for conversion in the study population). The SLEEVEPASS trial reported RYGB
conversion in 6% due to reflux (the study excluded patients with “severe
gastroesophageal reflux with a large hiatal hernia”). These figures are consistent with
previous literature that showed a 5%-10% conversion rate from LSG to RYGB due to
GERDP7l. A systematic review published in 2016 demonstrated that 8 out of 10
studies showed new onset GERD at long-term follow up after LSG with a range of
10% to 23%?1. A prospective study by Genco et al. of 110 LSG patients followed over a
mean of 58 months showed that the incidence of GERD symptoms, EE and PPI intake
increased significantly post-operatively. Upward migration of the GEJ Z-line was
found in 73.6% of cases on follow-up endoscopy. What was most alarming in this
study was the fact that non-dysplastic Barrett's esophagus was newly diagnosed in
17.2% of patients. This finding has been duplicated in another recent small
multicenter study from Italy™’.

The lines of evidence supporting that LSG is a refluxogenic procedure are multiple
and include the observation of increased intragastric pressure and impedance reflux
episodes on high-resolution impedance manometry after LSGP, significant increase
in non-acidic reflux with stasis and acidification in esophagus, and the higher rate of
de novo reflux in cohort studies and in randomized controlled studies compared to
RYGB. In a rat model, LSG was independently associated with histopathologic
changes of severe esophagitis compared to high-fat diet fed and to sham-operated
rats”l. The putative pathophysiological mechanisms underlying GERD after LSG are
summarized in Table 214, They include a hypotensive LES, loss of angle of His flap
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valve, increased gastroesophageal pressure gradient with intra-thoracic migration of
the remnant stomach, reduction in the compliance of the gastric remnant provoking
an increase in transient LES relaxations, relative gastric stasis in the proximal remnant
and increased emptying from the antrum, stasis and acidification in the esophagus, as
well as higher intragastric pressure and increased impedance reflux episodes. Figure 1
showcases some of the endoscopic and radiologic findings of GERD post LSG.

Given the evidence for long-term GERD burden post LSG, the 2015 joint statement
by the ASMBS, SAGES and ASGE considered EE as a relative contraindication to the
surgeryl. A recent prospective study showed that the presence of pre-operative
GERD symptoms and EE at baseline were independently associated with a higher
need of postoperative PPI use at 6 mo after LSGF'. The totality of the evidence
suggests that LSG is associated with an increased incidence of GERD. While some
obese patients with mild non-erosive reflux disease may benefit from LSG with
resolution of GERD symptoms after weight loss, those with severe reflux and erosive
disease appear to have a high probability of persistent GERD. The opportunity to save
such patients from persistent gastroesophageal reflux, PPI dependence, and possible
revisional surgery should be seized and the available evidence openly discussed with
the patient.

CONCLUSION

The popularity of sleeve gastrectomy derives mainly from its relative ease, safety and
efficacy. The “Achilles heel” of this procedure appears to be gastroesophageal reflux
and its complications. This is an issue of concern particularly for patients with pre-
existing GERD or EE. As physicians, we have a duty not to cause harm. We believe
that a thorough evaluation of reflux symptoms as well as esophageal anatomy and
pathology should be systematically undertaken in all patients considered for bariatric
surgery. This should be followed by an informed and open discussion with the
patient about risks and benefits of different bariatric surgical options leading to
optimal shared decision making.
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Table 2 Putative pathophysiological mechanisms of gastroesophageal reflux disease post laparoscopic sleeve gastrectomy

Hypotensive lower esophageal sphincter!*’!

Loss of angle of His flap valvel™

Increased gastro-esophageal pressure gradient and intra-thoracic migration of the remnant stomach!(*’!

Reduction in the compliance of the gastric remnant provoking an increase in transient lower esophageal sphincter relaxations!”’!
Lack of gastric compliance and emptying during the first postoperative year!*"!

Relative gastric stasis in the proximal remnant and increased emptying from the antrum (suggested on time-resolved MRI studies)!*”!
Excessively large or dilated sleeve retaining increased acid production capacity leading to reflux(®’}

Overly narrowed or strictured sleeve resulting in reflux and decreased esophageal acid clearance!*'!

MRI: Magnetic resonance imaging.

Figure 1 Erosive esophagitis and gastroesophageal reflux. A: Erosive esophagitis in a patient with de novo reflux symptoms post laparoscopic sleeve
gastrectomy; B: Barium upper gastrointestinal series demonstrating gastroesophageal reflux in a patient post laparoscopic sleeve gastrectomy.
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Abstract

The intimate connection and the strict mutual cooperation between the gut and
the liver realizes a functional entity called gut-liver axis. The integrity of
intestinal barrier is crucial for the maintenance of liver homeostasis. In this
mutual relationship, the liver acts as a second firewall towards potentially
harmful substances translocated from the gut, and is, in turn, is implicated in the
regulation of the barrier. Increasing evidence has highlighted the relevance of
increased intestinal permeability and consequent bacterial translocation in the
development of liver damage. In particular, in patients with non-alcoholic fatty
liver disease recent hypotheses are considering intestinal permeability
impairment, diet and gut dysbiosis as the primary pathogenic trigger. In
advanced liver disease, intestinal permeability is enhanced by portal
hypertension. The clinical consequence is an increased bacterial translocation that
further worsens liver damage. Furthermore, this pathogenic mechanism is
implicated in most of liver cirrhosis complications, such as spontaneous bacterial
peritonitis, hepatorenal syndrome, portal vein thrombosis, hepatic
encephalopathy, and hepatocellular carcinoma. After liver transplantation, the
decrease in portal pressure should determine beneficial effects on the gut-liver
axis, although are incompletely understood data on the modifications of the
intestinal permeability and gut microbiota composition are still lacking. How the
modulation of the intestinal permeability could prevent the initiation and
progression of liver disease is still an uncovered area, which deserves further
attention.
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Core tip: The integrity of the gut-liver axis is crucial for the maintenance of the
homestasis of the organism. The disruption of the intestinal barrier and consequent
increased intestinal permeability has been recently associated with the development of
liver damage. This review summarizes present evidence on the relevance of the
derangement of the gut-liver axis in the pathogenesis of liver damage and non-alcoholic
fatty liver disease, the development of the complications of liver cirrhosis and its
modifications after liver transplantation.
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INTRODUCTION

The gut is one of the largest mucosal surfaces of the human body. Besides being
involved in the absorption of nutrients and water introduced with ingested food, it
acts as a barrier that guarantees protection against pathogenic microorganisms and
potentially harmful substances, such as toxins and pollutants!l. In addition, the
interaction that occurs between the gut microbiota and immunological cells at this
level is crucial for the development and maintenance of the immune system®-l.

The gut and the liver are anatomically connected by portal circulation, and their
functional unit realizes the gut-liver axis*l. Thus, any type of substance that goes
beyond the gut barrier can reach the liver where is processed into metabolic pathways
or interacts with the immune system cells or resident cells.

Liver disease affects gut homeostasis, altering intestinal permeability (IP) and the
gut microbiota composition, proportionally to the degree of liver function
impairment. Indeed, once portal hypertension (PHT) is established, the intestinal
barrier functions are altered, causing the passage of substances that are normally kept
in the intestinal lumenPl. In particular, the translocation of bacterial fragments or
products into the bloodstream activates the immune system, stimulating
inflammation. This process not only could further worsen liver function, but it is
implicated in a series of chain reactions involving the whole organism, realizing a
systemic inflammatory condition typical of advanced liver cirrhosis!.

PHYSIOLOGICAL GUT BARRIER

Normally, the gut constitutes a complex physical, chemical, functional and
immunological barrier. In order to perform its tasks, different components are
necessary!*l. Proceeding from the lumen inwards, they can be classified into the
following levels: The microbiota, the extracellular elements, the epithelial cells, the
immune system, the vascular structure (Figure 1).

The microbial barrier

The human gut microbiota harbors one hundred trillions of microorganisms, about
ten times the number of eukaryotic cells. It has about ten times the genes of the
human genome and has a mass of about 1-2 kgl"l.

Several factors, such as birth mode, age, diet and lifestyle, influence the human gut
microbiota. In physiological conditions, its compositional and functional armony is
quite stable over time. However, the onset of disease and/or the use of certain drugs
(e.g., antibiotics) can break this balance, resulting in dysbiosis with significant
consequences on human homeostasis. Indeed, the gut microbiota integrates the
metabolism of the organism providing crucial pathways to process nutrients, vitamins

Baishidengs WJG | https://www.wjgnet.com 4815 September 7, 2019 | Volume 25 | Issue33 |



Nicoletti A et al. Intestinal permeability and liver diseases

Functional barrier

Extracellular barrier

Immunological barrier

Figure 1 Physiological gut barrier.

and endogenous substances!®. Microorganisms host in the lumen interact with the
intestinal mucosa, shaping the mucus!, exerting a trophic and protective function
towards enterocytes. Moreover, it plays a pivotal role in the development, maturation
and maintenance of the immune system!’'"! and induces local production of
antimicrobial peptides and immunoglobulins®'?l.

Extracellular barrier
Intestinal mucus is a gel formed by glycosylated proteins secreted by intestinal goblet
cells called mucins!'®l. It covers the whole gut and its thickness depends on the
location, being almost absent in the stomach and maximum in the colon!”l. Mucus
prevents harmful substances and bacteria from directly contacting cell surface,
causing inflammation"**"l. Thus, a proper structure of mucins is crucial for the
maintenance of the gut barrier, and alterations could facilitate the absorption of
harmful substances, leading to inflammation®". Indeed, quantitative or qualitative
alterations of the mucus layer has been documented in several diseases, such as cystic
fibrosis!”'! and inflammatory bowel disease (IBD)™. In addition, it has been
demonstrated in mice models that a high MUC2 mucin production increases the
susceptibility of goblet cells to apoptosis and endoplasmic reticulum stressi*l. An
increased mucus thickness has been related to alcohol intake and cirrhosis!.
Conversely, an incorrect assembly of MUC2 inside the epithelial cells leads to the
development of an inflammatory disease resembling ulcerative colitis in micel**1.
This process may be responsible of the depletion of goblet cells documented in IBD!.
The inner side of the intestinal mucus is made of a fluid, which is not reached by
the mixing forces of the luminal flow and peristalsis, called unstirred layer. The inner
face of the mucin layer is devoid of bacteria"® and directly contacts the intestinal
epithelial cells, modulating the absorption of water and nutrients due to its static
nature. A thicker unstirred layer has been observed in patients with coeliac disease
and has been related to malabsorption!.

Functional barrier

To make the picture more complex, it has to be considered that this system is dynamic
and subject to regulation by gastrointestinal motility and secretions. The outer part of
the mucus layer is continuously moved forward by peristalsis. The luminal flow
prevents the proliferations of microorganism and a prompt clearance of detrimental
elements. This is crucial in the protection against pathogens!*’. Gastric acid decreases
microbial colonization of the small intestine. Only acid resistant microorganism, such
as Helicobacter pylori and Lactobacilli are able to survive at low pH™. Bile acids, the
main constituents of bile, have direct antimicrobial properties interfering with
membrane and protein production and integrity™?. Thus, alterations of the bile and
gastric fluid and impairment of the peristalsis cause both qualitative and quantitative
modifications of the gut microbiota composition up to the derangement of intestinal
homeostasis and the development of pathology!*1.

Intestinal epithelial barrier

Underneath the intestinal mucus, there is a continuous monocellular layer of
enterocytes. Goblet cells, responsible for the production of the mucus, and Paneth
cells, which produce antimicrobial peptides, provide additional functions and support
to the homeostasis of the gut barrier. Enterocytes plasma membrane represents the
main mechanical element of the mucosal barrier. Because of its lipidic structure, it is
impermeable to most solutes that need a specific transporter to cross the barrier
(transcellular pathway)!'. In order to limit the gut permeability, intercellular spaces
are sealed by the presence of a specific apical junctional complex, which is composed
by a tight junction (TJ) and an adherens junction. Overall, over 40 proteins form a TJ,
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being claudins, peripheral membrane proteins, such as zonula occludens (ZO) 1 and
2, and occludin the main componentst .. Both tight and adherens junctions are
connected to the cytoskeleton!. TJ are important elements for both active and passive
transport through the gut barrier!”]. They regulate the passive flow of the solutes and
water through the paracellular pathway, operating both as a size- and charge-
selective filter. The passive movement of substances across TJ occurs through two
different routes: The leak pathway, that allows the transport of larger substances (e.g.,
proteins, bacterial components), and a second pathway mediated by claudin proteins,
that is charge selective and limits the flow to molecules smaller than 4 A"+,

As for active transport, an intact intestinal epithelial barrier, formed by T] and the
plasma membrane of intestinal cell, realizes a gradient between the lumen and the
inner interstice. This condition prevents an uncontrolled translocation of substances
and allows an active transcellular transport through the enterocytes!'. Moreover, the
complex system of TJ is finely regulated by the influence of cytokines, particularly
tumor necrosis factor-alfa (TNFa)!!! and interferon gamma (IFNy)[*4, and by signaling
kinases and cytoskeleton, like myosin light chain kinases (MLCK)!***1. Both qualitative
and quantitative alterations of T] have been described in the context of liver
diseasel”*’l. Finally, intestinal cells own another defensive element. In fact, apical
brush border microvilli are negatively charged, owing to the presence of polar
carbohydrates and charged transmembrane proteins, and cause an electrostatic
repulsive force towards bacterial cell wall, that is negatively charged as welll*’l.

Immunological barrier

In response to the exposure to bacteria and to their components, Paneth cells produce
antimicrobial peptides, such as defensins, cathelicidines, resistin-like molecules,
bactericidial-permeability-inducing proteins and lectins, and immunoglobulins,
particularly secretory IgAFl. These elements are secreted into the gut lumen and are
host in the inner face of the mucin layer hosts’]. Whenever microbial and pathogen-
associated molecular patterns cross the intestinal barrier, they are identified through
the interaction between pattern-recognition receptors, such as Toll-like receptors
(TLRs) and nucleotide binding oligomerization domain-like receptors on the intestinal
epithelial cells. Then, recruited dendritic cells are responsible for the transport of the
captured antigens to the mesenteric lymph nodes (MLNSs) for antigen presentation.
This mechanism allows the priming and maturation of B and T lymphocytes, that
become part of the adaptive immune response in the gut associated lymphoid
tissuel*"l. Hence, immune response is compartmentalized in mucosal lymphatics in
healthy individuals.

Gut-vascular barrier

Since 2015, the knowledge about barrier mechanisms for the modulation of IP stopped
to the basocellular membrane of the enterocytes. Recent studies have successively
revealed that the intestinal defense mechanisms actually go further, and also include a
gut-vascular barrier™. Observing functional similarities between blood-brain barrier
and intestinal barrier, Spadoni et al*>**l hypothesized that a parallel structure in the
gut could be responsible for the prevention of the translocation of bacteria and/or
microbial components passed through the extracellular and the intestinal epithelial
barrier.

The fundamental structure of this entity is the gut-vascular unit. It is composed by
the intestinal endothelium, which is anatomically and functionally associated with
pericytes and enteric glial cells that surround it. The barrier is completed by TJ and
adherens junctions, which are permeable to most of the small nutrients. Endothelial
plasma membrane provides isolation and is equipped with active and passive
transporters™. Glial cells play an important role in the homeostasis of the gut and in
the regulation of IP®>*. In fact, in murine models, it has been demonstrated that either
genetical or autoimmune targeting of glial cells determines the development of
fulminant enteritis with increased translocation of microbes and evidence of
bacteremial®"°l. When the endothelium is intact, it allows the free diffusion of 4 kD
dextran, whereas 70 kD dextran is blocked. Infection with Salmonella enterica serovar
Typhimurium disrupts the gut-vascular barrier, allowing the translocation of larger
substances, and this happens independently of the increase in the blood flow
provoked by inflammation®. Furthermore, 70 kD dextran was only found in the
liver and not in the spleen, demonstrating that dissemination occurs through the
portal circulation rather than the lymphatic vessels. The increase in plasmalemma
vesicle-associated protein-1 (PV1), a marker of endothelial permeability, during
Salmonella infection confirms this evidence. Finally, the authors demonstrated that
bacteria with the ability to cross the intestinal epithelial barrier do not disseminate to
liver and spleen, blocked by a second barrier™. These experiments definitively prove
the existence of a gut-vascular barrier.
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ALTERED GUT BARRIER, INTESTINAL PERMEABILITY AND
BACTERIAL TRANSLOCATION IN THE PATHOGENESIS OF
LIVER DAMAGE

In liver diseases, increased IP is the consequence of multiple disorders that affect the
homeostasis of the barrier. Several studies in animal models and in human pathology
correlated liver damage and dysfunction to alterations of the gut microbiota
composition””, mucus quality and quantity*], gastrointestinal motility"™, intestinal
epithelial barrier and TJ*”], and the immune system!™l.

Nevertheless, bacterial translocation (BT) is a physiological process that consists in
the passage of small amounts of microorganisms and their constituents from the
intestinal lumen to the MLNsl. At this site, microbial killing occurs without systemic
inflammatory responsel”’l. This process is crucial for the modulation of the immune
system and the development of immune tolerancel*”l. Despite the fact that the liver is
usually devoid of bacterial®, in healthy individuals it is physiologically exposed to
trace amounts of bacterial mRNAs and lipopolysaccharide (LPS)!*>*], mainly acting
as a firewall detoxifying bacterial components!®*l. In healthy mice, it has been
demonstrated that the liver can act as a second firewall for microorganisms
penetrated after mucosal damage and escaped from MLNs surveillance activity!*" .
This function is supposed to be mainly exerted by the hepatic sinusoids, where
Kupffer cells - representing over the 80% of all tissue macrophages - are able to
phagocytize and kill microbes derived from the bloodstream!**"*>-*"l. Several
experiments have demonstrated the importance of liver resident macrophages in the
clearance of microorganisms and microbial- and pathogen- associated molecular
patterns (MAMPs and PAMPs). In fact, °H- and "C-labelled endotoxin purified from
E. coli is actively processed by Kupffer cells!”. Similarly, lipopolysaccharide binding
protein (LBP), an acute-phase protein synthesized in the liver and secreted after
interleukin-1 (IL-1), interleukin-6 (IL-6), and glucocorticoids stimulation, after binding
with LPS mediates the activation of liver mononuclear cells in a way that is dependent
on the presence of functional Toll-like receptor 4 (TLR4)7°l. CD14, either expressed
on myeloid cells (mCD14) or the isoform secreted into the bloodstream by monocytes
and hepatocytes (sCD14), acts as a co-receptor of TLR4 binding the LPS-LBP complex
and allowing its uptake by liver resident myeloid cells/”'’. Moreover, an elegant
imaging-based study by Lee et al”! documented the ability of Kupffer cells to perform
filtration of blood, phagocytosis and killing of green fluorescent protein expressing B.
burgdorferii and antigen presentation to natural killer (NK) cells. Finally, in Kupffer
cells depleted mice, the clearance of E. coli K-12 during bacteremia is delayed!.

Yet, the “liver buffer” is exhaustible too. The disruption of the intestinal barrier at
any level leads to an increase inIP (Figure 2). Thus, harmful substances, such as
MAMPs and PAMPs (LPS, microbial DNA, peptidoglycans and lipopeptides),
metabolic products, and whole bacteria massively reach local MLNs, that are unable
to provide an adequate clearancel’*”’!. Hence, a variable amount of detrimental
products is delivered to the liver through the mesenteric and portal circulation. The
maintenance of a damaging insult triggers a systemic inflammatory response,
developing from the liver”**!l. Kupffer cells play a pivotal role in orchestrating this
mechanism!”#%*%1 Indeed, the interaction between pathogen-associated molecular
patterns and TLRs activate intracellular molecular pathways, either MyD88-
dependent or MyD88-independent, resulting in the activation of NF-xB and the
expression of inflammatory cytokines (TNF-a, IL-13, IL-6, IL-12, IL-18), chemokines
(CXCL1, CXCL2, CCL2, CCL5, CCL3, CCL4), vasoactive factors [nitric oxide (NO)]
and reactive oxygen species (ROS)™.. This local inflammatory storm leads to the
recruitment of systemic leukocytes, such as neutrophils, CD4* T cells and monocytes,
that perpetuate liver inflammation®®*?l. Net result of this process is the induction of
hepatocyte apoptosis and necrosis®!. Both inflammatory cytokines and cell death
cause the activation and proliferation of hepatic stellate cells (HSC) and the
development of fibrosis under the stimulation of transforming growth factor-§
(TGF I?)) [8 L,\'T].

As a consequence of inflammatory cytokines, HSCs and several other liver cells
upregulate the expression of matrix metalloproteinases (MMPs). The overexpression
and hyperactivation of MMPs result in the destruction of the hepatic tissuel*.

Tissue inhibitors of matrix metalloproteinases (TIMPs) are the main modulators of
the activity of MMPs. While a decrease in the levels of TIMPs have been associated
with liver damage in acute liver injury, an increase in their expression in chronic liver
diseases favor the accumulation of collagen and liver fibrogenesis, by inhibiting
degradation of collagen®"l. Furthermore, as proof of the relevance of these enzymes
in the pathogenesis of liver damage, TIMP-1 has been identified as a predictive
marker for the presence of non-alcoholic steatohepatitis (NASH)

Baishidengs WJG | https://www.wjgnet.com 4818 September 7, 2019 | Volume 25 | Issue33 |



Nicoletti A et al. Intestinal permeability and liver diseases

Systemic
inflammation

Kupffer cells Hepatic stellate
activation e cells activation
7 MMPs TIMPs
Collagen
deposition

o
RS
QO

e Fibrogenesis

Oxidative
stress
Cytokines

Liver inflammation

and damage

Portal bacteremia
and endotoxemia

Insufficient

. mesenteric firewall
Bacterial

translocation

/ @ Increased intestinal
L]

B B -
. Intestinal barrier Q ~ o
permeability

P - N,  dysfunction ~ e s 7

Figure 2 Intestinal permeability in the pathogenesis of liver damage. Several disorders, such as gut dysbiosis and primary and secondary intestinal diseases,
can cause increased intestinal permeability. Consequently, viable bacteria and microbial- associated molecular patterns cross the intestinal epithelial barrier, a
process known as bacterial translocation. An efficient immunological barrier limits this process, promoting a local immune response in activated mesenteric lymph
nodes. When this primary firewall fails, microbes and microbial compounds reach the liver, where they activate Kupffer cells by binding Toll-like receptors. Kupffer cells
orchestrate several processes, such as the release of inflammatory cytokines and reactive oxygen species, the recruitment of innate immune cells, the activation of
hepatic stellate cells. The uncontrolled perpetuation of this pathogenic mechanism results in liver inflammation and damage, fibrogenesis and systemic inflammation.
See text for further details.

Oxidative stress plays a critical role in the development of liver damage!”’l. The
production of reactive oxygen species is a physiological consequence of aerobic life.
Hence, organisms have developed antioxidant mechanisms in order to face the
harmful effects of these agents. The detrimental effect of these species depends on the
balance with antioxidant elements!*".

When this equilibrium is deranged, ROS can negatively affect both sides of the gut-
liver axis. On the one hand, oxidative stress is responsible for intestinal barrier
damage. Indeed, diet™, alcohol™, infectious”! and primary inflammatory diseases!”,
and drugs!”! are able to cause an imbalance in the redox state in the gut, resulting in
increased IP. Furthermore, in advanced liver diseases PHT causes hypoperfusion of
the intestinal mucosa. Subsequent hypoxia enhances the activity of xanthine oxidase,
resulting in increased ROS release and oxidative damage!"’l. On the other hand, the
liver is an important scavenger of free radicals, since it plays a crucial role in the
restoration of endogenous antioxidants and metabolism of exogenous ones!'”'?l. A
significant increase in the level of oxidative stress has been observed in all chronic
liver diseases, irrespective of the etiology of the liver disorder. Moreover, all the liver
cells are sensitive to oxidative stress-related molecules!”'**'"l. The activation of TLR
causes the generation of ROS by Kupffer cells!'”l. ROS signaling causes the activation
and proliferation of HSC!'"l. Conversely, as a consequence to the exposure to ROS,
Kupffer cells produce cytokines and chemokines, which further stimulate HSCs!'!.

Nevertheless, there are some protective mechanisms. IL-10 mediates remarkable
protective effects towards the intestinal mucosa and liver. At the intestinal level, the
release of IL-10 by macrophages modulates innate immune activation, preventing an
excessive response and consequent tissue damage!'”l. Hence, adequate IL-10 levels
improve the integrity of the gut barrier, resulting in a decrease in endotoxin
absorption!'””.. In the liver, IL-10 reduces liver inflammations and fibrosis, inhibiting
several Kupffer cells functions!"”',

Similarly, NK cells regulate fibrogenetic mechanisms in the liver. Indeed, NK cells
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perform immunosurveillance activity by killing early activated and senescent HSCs,
thus limiting fibrogenesis!"'"''?l. Interestingly, TIMP-1-expressing HSCs are resistant to
NK cells activity!'".

Coeliac disease is the hallmark of the pathogenic mechanism linking increased IP
and liver inflammation!*l. Liver damage is a common disorder associated with coeliac
disease!''*'"”l. In a recent meta-analysis, the prevalence of cryptogenic
hypertransaminasaemia in newly diagnosed coeliac disease is 27%!*\. In coeliac
patients, increased permeability has been proved as welll?!l. Although the
pathogenesis is poorly understood, the theory that liver involvement could be
secondary to increased IP and BT is widely accepted!"'*!">'**l. Bardella et al"""! reported
a normalization of transaminases levels in about 90% of patients with increased levels
at the time of coeliac disease diagnosis after six months of gluten free diet (GFD). In
the remaining 10% other possible causes of liver damage were proven by liver biopsy.
Another study demonstrated a significant correlation between serum transaminases
levels and IP, assessed with lactulose/mannitol test. The authors found similar
response to GFD (64/72 patients, 88.9%) and reported that IP index significantly
decreased in conjunction with the normalization of serum transaminases levels within
one year of diet. Conversely, in patients who were not compliant with GFD, liver
injury persisted and permeability tests remained altered!'*”. Furthermore, histological
alterations in the liver of patients with newly diagnosed coeliac disease and
transaminases elevation suggest that increased IP could be responsible for liver
damage in this setting. As reported by Jacobsen et all'"”!, among 37 liver biopsies
performed in coeliac patients, 25 showed non-specific patterns, 7 were diagnostic for
other diseases, 5 were classified as normal. Liver histological features of the 25 non-
specific specimens documented an increased number of Kupffer cells (52.0%),
expanded portal tracts (48.0%) and parenchymal or portal mononuclear infiltration
(36% and 20% respectively). Interestingly, some of these alterations are comparable to
those observed in other experiments reproducing liver damage in context of increased
IPU*). Thus, these results are consistent with the hypothesis that IP per se could trigger
the development of liver damage.

Also in the setting of primary liver disease, increasing evidence is linking IP to liver
damage. Occludin deficient (Ocln™/~) mice do not show intestinal T alteration!*}, but
ethanol feeding induces a decrease in E-cadherin and p-catenin distribution, which
are other proteins involved in the maintenance of TJ integrity, causing gut barrier
dysfunction!'”]. Although both ethanol fed Ocln™/~ and wild type mice had increased
plasma transaminase levels, liver damage was worse in occludin deficient mice, and
histopathological examination of the liver confirmed the presence of inflammatory
lesions only in Ocln™/~ micel'”l. As for human studies, Cariello et all'*"! demonstrated
that plasma levels of inflammatory cytokines (TNF-a and IL-6) are higher in patients
with both liver disease and increased IP compared to those with normal IP. A positive
correlation between altered IP and liver inflammation and fibrosis was observed in a
population of children with non-alcoholic fatty liver disease (NAFLD)!'”"l. Finally, a
recent meta-analysis showed that patients with NAFLD, particularly those with
increased liver injury markers, more frequently exhibit altered IPI'*’. Altogether, these
data suggest a pathogenic mechanism that determines liver damage through the
alteration of the gut barrier.

GUT-LIVER AXIS: ROLE IN THE PATHOGENESIS OF NAFLD

The pathogenesis of liver damage in patients with NAFLD is still incompletely
understood. However, a growing body of experimental and clinical data suggests a
primary role of the gut-liver axis dysfunction. Traditionally, a “double-hit”
pathogenetic model has been hypothesized for NAFLD development. Lipid
accumulation into the liver (steatosis) represents the first step. Then, a second insult is
needed to cause liver injury and inflammation!">*"*"l. The discovery of a linkage
between small intestinal bacterial overgrowth (SIBO) and NAFLD!""'"'*l and the
observation that endotoxin triggers liver inflammation in mice with steatosis!'*
brought to the formulation of this hypothesis!"*l. Several experiments in animal and
human models confirmed the influence of increased IP both in the development of
liver steatosis and in the pathogenesis of liver inflammation and fibrosis.

Brun et al®! reported gut barrier dysfunction, tested as higher epithelial
permeability to horseradish peroxidase in obese mice, both genetically deficient in
leptin (C57BL/6Job/ob) and functionally deficient for the long-form leptin receptor
(C57BL/6]Jdb/db). Immunochemistry and Western blot confirmed important
alterations of TJ proteins (ZO-1 and Occludin) distribution in obese mice. Hence,
endotoxin in portal circulation and levels of circulating proinflammatory cytokines
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(IL-1, IL-6, INF-y, and TNF-a) were significantly higher both in ob/ob and in db/db
mice compared to controls. Interestingly, HSC isolated from obese mice showed
enhanced sensitivity to LPS and produced higher levels of cytokines.

Junctional adhesion molecule A (JAM-A) is a constituent of the TJ encoded by the
murine gene F11r. It modulates the epithelial barrier function, regulating IP and
inflammation"*>"*l. F11r~/~ mice, fed a diet high in saturated fat, fructose and
cholesterol (HFCD) for 8 weeks, developed a severe steatohepatitis, assessed by the
presence of histological features of liver inflammation (hepatocyte ballooning and
inflammatory cells infiltration) and fibrogenesis and increase in serum transaminases
compared to controls!'*l,

In a recent study, male C57BL/6 mice were fed with dextran sulfate sodium (DSS),
a chemical compound able to determine gut inflammation, and a high-fat diet (HFD)
for 12 wk. Fat vacuoles and leukocyte infiltration in the liver were higher in DSS and
HFD-fed mice compared to HFD-fed mice. Concordantly, levels of hepatic mRNA
coding for inflammatory cytokines (IL-1, IL-6, TNF-a, MCP-1) were increased as well.
Moreover, DSS + HFD showed higher expression of collagen I and profibrogenic
factors mRNA (TGF-B, Actin a2, tissue inhibitor of metalloproteinase-1 and
plasminogen activator inhibitor-1). Although there were no significant differences in
the levels of serum endotoxin, an upregulation of TLR4 and TLR 9 was observed in
DSS HFD mice. Finally, the downregulation of ZO-1 and Claudin-1 and the increased
expression of PV1 confirmed both the intestinal and gut-vascular barrier dysfunction
after DSS treatment!*”.

As for human models, the first strong evidence of increased IP in NAFLD patients
emerged from a study testing the intestinal absorption and urine excretion of orally
administered *'Cr-EDTA!L Indeed, **Cr-EDTA is normally not metabolized and
poorly absorbed (1%-3%) from the gastrointestinal tract and it crosses the intestinal
barrier through the paracellular pathway in the presence of T] disruption/*!*!l, $1Cr-
EDTA excretion levels were significantly higher than values of healthy volunteers in a
fashion that resulted proportional to the degree of liver steatosis. Furthermore,
duodenal histology showed reduced ZO-1 expression in patients with NAFLD. In this
population of patients, the prevalence of SIBO was about three times compared to
controls, an observation that confirmed findings of previous studies!'*’. However,
increased IP was not associated with the severity of liver inflammation, fibrosis and
the presence of NASH!*!. Similarly, in children with NALFD liver damage has been
linked to alterations of the gut barrier. The ratio between urinary excretion of
lactulose and mannitol (L/M ratio) after oral administration was used to measure the
degree of IPF"'#¥l L /M ratio was significantly higher in NAFLD children and further
increased in NASH patients. In order to ascertain the presence of BT, serum LPS was
quantified and resulted significantly higher in children with confirmed liver damage.
Interestingly, the extent of hepatic inflammation and fibrosis was proportional to the
degree of IPU'*). The association between SIBO and NAFLD and the finding of
increased endotoxemia across the studies underlines the role of the gut microbiota in
the initiation and development of metabolic liver diseasel*>'**!*1. Once increased IP
is established, dysbiosis affects liver homeostasis through different mechanisms. Gut
microorganisms directly cause liver damage either by means of MAMPs and PAMPs
(e.g., LPS) or by products of their metabolism (e.g., ethanol, short-chain fatty acids
(SCFAs) and trimethylamine)!'*l.

Proteobacteria, particularly Enterobacteriaceae, can ferment carbohydrates to
ethanoll'*l. In the presence of adequate conditions, the amount produced can be
remarkablel'””); indeed, a significant correlation between ethanol-producing bacteria
abundance, blood ethanol concentration and liver inflammation has been
demonstrated!*l. Besides causing direct toxic effects to the liver, this overproduction
determine the activation of hepatic ethanol metabolic pathways and increases liver
oxidative stress!'*’l. These evidences have confirmed the relevance of endogenous
ethanol production in the pathogenesis of NASH.

Acetic, propionic and butyric acid are the main SCFAs produced by the gut
microbiota in physiological conditions as a result of carbohydrates fermentation!*’l.
Following the intestinal absorption, SCFAs reach the liver through the portal
circulation, where they serve as energy source and exert a relevant role in lipogenesis
and gluconeogenesis!'*>*"'"!l, Interacting with Gprotein coupled receptors GPR41 and
GPR43 of intestinal enteroendocrine L cells, SCFAs stimulate the release of the
peptide YY (PYY), a hormone able to slow gastric emptying and intestinal transit and
favor energy absorption!'”’l. Another important consequence is the release of
glucagon-like peptide-1, which enhances glucose-dependent insulin releasel'™.
Altogether, these effects may favor the development of NAFLD and NASHU*1.

Furthermore, the intestinal microbiota inhibits the production and secretion of
fasting-induced adipocyte factor (FIAF) by the intestinal L cells and the enterocytes.
FIAF is an inhibitor of lipoprotein lipase (LPL), which determines, when suppressed,
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the activation of LPL and the increase in triglyceride accumulation in the liver and the
adipocytes!'™. Hence, increased hepatic lipid storage activates the carbohydrate-
responsive element-binding protein and the sterol regulatory element-binding protein
1, perpetuating fat accumulation!"™’].

Finally, choline is implicated in the synthesis of very-low density lipoprotein
(VLDL). Hence, choline deficiency cause a decrease in the production and release of
VLDL and triglyceride accumulation in the liver™’l. Bacteria of the taxa Erysipelotrichia
are able to metabolize choline to methylamines, toxic compounds that have been
correlated to liver damage!”**l. In NAFLD patients, augmented intestinal metabolism
of choline, choline deficiency and abundance of Erysipelotrichia taxa have been
observed!'”.

Recent studies reported qualitative alterations of the gut microbiota composition in
patients with NAFLD. Particularly, Bacteroides genus is correlated with NASH and a
parallel decrease in Prevotella abundance was found!"™”'*l. In fact, diet enriched in fat,
proteins of animal origin and simple sugars, like Western one, promotes Bacteroides
abundance, whilst an increase in Prevotella abundance is favored by a diet rich in
fibers and vegetal carbohydrates!"”'*!l. Ruminococcus genus has been positively
associated with significant liver fibrosis (= F2) in humans!"*”, and a correlation
between the abundance of this genus and the development of metabolic impairment
has been observed in animal models!'*’l. Alcohol production, due to the ability of
Ruminococcus to ferment complex carbohydrates, may be responsible for further liver
damagel'”l. An increase in Proteobacteria/Enterobacteriaceae/ Escherichia abundance has
been described in NASH and correlates with serum levels of alcohol*l.

Furthermore, NAFLD-related liver cirrhosis patients showed a low gut microbiota
diversity compared to healthy controls. At the genus level, an abundance in
Lactobacillus, Bacteroides, Ruminococcus, Klebsiella, Prevotella, Enterococcus, Haemophilus,
Pseudomonas, Parabacteroides, Phascolarctobacterium, Veillonella, Streptococcus, Atopobium,
Dialister, Christensenella, and decrease in Methanobrevibacter and Akkermansia was
observed!*.

It is well known that dief also is a key regulator of IP!'*’l. In animal models of
NAFLD, adaptation of a high-fat diet or high-fructose intake has been associated with
increased gut permeability!**'*’l. Elevated concentrations of saturated fat or fructose
favors pro-inflammatory microbiota; on one hand, suppressing production of SCFAs
that are essential for intestinal barrier function, on the other hand recruiting
macrophages and leading to the release of TNF-a and other cytokines causing
mucosal inflammation!**'*’l. The consequence is a decreased expression of TJ proteins
and a higher permeability of the gut barrier!'"".. Diet-induced increases in blood LPS
levels are known as metabolic endotoxaemia and play an important role in the
activation of TLR-mediated low-grade liver inflammation, which are associated with
NAFLD and NASH!'"1. Current evidence from animal studies suggests that a high-fat
diet or a high-fructose diet can induce metabolic endotoxaemia by altering the
intestinal TJ proteins, mainly ZO-1 and occluding!®>'”*'7l. In NAFLD adolescents,
postprandial endotoxin levels were increased compared to healthy subjects in
response to fructose, but not glucose, beverages (consumed with meals) in a 24-h
feeding challengel'™\.

There are currently no data concerning diet modulation of IP in patients with
NAFLD, and it is plausible that a healthy diet can reduce IP in patients with NAFLD
by restoring the integrity of tight junctions. The Mediterranean diet contains a high
intake of mono- and polyunsaturated fatty acids, fibres, polyphenols, antioxidants
and phytochemicals; many of these components promote short-chain fatty acid-
producing gut bacteria and have significant prebiotic effects!!”®l. As such,
Mediterranean diet was an attractive tool for reducing impaired IP in patients with
NAFLD. In a cross-over pilot study!”, twenty patients with NAFLD underwent 16
weeks of a Mediterranean diet and 16 weeks of a low-fat diet; although the majority of
patients presented at baseline, as expected, high IP evaluated according to 51Cr-
EDTA, none of the two diets were sufficient to modulate it. Diet-modulation of IP in
humans is much more difficult to obtain than in animal models and further research is
needed.

GUT-LIVER AXIS: ROLE IN THE PATHOGENESIS OF
CIRRHOSIS

Increased IP and BT are hallmarks of liver cirrhosisi>*l. As previously described, the
contribution of BT to liver damage could be crucial for the progression to liver
cirrhosis. On the other hand, the once liver cirrhosis is establishment it further
enhances IP. The magnitude of BT is proportional to the stage of the disease!”’ and
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correlates with prognosis!”l.

PHT can reasonably be considered the primary determinant of the onset of altered
IP in the setting of advanced liver disease. Indeed, increased splanchnic vasodilation
induces a decrease in the blood flow and venous congestion at the intestinal mucosa
level, leading to ischemia and edema, up to the disruption of the T] and epithelial
barrier dysfunction!””'*l. Consequently, BT is enhanced and in most cases it becomes
clinically relevant, due to the large extent of the mucosa involved in the pathogenic
mechanism!"*-"*l. To confirm of the importance of PHT in the pathogenesis of
increased IP, the reduction of hepatic venous pressure gradient by non-selective beta-
blocker therapy decreases IP!'.

Endotoxemia further worsens the hemodynamics of cirrhotic patients. In fact, the
systemic inflammatory response activated by bacteria and their products/fragments
leads to the release of cytokines and the consequent synthesis of (NO) by inducible
nitric oxide synthase (iNOS)!'"***’]. The result is a decrease in systemic vascular
resistance and the secondary development of hyperdynamic circulation”* "% that
further worsen IP and BT!'"!. In fact, there is evidence that intestinal decontamination
improves the hyperdynamic state in liver cirrhosis!*"'*!l.

Furthermore, increased IP and consequent BT are fundamental pathogenic steps in
the development of complications of chronic liver diseasel”. In cirrhotic patients,
impaired hemodynamics in advanced phases may negatively affect renal function,
causing the hepatorenal syndrome (HRS). LPS per se leads to renal vasoconstriction,
but it can worsen renal function via the increase of plasma levels of endothelin!'**'**l.
Furthermore, TLR4 may play a role in the pathogenesis of HRS via the consequent
activation of NF-xB and TNF-a pathways, since it is overexpressed in the kidney
during endotoxemial'”l. The importance of this pathogenic mechanism in the
development of HRS is highlighted by the fact that in both animal and human studies,
intestinal decontamination, achieved either by norfloxacin, paromomycin or
rifaximin, showed beneficial effects on renal function!'”>'”’l. Similarly, among the
ancillary effects of albumin infusion, the scavenging of LPS is involved in the
amelioration of renal hemodynamics!*.

In the first clinical reports of spontaneous bacterial peritonitis (SBP) in the 1960s, a
pathogenetic mechanism involving BT from the gastrointestinal tract has already been
hypothesized!”**"l. However, clear scientific evidence was only produced in the
1990s. These experiments showed in murine models of liver cirrhosis a high
correspondence between the isolation of bacteria from cultures of MLNs and ascites.
Positive cultures were obtained from both mice with or without SBP, demonstrating
that BT is a frequent event in advanced liver diseasel*”*"l. Another evidence that
elucidates the causal association between intestinal dysbiosis, impaired IP, BT and
SBP is the decrease in the incidence of SBP (-72%) in patients with ascites treated with
rifaximin®*!. Similar results in SBP primary and secondary prophylaxis have been
obtained with norfloxacin”**,

In liver cirrhosis, the liver capacity to detoxify ammonia, neurotoxic substances and
false neurotransmitters, produced by the gut microbiota from the catabolism of
dietary proteins, is insufficient!®*?!’l. On the other hand, the formation of
portosystemic shunts further decrease the part of blood depurated”'l. Thus, entering
the bloodstream, these substances are delivered to the brain, where they have
detrimental effects, causing edema and altering neurotransmission, causing hepatic
encephalopathy (HE)P*#'.

A perturbation in the gut microbiota composition has been linked to the
development of HE. In particular, Alcaligeneceae, Porphyromonadaceae, Enterobacteriaceae
abundance has been correlated with cognitive impairment and neuroinflammation in
cirrhotic patients?'?. Moreover, the systemic inflammatory state resulting from the
perpetuation of BT independently affects brain functions and worsens cognitive
performancel”*?"", and finally, inflammation secondarily extends to the brain, where a
self-maintaining process is then established!”**"***’l. Hence, the modulation of the gut
microbiota and its metabolism represents the basis for the treatment and prevention
of overt HEP',

The pathogenesis of portal vein thrombosis (PVT) is incompletely understood.
However, besides reduced portal vein flow velocity and prothrombotic state, BT into

known that endotoxin is able to increase thrombin generation via the increased
production of tissue factor (TF)*.. Similarly, LPS stimulates the release of factor VIII
and von Willebrand factor release, in a way that could be mediated by TLR4
activation””l. Since the liver acts as a firewall towards BT, there is a gradient
between the concentration of LPS in the portal vein and in the systemic circulation.
Hence, this could be a significant pathogenic mechanism for the development of PVT
in cirrhotic patients!”* 1. Interestingly, endotoxin-induced prothrombotic state in the

portal system can cause microembolism to hepatic sinusoids, contributing to liver
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damage and inflammation!

Increasing evidence supports the involvement of the gut-liver axis in
hepatocarcinogenesis. As aforementioned, intestinal hyperpermeability and
consequent BT activate TLRs through the binding with LPSF¥’l. The subsequent
activation of NF-xB signaling initiates the inflammatory cascade that favors
carcinogenesis”**!l. Indeed, in animal models, it has been demonstrated that the
infusion of LPS stimulates the development as well as the growth of liver tumors*>**1.
Conversely, the lack of IKK-b, a kinase that frees NF-xB from inhibitory proteins,
decreases hepatocarcinogenesis™. An inflammatory environment is crucial for the
development of hepatocellular carcinoma (HCC). Cytokines modify the micro-
enviroment by recruiting innate immune cells and altering the extracellular
matrix!*'**l. Moreover, the production of ROS cause direct DNA damage!*" and
inflammation stimulate cell turnover and proliferation, favoring the accumulation of
DNA mutations®"*"1,

Other MAMPs and PAMPs and microbial metabolites have also been proposed as
potential carcinogens”**l. Hence, recent studies have analyzed the gut microbiota of
patients with HCC in order to find a microbial fingerprint of the disease. Ponziani et
alt*l described the gut microbiota of NAFLD cirrhotic patients with HCC. At the
genus level, a significant increased abundance of the Phascolarctobacterium,
Enterococcus, Streptococcus, Gemella, Bilophila genera was observed. In another recent
study, the abundance of the Haemophilus, Eggerthella, Bifidobacterium, Butyricimonas,
Christensella, Odoribacter genera, an unknown genus from Tenericutes phylum and an
unknown genus from Firmicutes phylum was significantly increased by 2-3 fold in
the HCC group. Interestingly, the authors found a correlation between changes in the
gut microbiota and liver inflammation"..

Finally, as regards the gut microbiome in liver cirrhosis, a decreased bacterial
diversity has been observed compared to healthy controls. At the phylum level, the
abundance of Bacteroidetes is reduced, whilst Proteobacteria and Fusobacteria are
increased. The increase in the abundance of potentially pathogenic bacteria, such as
Streptococcus, Veilonella, and Enterobacteriaceae, may explain the frequent involvement
of these bacteria in the pathogenesis of infectious complications in these patients***!1.
A relocation in the distribution of microorganisms along the gastrointestinal tract has
been correlated with the onset of the complications of liver cirrhosis, as well®. In
particular, a higher abundance of Streptococcus salivarius has been correlated with the
minimal HEP?. In parallel, a decrease in the abundance of potentially beneficial
Lachnospiraceae and Clostridium cluster XIVa has been reported*>*1.

GUT-LIVER AXIS AFTER LIVER TRANSPLANTATION

PHT, which is responsible for increased IP in the setting of liver cirrhosis, is reverted
by liver transplantation (LT)***l. Accordingly, IP should decrease after LT. In a
study analyzing IP 2 to 3 years after LT in patients on immunosuppressant drugs
(tacrolimus and cyclosporine), Parrilli et al**! reported an increase in lactulose
/rhamnose ratio (Lacl/L-Rh ratio) that was only due to a decrease in L-Rh excretion.
The authors concluded that IP was restored, in spite of the effects of antirejection
drugs on intestinal barrier function. Moreover, serum endotoxin levels were similar
between LT patients and controls. Another study soon after LT in patients receiving
tacrolimus therapy showed that IP, assessed with L/R ratio, was elevated compared
to healthy controls. Furthermore, about 50% of the patients had increased serum
levels of endotoxinl. Therefore, IP could still be impaired soon after LT and improve
later. However, further studies are needed to analyze the modification of IP in
patients with cirrhosis after LT.

Few studies analyzed the alterations of the gut microbiota after LT. In particular, a
decrease in Eubacteria, Bifidobacterium spp, Fecalibacterium prausnitzii and Lactobacillus
spp abundance and a decrease in Enterobacteriaceae and Enterococcus spp has been
observed™’l. Interestingly, in a recent study microbial diversity did not show
significant modification during the first week after LT. Instead, during postoperative
days 8 to 14 the influence of surgical operation, antibiotics and antirejection therapy
reduced microbial diversity**’l. Afterwards diversity was progressively restored?"**l,
No association was been found between intestinal dysbiosis and acute cellular
rejection, post-transplant bloodstream infections and/or the recurrence of liver
diseasel*%**I,
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CONCLUSION

Increased IP, BT and alterations of the gut microbiota composition are important
pathogenetic elements responsible for the development of liver damage, the initiation
of fibrosis changes up to the development of liver cirrhosis and its complications. At
present, there are very few evidences of the efficacy of the role of the gut microbiota
modulation in the modification of the natural course of liver disease. Further studies
are needed to investigate the efficacy of these strategies.
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Abstract

Liver fibrosis is the common pathological basis of all chronic liver diseases, and is
the necessary stage for the progression of chronic liver disease to cirrhosis. As
one of pathogenic factors, inflammation plays a predominant role in liver fibrosis
via communication and interaction between inflammatory cells, cytokines, and
the related signaling pathways. Damaged hepatocytes induce an increase in pro-
inflammatory factors, thereby inducing the development of inflammation. In
addition, it has been reported that inflammatory response related signaling
pathway is the main signal transduction pathway for the development of liver
fibrosis. The crosstalk regulatory network leads to hepatic stellate cell activation
and proinflammatory cytokine production, which in turn initiate the fibrotic
response. Compared with the past, the research on the pathogenesis of liver
fibrosis has been greatly developed. However, the liver fibrosis mechanism is
complex and many pathways involved need to be further studied. This review
mainly focuses on the crosstalk regulatory network among inflammatory cells,
cytokines, and the related signaling pathways in the pathogenesis of chronic
inflammatory liver diseases. Moreover, we also summarize the recent studies on
the mechanisms underlying liver fibrosis and clinical efforts on the targeted
therapies against the fibrotic response.

Key words: Crosstalk network; Inflammatory cell; Cytokine signal pathway; Liver fibrosis

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Liver fibrosis is a chronic liver lesion with inflammation. Reciprocally,
increased inflammatory response exacerbates the severity of liver disease. Clinical data
reveal that an aberrant increase of inflammatory cytokines is highly correlated with poor
outcome of patients with liver fibrosis. However, the mechanism underlying liver
fibrosis is not completely understood. It is urgently needed to enrich the knowledge of
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liver fibrosis. This review focuses on the role of inflammation in liver fibrosis and
discusses the crosstalk network involving immune cells, cytokines, and the related
signaling pathways.
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INTRODUCTION

Chronic inflammatory lesions results in extracellular matrix accumulation and hepatic
fibrosis, eventually leading to cirrhosisl'l. Liver cirrhosis is a life-threatening factor for
human health in the world. Sustained stimulations by a series of pathogenic
mediators impair the regeneration capacity of the liver and thus result in the
development of liver fibrosis. Among many pathogenic factors, inflammation is a key
inducer for liver fibrosis progression. Cross activation of hepatic stellate cells (HSCs),
Kupffer cells, and other immune cells is a hallmark for the pathogenesis of liver
fibrosis. Furthermore, critical cell signal pathway-related apoptosis, autophagy,
collagen and inflammatory cytokine production are involved in the development of
liver fibrosis by crosstalk with immune cells. Chronic pathogenic factors activated
abundant hepacytes to generate inflammatory cytokines and chemokine mediators,
which subsequently form a crosstalk network in liver fibrosis. Until now, liver fibrosis
is still a serious unsolved problem in chronic liver disease. This review focuses on this
crosstalk network in liver fibrosis and discusses the detailed mechanism by which the
process of liver fibrosis is modulated.

CELLS INVOLVED IN LIVER FIBROSIS
HSCs

As the precursor of myofibroblasts, HSCs differentiate into an activated
myofibroblastic phenotype with the assistance of Kupffer cells and cytokine-cytokine
receptor signaling pathways. HSCs comprise 15% of total resident cells in the normal
human liver. Through secretion of interleukins and chemokines, HSCs communicate
with Kupffer cells and other liver cells in quiescent conditions™. However,
deregulation of HSC activation can initiate inflammation and enhance the
susceptibility to liver fibrosis. Activated HSCs produce endothelin-1 to promote
fibrogenesis'”l. A homologous protein of YB1 (a negative mediator for liver fibrosis)
mediated anti-fibrotic activity by suppressing the expression of collagen type I in
HSCsl. Moreover, Wnt signaling can also enhance HSC activation and promote liver
fibrosisPl. Some data showed that loss of interleukin (IL)-1Ra in mice decreased the
number of HSCs and Kupffer cells in the liver compared to the other groups, which
suggested that IL-1 signaling is also involved in this process!’. Additionally, mature
HSCs have been reported to stimulate allogeneic regulatory T cell proliferation in a
cell-cell contact-dependent manner!”.. Mast cells might crosstalk with HSCs to inhibit
liver fibrosis via the HLA-G-mediated decrease of collagen I, and IL-10 also mediates
crosstalk between mast cells and HSCs!l. Endothelial progenitor cells dramatically
inhibit the proliferation, adhesion, and migration of HSCs, promote the apoptosis of
HSCs, and down-regulate the mRNA and protein expression of collagen I and
collagen III in HSCsl". Epigenetic crosstalk between histone acetylation and miRNAs
inhibited HSC activation"’l. Researchers have explored drugs targeting HSCs. A
number of protein markers were found to be overexpressed in activated HSCs, and
their ligands have been utilized to specifically deliver various anti-fibrotic agents!"!l.
Natural killer (NK) cells are important in regulating hepatic fibrosis, and their
cytotoxic killing of HSCs has been reported. Activated NK cells lead HSCs to death in
a TRAIL-involved mechanism via the p38/PI3K/AKT pathway, which suggested that
the p38/PI3K/AKT pathway in NK cells may be a novel drug target to inhibit liver
fibrosis!'?l. It has been confirmed that activation of HSCs could be inhibited by
reducing the production of transforming growth factor-p1 (TGF-p1) in HSCs via
inhibition of the NF-xB pathway through downregulation of the TGF-$1/Smad3
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pathway!".
Kupffer cells

Kupffer cells as resident macrophages are one of important liver inflammatory cell
types, and account for 30% of sinusoidal cells!""l. Activated Kupffer cells secrete
abundant cytokines and signaling molecules, which enhance liver immunopathology.
Activated Kupffer cells participate in the initial injury/fibrogenic response to TGF-1
and methotrexate, which results in upregulated production of cytokines, including IL-
10, IL-4, IL-6, and IL-13[""l. CXCL6 stimulates the phosphorylation of epidermal
growth factor receptor (EGFR) and the expression of TGF-p in cultured Kupffer cells,
thereby resulting in activation of HSCsl'?l. In response to liver injury induced by
endotoxin, IL-35 can promote Kupffer cells to secrete IL-10 and reduce acute liver
injuryl. A crosstalk network including Ly6C+ monocytes, CCL2-CCR?2, and Kupffer
cells determines HBV clearance/tolerance, and manipulation of these two cell types
may be a potential strategy for immunotherapy of HBV-related liver diseases!'*l.
Activation of Kupffer cells by pathogens and the CCL2/CCR2 axis can be the key
factor to recruit innate effector cells to the injured liver!"”l. In alcoholic liver disease
mice, a crosstalk network including Kupffer cells, T cells, CCL2/CCR2, and
CCL5/CCRS5 sensitizes hepatocytes”.. NLRP3 inflammasome from Kupffer cells is
involved in the occurrence of schistosomiasis-induced liver fibrosis (SSLF) via NF-«B
signaling and IL-1P in serum increased strongly™l. An effective method of isolating
Kupffer cells was explored to eliminate endothelial cell contamination, which could
be meaningful for illuminating Kupffer cell function and mechanism in diseases!*.
RAMP 1 in Kupffer cells mediates a crosstalk network involving infiltration of
immune cells and pro-inflammatory cytokines secreted by Kupffer cells and splenic T
cells, and such crosstalk network can regulate the immune responsel®l. ATG5-
dependent autophagy involved in crosstalk between Kupffer cells and cytokines (IL-6
and IL-10) mediated acute liver injury responsel®l. The cross communication of Sphk1
with HSCs and Kupffer cells regulated the CCL2-CCR2 axis in liver fibrosis™.. Fas
ligand stimulated Fas-expressing Kupffer cells or macrophages to secrete active IL-18
in a caspase-1-independent manner and finally resulted in acute liver injury in micel*l.
Kupffer cells with high expression of CD1d only presented lipid antigen to NKT cells
for activation of the pro-inflammatory cytokine pathway™!. Huangqi decoction
activated Kupffer cells to promote liver fibrosis”*’l. The crosstalk between Th2
microenvironment and Kupffer cells promoted liver fibrodsis/*’l. The interaction
between NK cells and Kupffer cells mediated by the CD205-TLR9-IL-12 axis promoted
liver injury™l. MMO9 from Kupffer cell can remodel the matrix and repair the
architecture during liver fibrosis regression”’l. Taken together, multiple functions of
Kupffer cells modified by different molecules, signal pathways, inflammatory
cytokines, and immune cells are essential in the development of liver fibrosis.

Other inflammation-related cells

NKT cells are activated in an NKG2D-dependent manner, and the crosstalk of IL-30
with NKG2D activates NKT cells to remove collagen-produced HSCs™. Regulatory
CD4 T cells modulate the crosstalk network between NK cells and HSCs!*l
Neutrophils are the source of many inflammation cytokines and important
inflammatory cells for acute liver injury and chronic fibrosis. Neutrophil-to-
lymphocyte ratio is determined to be related with inflammatory activity and fibrosis
in non-alcohol fatty liver disease™!. A latest report shows that Th22 cells are closely
associated with chronic liver fibrosis; moreover, the close crosstalk in the cell number
of CD4" T cells and Th22 cells suggests that Th22 plays an important role in chronic
liver fibrosis™. One report demonstrates that NK cells migrate into the fibrosis scar
and play a role in immune surveillance by clearing senescent activated HSC cells!™l.
However, the chemokine CXCL-10 reverses NK cell-mediated HSC inactivation
function and promotes liver fibrosis’l. Therefore, liver fibrosis progresses in the
inflammatory mediator crosstalk network microenvironment.

Inflammatory cytokines

Proinflammatory cytokines: IL-17A in combination with TGF-pRI can phosphorylate
SMAD2/3 in HSCs to activate liver fibrosis™l. A cross communication involving BM-
MSCs and IL-6/STAT3 can down-regulate IL-17 and affect liver fibrosis”. In a new
mouse model with a pre-injured liver (Abcb4/Mdr2/-), IL-6-driven inflammatory
response may determine the outcome of acute liver injury™’. IL-6 is a primary
regulator of both acute and chronic inflammation, which exhibits two contrasting
functions. It acts as a pro-inflammatory cytokine in models of chronic inflammatory
diseases!*!], and contrarily shows anti-inflammatory effects in acute inflammation.
Therefore, as a classic pro-inflammatory cytokine biomarker, IL-6 is used to clinically
diagnose chronic liver fibrosis*’. A crosstalk axis involving IL-6 and polymorphism of
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its gene (C174G) accelerates progression of chronic liver fibrosis!*’l. As a potent
chemoattractant for neutrophils, IL-8 and its receptor CXCR1 are involved in
inflammation activation and liver fibrosist*l. As potent predictors of liver injury, IL-8,
MCP-1, and OPN are associated with advanced liver fibrosis in nonalcoholic fatty
liver diseasel*). CXCL-6 can phosphorylate EGFR and activate the TGF-$ pathway in
Kupffer cells in liver fibrosis!'”l. A latest report shows that IL-9-derived interaction
between Raf/MEK/ERK and CXCL-10 can promote liver fibrosis*l. As a
profibrogenic factor, IL-34 may become a diagnostic biomarker for liver fibrosis!*’.. In
a mouse model, the crosstalk between IL-13 and STAT6 signaling pathways activates
schistosomiasis-induced liver fibrosis!*l. In non-alcoholic fatty liver disease, fibroblast-
derived marker IL-34 is developed as a feasible diagnostic marker!*l. IL-34, together
with macrophage colony-stimulating factor, activates HSCs to promote collagen
synthesis"’l. Plasma IL-18 in children with nonalcoholic fatty liver disease has been
proposed as a novel biomarker for liver fibrosist’!. CCL2-dependent monocytes may
promote angiogenesis induced by inflammation in the progression of liver fibrosis™.
The communication of TGF-p with JAK1-STAT3 may promote HSC proliferation as
well as collagen I and a-SMA up-regulation in CCL4-derived live fibrosis™. In fibrotic
liver, activated HSC-derived CTGF may respond to TGF-f stimulation in order to
form a crosstalk regulatory network, and this crosstalk contributes to extracellular
matrix production in a STAT3-dependent model™. Alternatively, the interaction of
TGEF-p with long non-coding RNA-21 may promote hepatocyte apoptosis in liver
fibrosist’l. Neutralizing of IL-1a and IL-1 can inhibit the progression of liver fibrosis,
which suggests that IL-1a and IL-1P promote inflammatory liver fibrosist. Higher IL-
9-derived Th9 cell expression was investigated in patients with HBV associated liver
cirrhosis, and the result suggested that IL-9 may relate closely to the liver fibrosis. IL-9
is reported to promote hepatic dysfunction in CCL4-mediated liver fibrosis’.

Anti-fibrosis cytokines: As an autophagy inhibitor, IL-10 crosstalks with STAT3 to
exert an anti-fibrogenic function in liver injury™. IL-10 producing regulatory B cells
can enhance regulatory T cell function in chronic liver fibrosis mediated by HBV™.
Through restriction fragment length polymorphism (RFLP) analysis, IL-10 gene
promoter (rs1800896) polymorphism was correlated with an increased risk of chronic
liver fibrosis, especially that mediated by HBV!®l. IL-22 belongs to the IL-10 family
and is produced by Th17 cells, Th22 cells, and NKT cells. IL-22 crosstalks with the
microRNA (miRNA) and inflammatory cytokine pathways to attenuate HSC
activation and inhibit liver fibrosis!®'*?l. Crosstalk of IL-22 with p53-p21 in a STAT3
dependent way may induce the senescence of activated HSCs in liver fibrosis!*’l.
Crosstalk of IL-22 with Nrf2-keap1-ARE inhibits acetaldehyde-induced HSC
activation and proliferation!*. As a liver protector, IL-22 may activate liver cell STAT3
to inhibit liver injury!®l. Moreover, IL-22 inhibits ConA-induced acute liver
inflammation!*!. Crosstalk of IL-22 with STAT3 exerts an anti-apoptotic and mitogenic
activity!®’l. IL-22 is up-regulated strongly in patients with HCV infection, and
administration of IL-22 promotes a-SMA expression and collagen production from
HSCsl*l. However, crosstalk between IL-22 and HSC-derived IL-22-R1 may induce
up-regulation of HSC-derived chemokines (CXCL10 and CCL20) to recruit Th17 cells
to migrate into the inflammatory liver in response to chronic liver inflammation and
fibrosis mediated by HBV. Therefore, the ultimate effect of IL-22 in liver fibrosis needs
to be determined by the balance between induction of HSC apoptosis and promotion
of liver inflammation!™). Crosstalk between IL-22 and the TGF-p1/Notch signaling
pathway may induce HSC inactivation and inhibit liver fibrosis!"’l. Therefore, liver
fibrosis progresses gradually via a crosstalk regulatory network involving multiple
cytokines and their related downstream signaling pathways. IL-23 produced by Th2
cells down-regulates proinflammatory cytokines and inhibits liver fibrosis”"l. High
expression of IL-23R on the Th17 cell surface in acute-on-chronic liver injury patients
suggests that it strongly correlates with liver disease severity!’?. High expression of
IL-23 in monocyte-derived dendritic cells presents in a TRAF6/NF-«xB dependent
manner and is closely associated with HBV-mediated acute-on-chronic liver injury!™.
Besides, IL-23 on the basis of IL-17A-producing y8T cells has a protective effect
against ConA-mediated liver injury!™..

SIGNALING PATHWAY CROSSTALK IN LIVER FIBROSIS

TGF-B signaling pathway

A crosstalk involving TGF-p and TGF-f R exerts a regulatory effect on cell plasticity
in liver fibrosis (Figure 1). In CCL4 induced acute liver injury mice, CCL2/CCR2
recruits monocytes to infiltrate to the injury liver, then monocytes differentiate
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preferentially into inducible nitric oxide synthase-producing macrophages exerting
pro-inflammatory and pro-fibrogenic actions, e.g., promoting HSC activation via the
TGEF-p pathway!".. Collagen triple helix repeat containing 1 (CTHRC1) promotes HSC
proliferation, migration, and contractility for supporting liver fibrosis via crosstalk
with the TGF-p signal pathway!"l. IL-13 activates the TGF-p signaling pathway to
promote HSC proliferation and cell viability””). M2 Kupffer cells produce TGF-f and
IL-10, which mediate immune tolerance in mouse liver injury by down-regulating the
production of TNF-a and IL-12. In addition, M2 polarization of Kupffer cells
contributes to the apoptosis of M1 Kupffer cells in fatty liver diseasel’”. Therefore,
TGF-p is critical for the activation of HSCs to transdifferentiate into fibrogenic
myofibroblasts. Crosstalk between TGF-3 and SMAD3 contributes to CCL4-induced
liver fibrosisl". Activated HSCs may impair NK cell-mediated anti-fibrosis function
through crosstalk with TGF-p in HBV-induced chronic liver fibrosis*. Some small
compounds may crosstalk with the TGF- pathway and exert an effect on liver
fibrosis. Crosstalk of paeoniflorin with the TGF-p pathway may exert a protective role
in radiation-induced liver fibrosis®l. Sauchinone also reduces activation of HSCs and
liver fibrosis through crosstalk with the TGF-1 pathway!*. Isorhamnetin may control
liver fibrosis progression through inhibitive crosstalk with TGF-p1 and relieving
oxidative stress®’l. Synthetic oligodeoxynucleotide may prevent fibrogenesis and
deposition of collagen by targeting the TGF-p1/Smad pathway!*!. Platelets are a rich
source of TGF-1 and platelet TGF-p1 deficiency decreases liver fibrosis in a mouse
model of live injury®™]. TGF-p mediates the transformation of mesothelial cells to
myofibroblast!®l.

MiRNA signaling pathways

MiRNAs as an important regulatory element are involved in liver fibrosis. Crosstalk
between miR-101 and the PI3K/Akt/mTOR signaling pathway presents an anti-
fibrotic effect in a CCL4 induced mouse model?®”. MiRNA-29b can target the
PI3K/AKT pathway to prevent liver fibrosis by attenuating HSC activation and
inducing apoptosis!®l. MiRNA-29b and its crosstalk with the TGF-p1/Smad3 may
suppress HSC activation™). MiRNA-34a-5p inhibits liver fibrosis by regulating the
TGF-p1/Smad3 pathway in HSCs!"l. A cross-communication between miR-130a-3p
and its down-regulatory TGFBR1 and TGFBR2 induces HSC apoptosis”]. MiR-19b can
down-regulate CCL2 in HSCs and further inhibit liver fibrosis*l. A crosstalk
involving miRNA-21 and the NLRP3 inflammasome/IL-1P axis mediates angiotensin
II-induced liver fibrosis”l. As a Wnt/p-catenin activator, miR-17-5p contributes to
progression of liver fibrosis via activating HSCs[™"l. Much evidence suggests that miR-
17-5p promotes HSC proliferation and activation, on the contrary, down-regulation of
miR-17-5p expression contributes to the suppression of activated HSCs/l. MiRNA-
142-3p inhibits TGF-B-induced fibrosis by targeting the TGF-RI pathway and was
found to decrease the plasma of chronic liver fibrosis patients™. A considerable
amount of evidence has shown that miRNA-200 participates in fibrosis/’’l. As a
PI3K/ Akt pathway activator, interaction of miR-200c with its related FOG2 results in
HSC activation and liver fibrosis!””l. MiRNA-181b-3p and its target importin a5 may
regulate sensitivity of TLR4 in Kupffer cells”. MiRNA-193a/b-3p relives liver fibrosis
by inhibiting the activation and proliferation of HSCsI. MiRNA-26b-5p inhibits
mouse liver fibrosis by targeting platelet-derived growth factor receptor-p'*.
MiRNA-219 plays a protective role in liver fibrosis by targeting TGF-PRII'". MiRNA-
145 promotes HSC activation by targeting Kriippel-like factor 40'"?l. The effects of
alcohol on DNA methylation in hepatocytes in liver fibrosis and miRNA regulation
have been elucidated!"””l. Therefore, the core miRNAs and the related downstream
targets form a complicate regulatory miRNA-mRNA communication network in liver
fibrosis, and this provides a basis for the development of more effective therapy for
liver fibrosis.

TLR pathway in liver fibrosis

TLR has the ability to recognize pathogens and contains ten members: TLR1-10.
Among the TLR family, TLR3, 7, 8, 9, and 10 are located in the endolysosomel'*'"],
and TLR1, 2, 4, 5, and 6 are located on the membrane. A crosstalk between TLR and
their ligands activates the liver fibrosis pathway (Figure 2). TLR2 and its ligand
stimulate Kupffer cells to secret IL-10 in HBV-dependent liver fibrosis!""*'""l. In HBV-
induced chronic liver fibrosis, TLR2 acts in a homodimer form or in a heterodimer
form with TLR1 or TLR6 and activates NF-kB in a MyD-88 dependent manner"l.
TLRS3 silencing induces HSC and Kupffer cell activation, suggesting that TLR3 is
related closely to liver injury. This supports the basis for TLR3-targeted therapy of
liver diseasel'”l. Crosstalk between TLR3 and CCL5 plays a key role in HCV-
mediated liver fibrosis!"'’l. Exosome-mediated TLR3 promotes liver fibrosis by
enhancing IL-17A production from y8T cells!""". In a non-alcoholic steatohepatitis rat
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Figure 1 Transforming growth factor-B mediated crosstalk network in liver fibrosis. TGF- is primarily signaled
by intracellular Smads. TGF-B: Transforming growth factor-B; HSC: Hepatic stellate cell; NK: Natural killer.

model, TLR4-p38 MAPK signaling may induce Kupffer cell activation, suggesting that
TLR4 is closely associated with steatofibrosis!'?. Ethyl pyruvate may protect the liver
from CCL4-mediated fibrosis by inhibition of TLR4!""”l. TLR5 promotes liver bacterial
clearance and protects from liver injury and fibrosis!"'“l. Bioactive compound luteolin
may protect the liver from fibrosis through up-regulation of TLR5, and knockdown of
TLR5 induces metabolic syndromel'”l. These data suggest that TLR5 is a possible key
transcription factor for preventing lipotoxicity. TLR2, together with the TLR9-
dependent myD88-dependent pathway, may activate HSCs to secret CXCL1, and the
CXCL1/CXCR2 axis recruits neutrophils to the liver, which contributes to the
development of alcohol-mediated liver injury!'l. TLR7 may activate dendritic cells to
secret type I interferon (IFN) to activate Kupffer cells to produce profibrogenic IL-1ra.
The TLR7/type I IFN/IL-1ra axis opens a selective target therapy for liver fibrosis!'’.
Besides TLR3, other TLR family members are dependent on the MyD88 pathway.
Curcumin promotes apoptosis of activated HSCs by inhibiting the MyD-88
pathway!".

Other signaling pathways

There are other signaling pathways, such as STAT-3, Wnt/p-catenin, and NF-xB
signaling pathways, involved in liver fibrosis (Figure 3). A crosstalk involving IL-17
and the STAT3 signaling pathway activates HSCs to produce collagen I''*l. A crosstalk
network involving IL-6 and IL-10 with STAT3 may protect the liver against alcohol-
mediated inflammation and injury!*’l. STAT3/IL-10/1L-6 signaling regulates
hepatocyte proliferation and is a key factor associated with acute injury and chronic
liver fibrosis!'”!l. Moreover, crosstalk of IL-22 with STAT3 induces senescence of HSCs
in liver fibrosis®. STAT3 is required to for TGF-p-induced proliferation and fibrosis
in LX-2 cells, and this supports that there is a close crosstalk between the TGF-p and
STAT3 pathways!'*?l. STAT3-EGEFR signaling promotes liver protective function in
cholestatic liver injury and fibrosisl'*’l. STAT3 and MAPK are necessary for IL-6-
mediated liver fibrosis*’l. STX-0119 reduces liver fibrosis by inhibition of STAT3 and
inactivation of HSCs in micel'*). Crosstalk of FGF21 with the NF-xB and JNK signaling
pathways protects the liver from inflammation and fibrosis!'*\. Crosstalk between NF-
kB and type I IFN signaling promotes liver inflammation and fibrosis, while crosstalk
of ADARI1 with this pathway restrains this function!"*”l. The Wnt/ p-catenin pathway
exerts a function in HSC activation induced collagen I formation and liver fibrosis,
and crosstalk of hBM-MSC with this pathway may inhibit liver fibrosis!"*’). HGF
activation promotes HSC apoptosis through the Rho pathway!*.
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TARGETED THERAPIES FOR LIVER FIBROSIS

There are currently some drugs available for the therapy of liver fibrosis, however,
their efficacy is limited (Table 1). It is the time to explore promising drugs to improve
the treatment of liver fibrosis by developing promising therapeutic strategies, such as
inhibition of HSC activation and anti-inflammation. Following molecular targeted
therapy increasingly development, protein marker on HSC, signal pathway molecule
may be potential marker to be selected for improving liver fibrosis. Many anti-fibrotic
compounds are being on road. Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) has been evaluated to improve liver fibrosis. TRAIL can reverse liver
fibrosis by promoting apoptosis of primary HSCs and inhibiting Kupffer cells in a
CCL4-mediated liver fibrosis model. Therefore, TRAIL-based therapy is a useful
direction for exploring new anti-fibrotic drugs!*. Wnt/-based ICG-001 has been
assessed to selectively induce target cell apoptosis, with encouraging results obtained
in terms of reversing fibrosis and improving survival rate of model animals!"*". 24-
nor-ursodeoxycholic acid (norUDCA) has been found to have anti-fibrotic effects and
improve inflammation-mediated liver fibrosis!'*!l. Cenicriviroc, an inhibitor of
CCR2/CCRS, is on a phase III clinical trial, which presents an anti-liver fibrosis
effect!™. Accumulating experiments of tyrosine kinase inhibitors make it possible to
exploit their beneficial effects on fibrotic disease, although it should not also neglect
the side effects of TK inhibitors for liver fibrosis, such as rash and gastrointestinal
symptoms!'*’l. Taken together, these new drug therapies will provide a new avenue
for the treatment of liver fibrosis.

CONCLUSION

A Dbetter understanding of the crosstalk among inflammation-related cells, cytokines,
and signaling pathways in liver fibrosis could help clarify the pathogenesis of liver
fibrosis. The aim of this review is to describe the present knowledge about
inflammation-related crosstalk networks, which effectively perform regulatory
functions in HSC activation and liver fibrosis. Moreover, we discuss different
interactions among crosstalk-related members in liver fibrosis. The crosstalk-related
complex regulatory network modulates several important aspects of cell function,
including proliferation, activation, and differentiation (Table 1, Figure 4). Targeting
each node of the crosstalk network can be a promising direction for liver fibrosis
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treatment. Interaction of IL-34 with the PI3K/ Akt signal pathway promotes the M2
polarization of Kupffer cells to inhibit acute rejection in rat liver transplantation!"**.
IL-17 stimulates Kupffer cells to secret TGF-p and activates HSCs to form
myofibroblasts by stimulating collagen synthesis via the STAT3 signal pathway. In the
future, we will focus on the function of IL-22 in the crosstalk between Kupffer cells
and the CCL2-CCR2 pathway in order to enrich our knowledge on inflammatory
cytokines in liver fibrosis. This will provide a basis for the therapy of liver fibrosis!"'".
In addition, it should be noted that impaired macroautophagy/autophagy is involved
in the pathogenesis of hepatic fibrosis.

Baishidengs WJG | https://www.wjgnet.com 4842 September 7, 2019 | Volume 25 | Issue33 |



Zhangdi HJ et al. Inflammatory mediator in liver fibrosis

Table 1 Signal pathway-inflammatory mediator crosstalk network in liver fibrosis

Crosstalk family member

Mechanism

Function in liver fibrosis

Biological basis as therapeutic
target

TGF-p

Wnt/ B-catenin

TLR-2 TLR1/2 TLR2/6

TLR-3

TLR-4

TLR-5

TLR7

TLR-9

STAT3

miR-29b

miR-34a-5p

miR-130a-3p

miR-19b
miR-21

miR-17-5p

miR-142-3p
miR-200c
miR-181b-3p
miR-193a/b-3p
miR-26b-5p

miR-219
miR-145

Proliferation Migration Collagen
production Crosstalk with small
compounds Induces NK cell
tolerance

Promotes activation of HSC Collagen
I production

Activates NF-kB pathway Pro-
inflammatory cytokines Activates
Kupffer cell and IL-10 production

Crosstalk with IL-17A and y3T cell
Crosstalk with CCL5

Pro-inflammatory cytokine
production

Crosstalk other pathway Regulates
metabolism Anti-inflammatory
cytokine production

Pro-inflammatory cytokine
production Activates DCs Crosstalk
with IFN signaling pathway

CXCL1 production Neutrophil
infiltration

Crosstalk with IL-17, IL-10, and IL-6
Crosstalk with other signal pathways

Crosstalk with PI3K/AKT pathway
Crosstalk with TGF-$1/SMAD3
pathway Induces HSC apoptosis

Crosstalk with TGF-p1/SMAD3

Crosstalk with TGFBR1 and TGFBR2
Induces HSC apoptosis

Crosstalk with HSC CCL2

Crosstalk with NLRP3
inflammasome/IL-1p axis

Crosstalk with Wnt/-catenin
Activation of HSCs

Crosstalk with TGF-3

Crosstalk with PI3K/ Akt
Crosstalk with TLR4 Kupffer cells
Inhibits activation of HSCs

Crosstalk with platelet-derived
growth factor receptor-f3

Crosstalk with TGF-BRII

Crosstalk with Kriippel-like factor 4
Promotes activation of HSCs

Fibrosis activator

Fibrosis activator

Inducer or suppressor in liver fibrosis

Inducer or suppressor in liver fibrosis

Fibrosis activator

Fibrosis inhibitor

Fibrosis inhibitor

Fibrosis activator

Fibrosis activator or suppressor

Fibrosis inhibitor

Fibrosis inhibitor

Fibrosis inhibitor

Fibrosis inhibitor

Fibrosis regulator

Fibrosis promoter

Fibrosis inhibitor

Fibrosis promoter
Fibrosis regulator
Fibrosis regulator

Fibrosis inhibition

Fibrosis inhibition

Fibrosis inhibition

Deficiency of TGF-f inhibits liver
fibrosis

Loss of TLR3 aggravates liver
inflammation

Inhibition of TLR4 promotes liver
protection

Activation of TLR5 reduces liver
fibrosis

Inhibition of STAT3 may inactivate
HSCs and prevent liver fibrosis

TGF-p: Transforming growth factor-f; TLR: Toll-like receptor; NF-kB: Nuclear factor-xB; HSC: Hepatic stellate cell; DCs: Dendritic cells; NK: Natural killer;

IL: Interleukin.
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Abstract

Thirty per cent of all colorectal tumours develop in the rectum. The location of
the rectum within the bony pelvis and its proximity to vital structures presents
significant therapeutic challenges when considering neoadjuvant options and
surgical interventions. Most patients with early rectal cancer can be adequately
managed by surgery alone. However, a significant proportion of patients with
rectal cancer present with locally advanced disease and will potentially benefit
from down staging prior to surgery. Neoadjuvant therapy involves a variety of
options including radiotherapy, chemotherapy used alone or in combination.
Neoadjuvant radiotherapy in rectal cancer has been shown to be effective in
reducing tumour burden in advance of curative surgery. The gold standard
surgical rectal cancer management aims to achieve surgical removal of the
tumour and all draining lymph nodes, within an intact mesorectal package, in
order to minimise local recurrence. It is critically important that all rectal cancer
cases are discussed at a multidisciplinary meeting represented by all relevant
specialties. Pre-operative staging including CT thorax, abdomen, pelvis to assess
for distal disease and magnetic resonance imaging to assess local involvement is
essential. Staging radiology and MDT discussion are integral in identifying
patients who require neoadjuvant radiotherapy. While Neoadjuvant
radiotherapy is potentially beneficial it may also result in morbidity and thus
should be reserved for those patients who are at a high risk of local failure, which
includes patients with nodal involvement, extramural venous invasion and
threatened circumferential margin. The aim of this review is to discuss the role of
neoadjuvant radiotherapy in the management of rectal cancer.

Key words: Rectal cancer; Neoadjuvant therapy; Low anterior resection syndrome; Stoma;
Transanal endoscopic microsurgery; Trans-anal total mesorectal excision; Robotic
surgery; Watch and wait
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Core tip: Neoadjuvant radiotherapy aims to downstage tumours for a more effective
oncological resection. Studies have shown that both long and short course pre-operative
radiotherapy confers benefits to local recurrence. Some patients completely respond to
radiotherapy and have been enrolled in surveillance programmes without undergoing
surgery. It is essential to be aware of the disadvantages associated with radiotherapy.
Radiation therapy increases the risk of anorectal and genitourinary dysfunction which
have a deleterious impact on quality of life. Thus it is imperative to accurately identify
patients who are likely to benefit from neoadjuvant radiotherapy in order to minimise
morbidity and improve patient outcomes.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer diagnosed in both sexes in
the Western World. In 2019 there were approximately 44180 new cases of rectal cancer
diagnosed in the United States!'. Several risk factors have been implicated in rectal
tumorigenesis including genetics, age, obesity, smoking, and diet. Cancers of the
rectum and rectosigmoid junction account for 30% of all CRC diagnosed. Rectal
cancer is defined as tumours arising within 15 cm of the anal verge. While
histologically similar to cancers occurring at other sites in the colon, rectal cancers,
given the anatomical confinements of the bony pelvis, blood supply, lymphatic
drainage and nervous innervation rectal cancer are considered a distinct entity,
specifically in regards to the invasive growth pattern, surgical approach, and
treatment outcomes”’l. The use of neoadjuvant chemoradiotherapy is recommended
for all newly diagnosed rectal adenocarcinoma with a clinical (c) stage T3 or T4 based
on transrectal endoscopic ultrasound (EUS) or pelvic magnetic resonance imaging
(MRI). Neoadjuvant therapy may comprise of either radiotherapy alone or in
combination with chemotherapy. Commonly prescribed chemotherapy agents include
5-Fluorouracil (5-FU) and Oxaliplatin. These agents act to limit tumour cell division in
several ways. Oxaliplatin acts via the formation of DNA-platinum adducts which
deprives tumour cells of the necessary building blocks for cell replication. Similarly, 5-
FU prevents the formation of nucleosides essential for tumour cell division. Following
the completion of neoadjuvant chemoradiotherapy, the patient proceeds to curative
surgery. The overarching aim of rectal cancer management is surgical removal of the
tumour and all draining lymph node basins, in an intact mesenteric package, in order
to achieve an RO resection, with negative resection margins, with the aim of reducing
local recurrence rates. Radiotherapy plays an integral role, as it aids in downsizing or
downstaging large tumours (cT3/T4) in the neoadjuvant setting. It is important
however to note that not every patient responds favourably to radiotherapy and that
treatment-related toxicity can occur, which negatively impact patients” overall and
health-related quality of life (QoL)!". Furthermore, neoadjuvant radiotherapy can
cause excessive tissue oedema, leading to a loss of surgical planes, thereby posing an
increased surgical challenge, especially in the narrow male pelvis.

The aim of this review is to discuss the role of radiotherapy for the management of
rectal cancer in the neoadjuvant setting.

EVOLUTION OF SURGERY IN MANAGEMENT OF RECTAL
CANCER

Surgery with curative intent provides the best chance of survival from rectal
adenocarcinoma. Due to the challenges posed by the confinement of the bony pelvis,
surgical approaches to rectal cancer have undergone several landmark technical
milestones, which have lead to improved local recurrence rates and reduced overall
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morbidity and mortality. Historically rectal tumours were excised via a perineal
approach, which was associated with poor mortality, morbidity, and local recurrence
ratesl’l. The first successful rectal resection was performed in 1826 by Lisfranc, where
the rectum was everted and a minimal resection of the distal rectum was performed.
There was no consideration for resection of the mesorectum and draining lymph
nodes. As anaesthesia was still in the nascent stages, success was based primarily on
patients’ survival and fitness for discharge. These procedures were principally
performed with palliative intent. A review conducted by Vogel of 1500 cases
performed in the 19th century found an average operative mortality rate of 20% and a
local recurrence rate of 80%!l. In 1908, the English surgeon William Ernest Miles
described the first radical procedure using an abdominal and perineal approach, i.e.
abdominoperineal resection (APR). This involved resection of the distal rectum and
anal canal. The proximal rectum was exteriorized as an end colostomy. Miles
published his case series between 1908 to 1923 and reported local recurrence in 5
patients of the 12 reported (41.6%)".. Miles influenced generations of future surgeons
who adopted his technique. Subsequent improvements to the technique included
performing a high-tie of the inferior mesenteric artery (IMA)Fl. This served to
maximise lymph node yield and reduce local recurrence.

In 1938, Henri Hartmann published a case series of 38 patients with sigmoid
tumours. Hartmann performed a sub-total colectomy and fashioned an end-
colostomy, with oversewing of the rectal stump preserving anal anatomy. First
described in 1921, the case series quoted a mortality rate of 8.8% which was a
significant reduction, when compared to the 38% mortality rate associated with
APRPL Hartmann did not advocate for the restoration of bowel continuity in his case
series, as he felt the risk to the patient would be too high. This was challenged by the
American surgeon Claude Dixon in 1948 when he published a series of 426 patients
between 1930 and 1947 in which he performed an anterior resection. In this
procedure, upper rectal tumours were resected with bowel continuity restored during
the same procedure. A temporary diverting stoma may also be fashioned mitigating
the clinical severity of any potential anastomotic leak. Dixon reported a mortality rate
of 5.6% and a 5-year survival rate of 67.7% in 272 patients!"’l. Dixon concluded that
anterior resection was a safe and efficacious procedure for the treatment of upper
rectal tumours.

In order to reduce local recurrence rates even further, Professor Richard ] Heald
developed the technique that is now known as total mesorectal excision (TME)!"l. This
is a standardized and reproducible anatomical approach to pelvic dissection, which
interrogates surgical planes in order to completely excise the lymphovascular fatty
tissue surrounding the rectum and mesorectum under direct vision. Heald postulated
that local recurrence was a result of leaving residual mesorectal tissue within the
pelvis. In a case series performed at Basingstoke between 1978 and 1997, 519 patients
underwent TME for rectal cancer. Neoadjuvant radiotherapy was administered to 49
of the patients in the series. The predominant surgical procedure performed was an
anterior resection, although APR and Hartmann resections were also included. The
findings of the case series demonstrated a 5-year cancer-specific survival rate of 68%
for all patients. The local recurrence rate for curative resections, defined as disease-
free proximal, distal and circumferential margins, was 3%. Local recurrence had been,
on average, 20% before the publication of this study. Disease-free survival at 5 years
was calculated at 80% for those patients treated with curative intent!"’. TME
highlights the importance of utilizing natural anatomical planes and performing
meticulous dissection during the surgical approach. TME is associated with the lowest
rates of local recurrence and has become the surgical gold standard for the
management of rectal cancer. Moreover, Quirke et all'”! examined 1156 surgical
specimens from patients managed with TME. The authors graded the quality of the
resections as Good (52%), Poor (13%) or Intermediate (38%), based on the integrity of
the mesorectal envelope post-resection. The authors very elegantly demonstrated a
significant direct correlation between a positive circumferential resection margin and
rates of local recurrence thereby validating Heald’s embryological theory
underpinning TME.

Restoration of intestinal continuity posed new challenges to rectal cancer
management, principally the risk of anastomotic leakage. This feared complication
occurs due to failure in the integrity of the anastomosis leading to an abnormal
communication between the peritoneal cavity and the intraluminal contents of the
bowel. Studies investigating anastomotic leaks have quoted incidence rates of 15%-
20%"*+"1. To mitigate the severity of this event, a diverting stoma can be formed at the
time of surgery. The creation of a diverting stoma does not reduce the incidence of
anastomotic failure, however, it has been shown to minimize the risk of reoperation!"*l.
The fashioning of a stoma is not without risk. A meta-analysis comprising of 6 studies
and 1063 patients demonstrated a complication rate of 18.2% for loop ileostomy and
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30.6% for loop colostomy (P = 0.001)""l. The authors found that rates of clinical
dehydration (3.1% vs 0%, P = 0.13) and post-operative ileus (5.2% vs 1.7%, P = 0.02)
were greater in those patients with a loop ileostomy. Emmanuel et all'], published a
study in 2018 investigating outcomes for rectal cancer patients with diverting stomas.
The authors found that those with such stomas experienced a higher rate of post-
operative complications (57.1% vs 34.9%, P = 0.003) and an increased average length
of hospital stay (13 d vs 6.9 d, P = 0.005).

For the majority of these patients, diverting stomas are intended as a temporary
measure. A prospective observational study of 275 patients with diverting stomas was
published in 2017. Following an average follow-up of 4.9 years, the rate of permanent
stoma formation was 16.7%"l. A retrospective study in Sweden of 3564 patients with
loop ileostomies outlined a 9-mo reversal rate of 68.4%. Risk factors for prolonged
interval to reversal and for conversion to permanent stoma included, post-operative
complications (HR = 0.67, 0.62-0.73), adjuvant chemotherapy (0.63, 0.57-0.69) and
advanced cancer stage (Stage I1I 0.74, 0.66-0.83 and Stage IV 0.38, 0.32-0.46)!'"! (Figure
1).

RADIOTHERAPY
Staging

Neoadjuvant therapy comprises a combination of radiotherapy and chemotherapy.
The European Society of Medical Oncology (ESMO) recommend neoadjuvant therapy
in cases of advanced disease (> T3), lymph node involvement on imaging and where
the adequacy of TME surgery is in question (circumferential resection margin)!'J. The
goal of neoadjuvant therapy is to downsize or downstage the tumour in anticipation
of surgical resection. In instances where there is involvement of the anal sphincters,
successful neoadjuvant therapy can potentially downsize a tumour, to allow for the
creation of a safe resection margin thereby preserving the anal sphincters and
maintaining anal continence. In certain cases, tumours may completely respond to
neoadjuvant therapy. Complete Response is defined as the replacement of tumour
with fibrous tissue post-radiotherapy. Analysis of the National Cancer Database in
2017 detailed a pathologic complete response (pCR) rate of 13% in an overall patient
cohort of 275321 The decision to treat a patient with neoadjuvant therapy is
dependent on the clinical tumour stage at presentation. This entails taking a full
medical history and clinical examination, including digital rectal examination (DRE),
and radiological examinations. Local staging is performed through MRI of the pelvis
and EUS of the rectal lesion. MRI provides detailed images of the pelvis allowing for
accurate staging of the tumour and facilitating pre-operative planning. Furthermore,
MRI aids in assessing the circumferential resection margin (CRM) status. In a
prospective observational study of 408 patients, 87% (95%CI: 83%-90%) had clear
margins on MRI. Surgical resection specimens of this cohort demonstrated clear
margins in 94% (95%CI: 93%-96%). Specificity was found to be 92% (95%CI: 90%-
95%)*1. EUS is effective at measuring the depth of tumour invasion in early rectal
cancers”l. Accuracy in assessing T stage for EUS has been quoted in the range of 85%-
90%1. Computed tomography (CT) of the Thorax, Abdomen, and Pelvis is useful for
both local and distant staging. CT has an accuracy rate of 85.1%, a positive predictive
value of 96.1% and a negative predictive value of 3.9% in detecting hepatic
metastases!*’.

Short course vs long course neoadjuvant radiotherapy
The clear advantages of neoadjuvant radiotherapy were first recognised in 1997 by the
Swedish Rectal Cancer Study Group™l. Between 1987 and 1990 1168 patients
diagnosed with rectal cancer were randomly assigned to an intervention arm, i.e.,
patients received neoadjuvant therapy prior to surgery and a control arm defined as
those patients who underwent surgery alone. The neoadjuvant regime involved 25 Gy
of radiotherapy in 5 fractions over the duration of one week. These patients were
operated one week after completing neoadjuvant therapy. This study found that there
was a significant reduction in local recurrence rates between intervention and control
(11% vs 27%, P < 0.001). The overall rate of local recurrence reduction in patients who
received radiotherapy was 58% (95%CI: 46%-69%). Even though neoadjuvant therapy
had no bearing on postoperative mortality the 5-year survival was significantly higher
in the radiotherapy group (58% wvs 48%). This landmark study was the first to
demonstrate improved overall survival in those patients receiving radiotherapy prior
to undergoing curative surgery.

In 2001, The Dutch Rectal Cancer Study Group performed a randomized control
trial comparing the effects of pre-operative radiotherapy and TME surgery in 1861
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patients™]. The protocol for neoadjuvant therapy involved 5 Gy of radiotherapy per
day for five days which was followed by TME surgery. Patients were regularly
followed up every three months for one year and annually thereafter for at least two
years. The overall rate of local recurrence was found to be 5.3%. The cohort treated
with radiotherapy and surgery exhibited local recurrence in 2.4% of cases vs 8.2% in
the surgery only group (P < 0.001). Unlike the Swedish trial, however, there was no
difference in overall survival between the two study arms.

Sebag-Montefiore et al*! performed a multicentre, randomised, control trial
comparing preoperative radiotherapy vs selective postoperative chemoradiotherapy
in patients with rectal cancer. This study encompassed 80 centres spanning four
countries. A total of 1350 patients with locally advanced adenocarcinoma of the
rectum were randomly assigned to a short-course preoperative radiotherapy (25 Gy in
five fractions; n = 674) arm vs surgery with selective postoperative chemoradiotherapy
(45 Gy in 25 fractions with concurrent 5-FU) arm, restricted to patients with a positive
circumferential resection margin (1 = 676). The primary outcome was local recurrence
and the median follow-up was 4 years. Ninety-nine patients had developed a local
recurrence (27 in the preoperative radiotherapy group vs 72 in the selective
postoperative chemoradiotherapy cohort). The authors noted a reduction of 61% in
the relative risk of local recurrence for patients receiving preoperative radiotherapy
(95%CI: 0.27-0.58, P < 0.0001), and an absolute difference at 3-years of 6.2% (95%CI:
5.3-7.1). Moreover, there was a relative improvement in disease-free survival of 24%
in patients who received preoperative radiotherapy (HR = 0.76, 95%CI: 0.62-0.94, P =
0.013), and an absolute difference at 3-years of 6.0% (95%CI: 5.3-6.8) (77.5% vs 71.5%).
Overall survival did not differ between the groups (HR 0.91, 95%CI: 0.73-1.13, P =
0.40). The authors were able to demonstrate an overall relative risk reduction of 61%
in local recurrence for patients receiving neoadjuvant therapy. The rate of anastomotic
leak in anterior resection patients was similar at one month (9% pre-op radiotherapy
vs 7% post-op chemotherapy). Patients undergoing pre-operative radiotherapy were
more likely to have poor perineal wound healing post-APR (35% vs 22%). Rates of
CRM involvement were also similar between groups (10% vs 12%). Taken with results
from other randomised trials, the MRC CR-07 findings provided convincing and
consistent evidence that short-course preoperative radiotherapy is an effective
treatment option for patients with locally advanced rectal cancer.

In 2004 Sauer et al*! demonstrated favourable outcomes in relation to long-course
combination therapy of chemotherapy and radiotherapy in the neoadjuvant setting
(nCRT) for the management of rectal cancer. A total of 823 patients with T3 /T4 rectal
adenocarcinoma were randomised to either a neoadjuvant long course
chemoradiotherapy arm or an adjuvant chemoradiotherapy arm. Neoadjuvant
therapy involved 28 fractions totalling 50.4 Gy. This was supplemented with
Fluorouracil (5-FU) infusions at weeks one and five. Surgery was performed 6-wk
followed by four cycles of 5-FU at one month post-operatively. Adjuvant patients
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underwent the same adjuvant regimen except for the addition of 540-cGy boost of
radiation. The results confirmed an improvement in 5-year local recurrence rates for
the pre-operative treatment (13% vs 6%) arm. Moreover, 5-year survival rates between
the two arms were not dissimilar (76% vs 74%, P = 0.8). Overall morbidity rates were
36% in the pre-operative arm and 34% in the post-operative arm (P = 0.68). Incidence
of anastomotic leak (11% vs 12%, P = 0.77), post-operative ileus (2% vs 1%, P = 0.26),
post-operative bleeding (3% vs 2%, P = 0.5) and sacral wound healing (10% vs 8%, P =
0.1) demonstrated no significant difference. This study utilised not only long-course
neoadjuvant therapy but also combined chemoradiotherapy in the neoadjuvant
phase. The benefits of combined chemoradiotherapy had been previously described
by Fryckholm et al®! in 2001. In this study, 70 patients were divided into a combined
therapy group and a radiotherapy monotherapy group. Both groups underwent
surgery within 3-4 wk after completing neoadjuvant therapy. Combined therapy
consisted of 40Gy of radiotherapy over 7 wk with weekly infusions of chemotherapy.
The authors concluded that treatment with combined therapy resulted in improved
local control. Post radical resection surgery, local recurrence rates were 4% and 35%
for the combined group compared to the radiotherapy alone group respectively (P =
0.02). Even with this regimen, no significant difference was appreciated in 5-year
survival between the two cohorts. The combined cohort had a five-year survival rate
of 29% with the radiotherapy group at 18% (P = 0.3).

A recent meta-analysis comparing short-course with long-course preoperative
neoadjuvant therapy for rectal cancer included eight robust studies?””. The qualifying
studies included a total of 1475 patients (short treatment: n = 665; long treatment: n =
810). No significant difference was detected in each outcome between the short- and
long-course preoperative treatments. Interestingly, subgroup analysis indicated that
the outcome of distant metastasis was significantly higher in long-course
radiotherapy, compared with short-course radiotherapy (OR = 2.65, 95%CI: 1.05-6.68).

Total neoadjuvant therapy

Intensified treatment has been proposed, in certain cases, for patients who present
with advanced local disease or those who are partial responders to neoadjuvant
radiation. Studies have investigated whether the addition of further cycles of
chemotherapy in the neoadjuvant phase, known as total neoadjuvant therapy (TNT),
had any impact on response rates or long-term outcomes such as local recurrence and
survival.

The GCR-3 trial was a Phase II randomised controlled trial incorporating 108
patients that were randomised to either receive neoadjuvant chemoradiotherapy and
4 cycles of adjuvant capecitabine/oxaliplatin (CAPOX) chemotherapy or receive 4
cycles of CAPOX in conjunction with radiation in the neoadjuvant phase. Both groups
demonstrated similar pCR rates (13% vs 14%), 5- year overall survival (62% vs 64%)
and 5-year disease free survival (77% vs 74%). Median follow-up was 69.5 months.
The authors noted a significant reduction in the incidence of treatment toxicity (19%
vs 54%, P = 0.004) and increased rate of therapy completion (91% vs 51%, P < 0.0001)
in the TNT cohort!™.

INTERVAL TO SURGERY

To date, there is no consensus regarding the interval between the end of neoadjuvant
chemoradiotherapy and time to surgery. In 1999, the Lyon R90-01 trial aimed to
identify any benefits between short intervals to surgery (< 2 wk) and long intervals to
surgery (6-8 wk) in 201 patients”l. The trial demonstrated that a long interval was
associated with a greater treatment response rate (53.1% vs 71.7%, P = 0.007).
Furthermore, the long interval cohort had increased rates of downstaging relative to
the short interval cohort (26% vs 10.3%, P = 0.0054). Patients were routinely followed
up twice a year for 5 years. The median follow-up was 33.5 mo (range, 1-79 mo) The
overall local recurrence rate was 9%. Both study arms had similar rates of local
recurrence. There was no significant difference in overall survival between both study
arms. The 3-year survival was 78% and 73% for the short interval and long interval
group respectively. In 2016, patient outcomes in this cohort were reanalyzed post
follow-up of 15 years!™. The long interval group demonstrated superior pathological
response rates (26% vs 10.3%, P = 0.015). Pathological response was related with
improved survival outcomes for patients (P-0.0048). No differences were noted
between both study arms in relation to local recurrence or survival. Of note, the
majority of local recurrences presented within 5 years of treatment (96%). In 2017, the
Stockholm III trial results were published in the Lancet!™. This multicentre,
randomised, non-blinded, non-inferiority trial aimed to determine the optimal

Baishidengs WJG | https://www.wjgnet.com 4855 September 7, 2019 | Volume 25 | Issue33 |



Feeney G et al. Neoadjuvant radiotherapy for rectal cancer management

interval to surgery between neoadjuvant therapy and upfront surgery in 840 patients.
Furthermore, the study also sought to determine whether the short course or long
course neoadjuvant therapy had a stronger impact on local recurrence. The first study
arm received 5 fractions of 5Gy radiation followed by surgery within one week, i.e.,
the short course group. The second study arm received a similar dose of radiation
with surgery performed between 4-8 wk, the delayed short course group. The final
study group underwent 25 fractions of 2 Gy radiation with surgery carried out after 4-
8 wk i.e., the delayed long course radiotherapy arm. The study demonstrated no
significant difference in local recurrence between the three study arms. Interestingly
there was an increased rate of post-operative complications in the short course cohort
when compared to the delayed short course group (53% vs 41%, P = 0.001) in a pooled
analysis. The overall complication rate was 50% for the Short Course Group, 38% for
the Short Course Delayed Group and 39% for the Long Course Group. Patients who
received short-course therapy had a reoperation rate of 11% vs 7% for the other
intervention arms. Surgical complications occurred in 31% of short course patients
with a rate of 26% and 23% for the short course delayed and long course groups,
respectively. Surgical complications were defined as surgical site infections (SSI),
post-operative bleeding, anastomotic leak, wound dehiscence, efc.

A comprehensive meta-analysis and systematic review was conducted by Donlin
Du et al® in 2018. This review sought to determine if an extended interval to surgery
(= 8 wk) influenced patient outcomes, in particular, pathological complete response
(pCR) rates (defined as the replacement of tumour cells with fibrous tissue on a
resected pathological specimen after neoadjuvant therapy). Thirteen studies involving
19652 patients were included. The meta-analysis demonstrated that pCR was
significantly increased in patients with locally advanced rectal cancer and a waiting
interval of > 8 wk between preoperative nCRT and surgery compared to a waiting
interval of < 8 wk, or a waiting interval of > 8 wk compared to < 8 wk (risk ratio %4
1.25; 95%CI: 1.16-1.35; P < 0.0001). There were no significant differences in overall
survival, disease-free survival, operative time, or incidence of local recurrence,
postoperative complications, or sphincter-preserving surgery. This study revealed
that performing surgery after a waiting interval of 8 wk after the end of preoperative
nCRT is safe and efficacious for patients with locally advanced rectal cancer,
significantly improving pCR without increasing operative time or incidence of
postoperative complications when compared to a waiting interval of 8 wk.

Moreover in 2018 Kim et al! analysed outcomes for rectal cancer patients who
received differing intervals to surgery after completion of neoadjuvant therapy. The
primary outcomes measured were pCR and tumour downstaging. Overall 249
patients with differing intervals to surgery were included. The majority (45.4%)
underwent surgery within 7 to 9 wk. The shortest time to surgery was within 5 wk
whereas some patients’ surgery was performed over 11 wk after neoadjuvant therapy
was completed. The authors noted a higher rate of pCR in the 9 to 11-wk interval with
a pCR of 8.6% (P = 0.886). Downstaging occurred most frequently in the 7 to 9-wk
cohort with a downstaging rate of 52.9% (P = 0.087).

A meta-analysis incorporating 3584 patients examined the correlations between
interval to surgery and the rate of pCRF*. The control for this study was patients
treated with surgery 6 to 8 wk after neoadjuvant therapy. There was a higher rate of
pCR in patients operated on after 8 wk (P < 0.0001). The rates of pCR were found to
increase from 13.7% to 19.5%. Other patient outcomes such as survival, local
recurrence, and post-operative complication rates were similar between both groups.

A further multicentre study investigated outcomes for rectal cancer patients treated
with surgery over 12 wk after completing neoadjuvant therapy!”l. Seventy-six patients
were enrolled in the long interval group, with 48 patients undergoing surgery within
12 wk. There was no statistically significant difference between both groups regarding
post-operative complications (P = 0.547), readmission rates post-operatively (P =
0.183) and 30-d mortality (0.148). Histopathological analysis of the resected surgical
specimens demonstrated a pCR rate of 8.3% for those undergoing surgery within 12
wk and 15.8% in those with an extended interval to surgery (P = 0.28). Similarly, there
were no significant differences found regarding morbidity and mortality in either
group.

Overall, debate still continues as to the benefit of long vs short interval to surgery
post neoadjuvant therapy. Patients who undergo prompt resection post neoadjuvant
therapy (< 6 wk) have a shorter duration of treatment yet are at a higher risk of post-
operative complication and downstaging of the tumour. Alternatively, patients with
prolonged interval to surgery (> 8 wk) have a reduced rate of post-operative
complications with a higher incidence of treatment response and downstaging. If
rectal preservation is the aim of treatment, then long-course radiotherapy is essential
(Table 1).
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Table 1 Impact of radiotherapy on local recurrence and survival

Study

5-yr disease free

Overall survival .
survival

Interventions Local recurrence

Swedish Rectal Cancer 1168

Trial, NEJM, 199711

Dutch Rectal Cancer
Trial, NEJM, 2001

MRC CR-07, Lancet,
20091

Sauer et all”’l, NEJM,
2004

Fryckholm et al”®l 2001

Stockholm III trial,
201711

Bujko et all®, 2016

Trans-Tasman
Oncology Group,
2012%1

Wawok et all”’], 2018

German
CAO/ARO/AIO-04
study, 201211

1861

1350

850

70
840

BIIl5)

326

51

1236

25 Gy in 5 fractions in ~ 27% 11% (P < 0.001)
one week surgery

25 Gy in one week TME  2.4% 8.2% (P < 0.001)
surgery

25 Gy in one week TME 27 (674) = 4% 72 (676) = 70.3% 67.9% (P = 0.4)
surgery and adjuvant 10.7%
therapy

50.4 Gy over 5 wk with 6% 13% 76% 74% 68% 65%
5-FU TME surgery

40 Gy and 5-FU40Gy 4% 35% (P =0.02)
2.24% 2.8% 5.5%

58% 48% (P = 0.004) 74% 65% (after nine

years) (P = 0.002)
82% 81.8% (P =0.2) N/A

73.6% 66.7% (P = 0.013)

66% 38% (P = 0.03)
73% 76% 78%

29% 18% (P = 0.3)

Short course Short 65% 64% 65%
course w/ delay Long

course w/ delay

5x5Gy and FOLFOX  22% 21% (P = 0.82)
50.4 Gy in 28 fractions

w/ 5-FU

5x5Gyin1wk50.4Gy 7.5% 4.4% (P =0.24)
in 5 wk

73% 64.5% (P = 0.055) 53% 52% (P = 0.74)

74% 70% (P = 0.62) N/A

5x5Gy50.4 Gy w/5-  35% 5% (P =0.036)
FU

50.4 Gy w/ 5-FU
(Control) 50.4 Gy w/5-
FU and Oxaliplatin

47% 86% (P = 0.009) N/A

4.6% 2.9% 88% 88.7% 71.2% 75.9%

TME: Total mesorectal excision; FU: Fluorouracil; FOLFOX: Folinic Acid, Fluorouracil, Oxaliplatin; 5-FU: 5-Fluorouracil.
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COMPLICATIONS OF RADIOTHERAPY

The introduction of neoadjuvant radiotherapy to the management of rectal cancer has
resulted in improved outcomes for patients. This has now been demonstrated by
multiple studies, with all reporting reduced rates of local recurrence. It has been
suggested that patients who receive a complete pathological response to radiotherapy
could potentially avoid surgery and the morbidities associated with surgery or at the
very least the adjuvant chemotherapy limb of the current neoadjuvant protocols. The
survival outcome data from these studies are ambiguous, however. The potential
benefit of radiotherapy in treating a rectal tumour must also be balanced against the
risk of patients developing serious side effects secondary to radiation exposure.
Numerous side effects, complications, and toxicities from radiotherapy have been
reported, ranging from immediate complications such as wound dehiscence, surgical
site infection and anastomotic leak to long-term functional disorders such as low
anterior resection syndrome (LARS) and genitourinary dysfunction.

Radiotherapy toxicity

Radiation toxicity has been recognised since the discovery of radiation in the early
20th century. Symptoms of toxicity are manifold and of variable severity. In order to
accurately quantify and measure such adverse events, a grading system was devised
by the Radiation Therapy Oncology Group (RTOG) and the European Organisation
for the Research and Treatment of Cancer (EORTC). This grading system is specific to
each system or organ exposed to radiation (Table 2).

In 2004 Sauer et al! recorded all incidences of Grades 3 and 4 toxicity in their
patient cohort. In the acute phase, 27% of neoadjuvant patients experienced Grade 3-4
toxicity with 12% of neoadjuvant patients reporting diarrhoea. Long-term data on the
same cohort demonstrated an incidence rate of 14% for Grade 3-4 toxicity. This
included 4% of neoadjuvant patients developing a stricture at their anastomosis site.
Of note, the incidence of toxicity was greater in the adjuvant cohort (40% in acute vs
24% in long-term).

The Stockholm III trial reported on the frequency of post-operative complications
and found that the rate of complications was similar overall between patients who
received long-course therapy and those who received a short course””l. The authors
did note, that in a pooled analysis, there was an increased risk of post-operative
complications in the cohort of patients who received short-course radiotherapy
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Table 2 RTOG/EORTC radiation toxicity grading system for lower gastrointestinal tract

Grade 1 Grade 2 Grade 3 Grade 4
Early radiation toxicity (<6 Increased frequency of bowel Increased frequency of bowel Diarrhoea requiring IV Acute/subacute bowel
mo post radiotherapy) movements not requiring movements requiring treatment, mucous or bloody obstruction, fistula formation,
medical therapy medication or causing discharge PR, abdominal GI bleed requiring
abdominal pain distention transfusion, abdominal pain
requiring tube
decompression
Late radiation toxicity (>6 ~ Bowel movements of 5 per Bowel movements > 5 per Obstruction or bleeding Necrosis, perforation, fistula
mo post radiotherapy) day, mild abdominal day, increased mucous PR, requiring operative formation
cramping, mild PR bleeding  intermittent PR bleeding management

PR: Per rectum; IV: Intravenous; GI: Gastrointestinal.

without a delay to surgery (53% vs 44%, P = 0.001).

Differences in immediate post-operative outcomes between short course and long
course neoadjuvant patients were analysed by the Trans-Tasman Oncology Group in
2017"%. The findings of this study indicated increased rates of Grade 3 events in
patients who underwent short-course radiotherapy. These adverse events included
proctitis (0% vs 3.7%, P = 0.016) and diarrhoea (1.3% vs 14.2%, P < 0.001). Conversely,
patients who were administered radiotherapy over a longer course were at higher risk
of developing an anastomotic leak (7.1% vs 3.5%) and perineal wound breakdown
(50% vs 38.3%), however, neither of these were found to be statistically significant.

Anorectal dysfunction and LARS

As noted in the Sauer and Trans-Tasman studies abovel” ], one of the most frequent
and often most distressing side effects of radiotherapy for patients was diarrhoea.
Patients who receive neoadjuvant treatment and undergo anterior resection for distal
rectal tumours are at risk of developing LARS. LARS can present with a myriad of
symptoms including faecal incontinence, faecal urgency and abdominal bloating. The
prevalence of LARS was found to be 42%"". The pathophysiology of this syndrome is
attributed to impaired function of the anal sphincters, colonic dysmotility, and
dysfunction of the neorectal reservoir. The causes of this condition are thought to be
secondary to physical and neural factors. It is postulated that a reduction in the
volume of rectum post-resection contributes to reduced colonic transit times and
therefore increased the frequency of bowel motions. A systematic review in 2008
investigated bowel function outcomes after alternative rectal reconstructive
techniques. Only two studies included in this review investigated long-term bowel
function outcomes in patients post rectal surgery. The authors concluded that patients
who received a Colonic J Pouch (CJP) demonstrated better outcomes in bowel
function than their counterparts who received a Straight Coloanal Anastomosis (SCA)
(P < 0.051%, P <0.001)1. The authors noted, however, that these benefits were only
apparent for the first 18 mo post-operatively!*.

Neural factors also play a significant role in the development of LARS. Neural
dysfunction can occur post-treatment either as a result of denervation post-surgery or
as a consequence of radiotherapy. In a cross-sectional study on rectal cancer patients
published in 2013, 41% of the total patient cohort of 938 experienced LARS!*. The
authors observed that those who received neoadjuvant therapy (long and short
course) and TME surgery demonstrated an increased risk of developing LARS.

In a 14-year follow up study of patients enrolled in the Dutch Rectal Cancer Trial,
the authors observed a 46% incidence of LARS in the 242 patients who responded to
questionnaires*!. Neoadjuvant radiotherapy and age < 75 years were found to be
significant risk factors. Furthermore, LARS was also associated with a reduction in
Health-Related Quality of Life (HRQOL). In a recent study by Kupsch et all*>*],
reported a significant reduction in HRQOL scores for patients reporting major LARS
using the standardised EORCT-30 and CR38 questionnaire. Patients with major LARS
scored 56 * 19 compared to minor/no LARS who scored 67 + 20 (P < 0.001).

Genitourinary dysfunction

Urinary and sexual dysfunction post-treatment for rectal cancer can be very
distressing for patients and greatly impacts on their HRQOL. Dysfunction is
secondary to autonomic nerve damage during surgery. The principal autonomic
nerves damaged are the superior and inferior hypogastric plexus, the nervi erigenti
and pudendal nerves. Nerve damage is attributed to several factors, including pre-
operative radiotherapy resulting in inflammation of the local tissues. This makes
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delineating surgical planes difficult at the time of surgery. A retrospective study of
288 rectal cancer patients treated laparoscopically was conducted in 2017 in order to
determine risk factors for prolonged pelvic pain post-treatment. Multivariate analysis
demonstrated that extended operating time (P < 0.001) and resection margins in
proximity to the anal verge (P < 0.001) were independent risk factors for prolonged
pelvic pain!*l. Patients with distal tumours are also more likely to suffer some degree
of genitourinary dysfunction post-operatively as the autonomic nerves are in close
proximity to the rectum.

In a study by Hendren ef all*’]l, questionnaires were sent to living rectal cancer
patients who had been treated at Mount Sinai Hospital, Toronto, Canada between
1980 and 2003. The study found that 29% of women and 45% of men experienced
some degree of sexual dysfunction after treatment. The authors described how
radiation therapy had a strong association (P = 0.0001). The type of surgical procedure
was also related to worse outcomes (P = 0.005) with most patients treated with APR
reporting sexual dysfunction. Moreover, an observational retrospective study
performed by Costa et al”! in 2018 found the presence of a stoma post-operatively to
be associated with sexual dysfunction. Attaallah et al®"! compared rates of sexual
dysfunction in patients treated with laparoscopic TME and those treated with open
TME in 187 patients and reported reduced rates of dysfunction in the laparoscopic
arm compared to open. The authors noted that post-operative radiotherapy and
chemotherapy was associated with male sexual dysfunction only on univariate
analysis (P = 0.003, P = 0.03) however failed to maintain significance on multivariate
analysis (P = 0.112, P = 0.818).

Urinary dysfunction encompasses a constellation of symptoms including urinary
incontinence, difficulty in initiating micturition, and urinary retention. Similar to
sexual dysfunction, urinary dysfunction most commonly occurs after neoadjuvant
radiotherapy and surgery for distal tumours. A retrospective observational study in
Sweden found that 36% of men and 57% of women reported urinary incontinence 3
years after undergoing APRP!L

Pelvic fractures

Insufficiency fractures in the pelvis are an underreported adverse event secondary to
neoadjuvant therapy for rectal cancer. Stress fractures are commonly due to loss of
mineralisation in the bone itself. This process is accentuated by radiotherapy which
serves to exacerbate osteopenia via small vessel ischaemia in the bone™.

A prospective case-control study involving 403 rectal cancer patients was published
in 2018’1, These patients underwent MRI pelvis imaging 3 years post resection of
their rectal tumour to assess for local recurrence and the presence of pelvic
insufficiency fractures. Fractures were identified in 49 patients with 39 of these
patients having received neoadjuvant treatment (P < 0.001). Multivariate analysis
demonstrated pre-operative CRT (OR: 14.2, 6.1-33.1), female gender (OR: 3.52, 1.7-7.5)
and age over 65 (OR: 3.2, 1.5-6.9) to be significantly associated with the development
of a pelvic fracture. Moreover, a retrospective review of 492 rectal cancer patients who
received adjuvant radiotherapy was conducted with a median follow-up of 3.5
years™l. The incidence of sacral fracture in this cohort was 7.1% and identified
osteoporosis as a risk factor for the development of a sacral fracture (HR: 3.23, 1.23-
8.5).

WATCH AND WAIT IN CLINICAL COMPLETE RESPONDERS

In those patients who receive neoadjuvant radiotherapy, there is a small cohort that
has been shown to develop a complete pathological response. This occurs when the
tumour cells are completely replaced with fibrous tissue. The relative extent of
tumour response is objectively measured using the Mandard Tumour Regression
Grade (TRG). Patients may also develop a Complete Clinical Response (cCR). cCR is
defined in accordance with the Response Evaluation Criteria of Solid Tumours
(RECIST)F"L This defines cCR as the absence of tumour on clinical examination and
endoscopy at least 4 wk after completion of neoadjuvant therapy. In 1998, Habr Gama
et al™! proposed that those patients who demonstrate a (cCR) to neoadjuvant
radiotherapy could be managed by observation alone. When investigating the
outcomes of combined neoadjuvant chemoradiotherapy on 118 patients, it was found
that 30.5% exhibited a (cCR) after a follow-up of approximately 36 mo. Furthermore,
26.2% of patients did not require surgical management and 38.1% underwent
sphincter-sparing management after diagnosis of low rectal cancer. In 2004, Habr-
Gama published a controlled trial where complete clinical responders were followed
up by surveillance and incomplete responders proceeded to surgery. The surveillance

Baishidengs WJG | https://www.wjgnet.com 4859 September 7, 2019 | Volume 25 | Issue33 |



Feeney G et al. Neoadjuvant radiotherapy for rectal cancer management

protocol consisted of monthly clinical examinations (including digital rectal
examination), CEA levels and proctoscopy. Chest X-Rays in addition to CT imaging of
the abdomen and pelvis were performed every 6 mo for the first year. Clinical follow-
up frequency was increased to between two and six monthly visits after year one of
surveillance. The long-term results of this study demonstrated local recurrence in 2
(cCR) patients (n = 99). Both patients underwent successful treatment with
comparable survival outcomes to the incomplete responder group. It was noted that
recurrence tended to occur after approximately 4-5 years indicating the need for
prolonged surveillance. Distant recurrence was found to be higher in the surgery
cohort (12.5% vs 6%). Finally, disease-specific mortality was found to be 8% in the
surveillance group and 17% in the surgery cohort™’l.

Long-term outcomes of watch and wait patients from multiple countries
contributing to the International Watch and Wait Database (IWWD) were assessed in
2018F%. Each patient included in the study had received neoadjuvant radiotherapy
and were enrolled in frequent surveillance programmes. A total of 880 patients were
included from 47 centres across 15 countries, 87% of which exhibited clinical complete
response (cCR). Two-year cumulative rates of local regrowth were noted in 25.2%.
Five-year overall survival was 85% with 5-year disease-free survival of 94%. The
OnCore Project, published in 2016, was a propensity score-matched cohort analysis
study®™!. Each patient underwent long course chemoradiotherapy. Patients who
demonstrated (cCR) were offered surgery or surveillance. Overall, 129 patients were
observed. Thirty-one patients were prospectively recruited with the remaining data
obtained from a retrospective database of surveillance patients. The authors found
that 34% of surveillance patients developed local regrowth with 88% requiring
salvage surgery. There was no significant difference in 3-year overall survival in the
matched analysis of the resection group and surveillance group (96% vs 87%, P =
0.024).

Innovative methods of delivering radiotherapy have demonstrated encouraging
results in cCR rates of rectal cancer patients. An example of such a method is
endocavitary irradiation. This involves the application of X-Ray radiation directly to
the primary tumour, via a proctoscope, in addition to standard external beam
radiotherapy (EBRT). In 1994, Gerard et all®!, published the results of a study
investigating the outcomes of 414 patients with T2/ T3 rectal cancers treated with this
method. This technique resulted in a 91% local control rate in patients who did not
undergo surgery with 90% local control in patients who went on to have curative
surgery. The authors noted that 60% of patients with low/middle rectal tumours
progressed to sphincter-sparing surgery. These results were replicated in a
retrospective 1996 study where 25 patients long-term outcomes were assessed!*'l.
Within this cohort, 20 patients were managed with curative intent with the remaining
5 patients palliative cases. Local control was accomplished in 18 of the 20 curative
patients and in 4 of the 5 palliative patients. In the curative study arm, 5-year local
control was quoted at 89% with a 5-year survival rate of 76%.

The benefits of endocavitary radiation were confirmed in a Phase III randomised
controlled trial in 20041’l. Patients (n = 88) with low rectal tumours were randomised
into receiving EBRT (39 Gy over 17 d) or EBRT with Contact X-Ray Radiotherapy
boost (CXRT) of 85Gy in three fractions. Complete clinical response was greatly
increased in patients who received endocavitary treatment compared to EBRT alone
(24% vs 2%). There was also an increase in the rate of sphincter preserving surgeries
performed on patients post endocavitary treatment (76% vs 44%, P = 0.004). These
patients were followed up after a median follow-up of 132 mo*! .

Local recurrence was lower in the CXRT group compared to EBRT (10% vs 15%, P =
0.69). Overall survival was similar between both study arms (53% vs 54%). Clinical
response data demonstrated that a greater proportion of CXRT patients remained in a
state of cCR after 10 years compared to EBRT (11 patients vs 1 patient). These studies
highlighted the association between endocavitary radiation and cCR in patients with
rectal cancer (Table 3).

Minimally invasive surgery

While radical resection provides the best chance for definitive management for rectal
cancer it may also carry a high risk of poor functional outcome and quality of life for
the patient. This is particularly pertinent for those rectal cancer patients diagnosed
with early-stage disease (cT1-T2). New surgical techniques and surgical tools have
been developed which aim to adequately resect and treat early rectal cancers whilst
minimising the risk of poor functional outcomes post-operatively. Traditional
transanal excision (TAE) is utilized for tumours that measure less than 3 cm or equal
to 2 cm in diameter and located within 6-8 cm from the anal verge. It entails accessing
the rectal lesion via the anal canal utilizing specialized laparoscopic equipment.
Difficulties with resecting early rectal tumours via TAE have been noted in the
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Table 3 Studies on watch and wait outcomes, n (%)

Survival post

Study n NA regime Recurrence Salvage therapy Survival
salvage therapy
Habr-Gama et all®”l, 71 Long-course Local:2 Distant: 3 2 (100) 100% 0S:100% DFS: 92%
2004 radiotherapy w/ 5-
FU
Habr-Gama et all”, 90 Long course Local: 28 (31%) 26 (92.8) OS: 94% 0OS: 91% DFS: 68%
2014 radiotherapy w/ 5-
FU
OnCore Project, 129 45 Gy w/ 5-FU Local: 44 (34%) 36 (88) N/A 0S: 96% at 3 yr DFS:
20161} 88% at 3 yr
IWWD 880 Chemoradiotherapy: Local: 25.2% 141 (69) OS:75.4% DFS: 84% OS: 85% DFS: 94%
Consprtium, 91%
20150
Appelt et al™, 2015 40 Chemoradiotherapy Local: 25.9% at2yr 9 08:100% at 2 yr 08S:100% at 2 years
DFS: 100% at 2 yr DFS: 70% at 2 years
Smith et all”, 2012 32 Long-course Local: 6 (18.75) 6 (100) 0S:100% at17mo  OS: 96% DFS: 88%
chemoradiotherapy all at 17 mo
Smith et all”™, 2019 113 Local: 22 (19.5) 22 (100) DFS: 91% 0S: 73% DFS: 75%
Martens et all’ "], 100 Long-Course: 95% Local: 15% Distant: 13 0S: 92.3% 0S: 96.6% DFS:
2016 Short Course: 5% 5% 80.6% all after 3 yr
Laietal”, 2016 18 Chemoradiotherapy Local: 2 2 100% 0S:100%
Rijkmans et all™™l, 38 External beam DFS: 42% OS: 63%
2017 radiotherapy and
brachytherapy
(iridium)
Vuong et al”, 2007 100 External beam Local recurrence at 5 DFS: 65% OS: 70%
radiotherapy with  yr:5%
brachytherapy
(iridium)
Gerard et all'"), 74 Contact X-ray 10% at 3 yr 2 DFS: 88%
2019 brachytherapy
Sun Myint et all'"'l, 83 Contact X-ray 13.2% after 2.5yr (1 6 DFS: 83.1%
2018 brachytherapy =7)
Ortholan et all™l, 45 External beam DFS: 53% OS: 55%

2012 radiotherapy with
contact X-ray boost

DFS: Disease-free survival; OS: Overall survival.

literaturel**®l. TAE is only suitable for resection of distal tumours as access to
proximal rectal lesions is limited. Precision of TAE is reduced, thereby, increasing
rates of tumour fragmentation during resection. Tumour fragmentation during
surgery increases the risk of incomplete resection and consequently local recurrence.

In 1983 Professor Gerhard Buess described transanal endoscopic microsurgery
(TEMS) for resecting low rectal lesions!*l. The specialised equipment required for this
procedure allows access to tumours up to 24 cm from the anal verge, greater precision
in tumour resection and a magnified 3D view of the rectum. An endoscope is inserted
in the anal canal to the level of the rectal lesion. This lesion is subsequently resected
via electrocautery. In a single centre retrospective review, 92 TEMS patients were
followed up for approximately 5 years!’l. The study detailed a post-operative
complication rate of 10.9%, the most common being urinary retention and bleeding
(both 4.3%). The overall recurrence rate stood at 6.7% with disease-free survival of
98.6% and overall survival of 89.4 %",

Promising patient outcomes have been reported in those treated with neoadjuvant
chemoradiotherapy preceding TEMS. The CARTS study (Chemoradiation Therapy for
Rectal Cancer in the Distal Rectum followed by organ-sparing Transanal Endoscopic
Microsurgery) followed neoadjuvant patients treated with TEMS for an average of 4.5
years!”l. Of the 55 patients enrolled in the study, 35 (74%) underwent TEMS with 16
patients receiving TME surgery. Local recurrence at 5 years was 7.7% with an overall
survival of 82.8% and disease-free survival of 81.6%. The authors found that TEMS
patients were more likely to gain improved QoL post-operatively. However, 78% of
TEMS patients did report a degree of LARS in the aftermath of their procedure (50%
major LARS, 28% minor LARS).

The outcomes of TEMS in incomplete responders to neoadjuvant therapy has also

Beishidonge WJG | https://www.wjgnet.com 4861 September 7, 2019 | Volume 25 | Issue33 |



Feeney G et al. Neoadjuvant radiotherapy for rectal cancer management

been studied. In a prospective single centre study, 53 patients who were restaged as
T1-T2 after completing neoadjuvant therapy were offered TEMS. This cohort of
patients was found to have a 3-year local recurrence rate of 23% (1 = 12). Nine of these
patients exhibited local recurrence and 8 were subsequently managed with salvage
therapy!®! (Table 4).

The primary disadvantages of the TEMS procedure include the high cost of
specialised equipment, in addition to the risk of anorectal dysfunction as outlined
above. To mitigate this, a novel hybrid between single-port laparoscopy and TEM for
transanal excision was introduced. Transanal minimally invasive surgery (TAMIS)
involves access to the rectum via a single multichannel port with the use of ordinary
laparoscopic instruments. In the original case series describing TAMIS, in 6 patients,
with an average tumour location at 9.3 cm from the anal verge, were recruited!.
When compared to TEM, the operative time for TAMIS was shorter compared to
TEMS (86 min vs 120-140 min). Three of the patients were discharged on the same
day. The longer length of hospital stay for some patients was primarily due to
technical difficulties encountered during the procedure such as an anterior lying
tumour and inadvertent violation of the peritoneum. There was no incidence of
morbidity or mortality observed in the TAMIS patients after an average follow-up
period of 6.2 wk.

A multi-institutional matched analysis study of both techniques was published in
2017 with the quality of excision examined!”!l. Patients requiring excision of benign
and malignant rectal lesions were included. Overall, 428 patients were enrolled and
the quality of excision was assessed based on tumour fragmentation and positive
resection margins. Both TEMS and TAMIS demonstrated similar rates of poor excision
(8% vs 11%, P = 0.223). Post-operative complication rates were also similar between
both groups (11% vs 9%, P = 0.477). Local recurrence in both cohorts was 7% (P =
0.864). The authors noted that TAMIS did allow for shorter operating times and a
reduced length of hospital stay compared to TEMS. This study highlighted the non-
inferiority of TAMIS excision compared to TEMS/!l.

Several studies were subsequently published examining the adequacy of TAMIS
excision. The primary determinant of excision quality was the presence of a positive
excision margin on histological examination of resected specimens. Studies also
examined the average distance of lesions from the anal verge, to analyse the extent of
access TAMIS could achieve within the rectum. A systematic review of 390 TAMIS
procedures conducted over three years was published in 20141?. The average distance
of the tumour from the anal verge was 7.6 cm (3-15 cm). Of studies that recorded
margin status, 4.36% of resected specimens demonstrated a positive margin on
pathological analysis. Recurrence rates were recorded for 259 patients. The average
rate of recurrence over a 7 mo period was 2.7%. Furthermore, a prospective
observational study of 50 TAMIS patients was published in 2013U°!. Patients
underwent TAMIS for both benign (n = 25) and malignant (n = 25) rectal lesions.
Patients were recruited between 2009 and 2011 and received an average follow-up of
20 mo. The average distance of tumour to the anal verge was 8.1 cm (3-14 cm). The
rate of positive margins on histology was 6%. There was a 4% recurrence rate
documented after 20 mo of follow-up.

A larger study published in 2016 involved 75 patients/"l. The majority of lesions
excised via TAMIS were benign with 17 patients treated for malignant lesions via
TAMIS [59 benign (77.3%), 17 malignant (22.7%)]. The average distance from the anal
verge was 10 cm (6-16 cm). Of note, two patients required temporary ileostomies after
the peritoneal cavity was inadvertently entered. Average follow-up was over 39.5 mo.
Of the 17 patients treated for rectal cancer, 5 (29%) had positive margins on
pathology. Within this group, 2 patients went on to have a radical resection, 1 patient
was deemed too high risk for radical surgery whilst another declined further surgery
altogether. The fifth patient underwent a period of surveillance and was referred to
medical oncology. Only one patient treated for rectal cancer and with negative
margins on histology developed local recurrence and underwent an APR. This study
was unique relative to those described above as it detailed the frequency and severity
of post-operative complications from TAMIS. The common theme of the studies
outlined above is that rectal lesions, both benign and early malignant tumours, can be
safely and adequately resected via TAMIS. The average local recurrence rate for
TAMIS resections is similar to those resected via traditional TME. It is essential
however that appropriate patient selection is conducted in advance of any TAMIS
procedure in order to further minimise the incidence of local recurrence.

The description of techniques such as TAMIS, TEMS, and TAE is in keeping with
the global focus on minimally invasive surgery. The trials described above serve to
demonstrate that minimally invasive surgery is a safe and effective means of
surgically managing early, localised rectal cancer. Further advances in this field are
being achieved through the use of robotics and novel techniques such as transanal
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Table 4 Outcomes in transanal endoscopic microsurgery

Study n Post-op complications  Local recurrence Survival

Lee et all”"l, 2017 247 11% 7% DFS: 80%

CARTS study, Stijns et all*®l, 2019 47 N/A 7.7% DFS: 81.6% OS: 82.8%

O'Neill et all”’l, 2017 92 10.9% 6.7% DFS: 98.6% OS: 89.4% (after 3 yr)
Jeong et all'"!, 2009 45 0 15.5% DFS: 88.5% OS: 96.2%

Stipa et all'™], 2012 86 (T1 patients) ~ N/A 11.6% (for T1 tumours)  OS: 92% (for T1 patients)
Baatrup et all'"1,2009 143 N/A 18% DFS: 87% OS: 66%

Van Den Eynde, 2019!'"”! 53 40% N/A N/A

DFS: Disease-free survival; OS: Overall survival.

total mesorectal excision (taTME). Robotic transanal surgery (RTS) involves multiple
robotic arms being utilised to resect a rectal lesion via a transanal approach. The
robotic arms are introduced transanally through a multichannel port. Robotic
Transanal Surgery was first described in 2011 Initial studies were performed in a
dry lab setting, to assess feasibility. Later studies were performed on cadaveric
models. The first documented description of RTS on a human patient was performed
in 20120°). There were no immediate post-operative complications and the patient was
discharged home on day one. The patient was followed up for 6 wk. In 2019 Tomassi
et al performed a retrospective study of 58 patients who underwent RTS"". Within this
cohort, 28 patients were operated for early localised rectal cancer, 11 for rectal
carcinoid, 1 patient for rectal GI stromal tumour and the remainder for excision of
rectal polyps. Specimen fragmentation was recorded in 1.7% of cases and 94.8%
demonstrated negative margins on histopathology. After a mean follow-up of 11.5 mo
(range, 0.3-33.3 mo), 3 patients (5.5%) demonstrated local recurrence with all 3
patients proceeding to salvage surgery.

taTME involves resecting rectal tumours via a transanal and transabdominal
approach. The transabdominal approach involves an operating team mobilising the
sigmoid colon and resecting the rectum proximal to the tumour allowing for adequate
margins. A multichannel port is inserted into the anal canal by a second operating
team with dissection proceeding distal to the rectal tumour. The transanal dissection
proceeds proximally with simultaneous abdominal dissection distally”. A long-term
follow-up of 373 patients treated with taTME was performed in 2017"\. The majority
of patients were treated for distal rectal tumours (91%) and received long-course
neoadjuvant therapy preceding resection (97.7%). Good quality TME was performed
in 96% of cases with a negative circumferential resection margin documented in 94%
of patients. Morbidity and mortality rates following the procedure were 13.4% and
0.3% respectively. Local recurrence rates in this cohort were 7.4% with a 5-year
survival rate of 90%. Furthermore, a systematic review and meta-analysis was
conducted comparing outcomes between rectal cancer patients treated with open,
laparoscopic, robotic and transanal excision of their tumours!®l. Overall, 29 studies
were included incorporating 6237 patients. Post-operative morbidity was decreased in
patients treated via laparoscopic and robotic surgery when compared to open. Similar
findings were demonstrated in regards to the length of hospital stay. Quality of TME
resection was found to be higher in open (OR = 1.52, 1.19-1.93) and transanal
resections compared to laparoscopy. No significant differences were described
regarding the incidence of anastomotic leaks, local recurrence rates and 5-year
survival among patients (Table 5).

CONCLUSION

Management of rectal cancer has evolved significantly over the course of the past
century. Local recurrence rates and overall survival have increased progressively as a
consequence of refinements in surgical techniques and instrumentation, culminating
with the description of the TME. Studies outlining novel minimally invasive
approaches to accessing rectal lesions are producing intriguing results. These newer
approaches require strict criteria for patient selection and are most effective for
treating early, localised rectal cancers. The advent of neoadjuvant therapy, and
neoadjuvant radiotherapy, in particular, has resulted in further improvements in local
recurrence. There have been numerous studies examining the benefit in enrolling
patients with a complete response to radiotherapy into surveillance programmes.
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Table 5 Transanal minimally invasive surgery studies

Average distance Average length of

Stud Pt numbers (n Positive margins Local recurrence

y (n) from Anal Verge (cm) g follow-up
Atallah et all’", 2010 6 9.3 0 N/A N/A
Albert et all””], 2013 50 8.1 6% 2 (4%) N/A
Keller et all”"l, 2016 7517 (malignant) 58 10 5

(benign)

Garcia-Florez et all'™l, 32 5.6 1 10.3% 26 mo
2017
Van den Eynde et 68 6 12% N/A 30d
al™, 2019
Melin et all'”, 2016~ 29 6.79 3 1 Retrospective study
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Medical professionals must be mindful of the side effect profile of radiotherapy such
as long-term genitourinary and anorectal dysfunction. Therefore, it is essential that
the nomination of patients for neoadjuvant radiotherapy should occur only after
careful consideration and discussion by a multidisciplinary team of rectal cancer
specialists.
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Abstract

Helicobacter pylori (H. pylori) is one of the most important human pathogens,
infecting approximately half of the global population. Despite its high
prevalence, only a subset of H. pylori infected individuals develop serious
gastroduodenal pathology. The pathogenesis of H. pylori infection and disease
outcome is thus thought to be mediated by an intricate interplay between host,
environmental and bacterial virulence factors. H. pylori has adapted to the harsh
milieu of the human stomach through possession of various virulence genes that
enable survival of the bacteria in the acidic environment, movement towards the
gastric epithelium, and attachment to gastric epithelial cells. These virulence
factors enable successful colonization of the gastric mucosa and sustain persistent
H. pylori infection, causing chronic inflammation and tissue damage, which may
eventually lead to the development of peptic ulcers and gastric cancer. Numerous
studies have focused on the prevalence and role of putative H. pylori virulence
genes in disease pathogenesis. While several virulence factors with various
functions have been identified, disease associations appear to be less evident,
especially among different study populations. This review presents key findings
on the most important H. pylori virulence genes, including several bacterial
adhesins and toxins, in children and adults, and focuses on their prevalence,
clinical significance and potential relationships.

Key words:Helicobacter pylori; Virulence genes; Disease association; Children; Adults;
Outer membrane proteins; Bacterial toxins

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The assessment of pathogenicity of a plethora of Helicobacter pylori (H. pylori)
virulence genes appears to be relatively difficult. In specific, H. pylori isolates show a
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high degree of geographic variability, with certain H. pylori genotypes being associated
with a more severe clinical outcome in some regions, while presenting as virtually
harmless variants in other studied populations. To date, cagA and certain allelic variants
of vacA have been most consistently associated with severe gastroduodenal disease in
both children and adults, whereas the role of outer membrane proteins, such as babA42,
sabA, homB and oipA, is somewhat more ambiguous.

Citation: Sterbenc A, Jarc E, Poljak M, Homan M. Helicobacter pylori virulence genes. World
J Gastroenterol 2019; 25(33): 4870-4884

URL: https://www.wjgnet.com/1007-9327/full/v25/i33/4870.htm

DOI: https://dx.doi.org/10.3748/wjg.v25.i33.4870

INTRODUCTION

As one of the most common bacterial infections, Helicobacter pylori (H. pylori) infects
approximately half of the world’s population, although substantial regional variation
exists!'l. The infection is usually acquired in childhood and persists lifelong in the
absence of appropriate antibiotic treatment. In order to survive the harsh milieu of the
human stomach, H. pylori had to adapt by possessing various virulence genes.
However, the significance of these virulence genes extends beyond the pure survival
needs of the bacteria, making H. pylori one of the most well-adapted human
pathogens, capable of sustaining extremely efficient persistent infection. H. pylori has
in fact developed mechanisms to withstand gastric acidity through the possession of
urease and multiple sheathed flagella, which enable the bacteria to move toward
gastric epithelial cells. H. pylori then needs to establish permanent colonization of the
gastric mucosa, which is accomplished by the action of outer membrane proteins
(OMPs) and adhesins, which enable adherence to the gastric epithelial cells. Finally,
H. pylori possesses an arsenal of virulence genes that encode for effector proteins,
which directly impair the gastric epithelium!*’. Although infection with H. pylori
almost inevitably leads to chronic active gastritis, only approximately 10%-15% of
infected individuals develop severe gastroduodenal diseases, such as peptic ulcer
disease (PUD), gastric carcinoma (GC) and mucosa associated lymphoid tissue
(MALT) lymphomal*“l. Nevertheless, the high global prevalence of H. pylori is
considered an important public health issue, especially since H. pylori is classified as a
class I carcinogen. More than one million (1033701) new cases of GC were estimated to
occur worldwide in 2018, accounting for 6.1% of all new cancer cases, ranking GC as
the fifth most common malignancy among males and females on a global scalel".

H. pylori infection in children and adults differs in several aspects. In children, it is
thought that environmental factors, such as smoking, are implicated in disease
development to a far lesser degree than in adults. Whereas several factors influence
the prevalence rates of H. pylori infection in children (e.g., gender, age, low
socioeconomic status and family education, poor hygiene, household crowding and
certain geographical regions), it has been shown that the infection is acquired in early
childhood in both industrialized and non-industrialized countries”). The most
frequent form of gastritis in children is nodular gastritis, while atrophic gastritis and
intestinal metaplasia, which occur more often in adults, are relatively rarely found in
children!.. Because the degree of H. pylori colonization and repertoire of virulence
genes are comparable in both children and adults, it is thought that the lower levels of
gastric inflammation and lower rates of severe clinical outcome in children indicate
downregulation of immune responses‘.

Over the past few decades, inclusion of proteomic and transcriptomic methods, as
well as the availability of an increasing number of H. pylori partial and complete
genomes, have significantly improved knowledge of the intricate gene regulatory
networks of H. pylori. While the exact molecular mechanisms by which H. pylori
infection induces a severe clinical outcome have not yet been clearly elucidated, they
are thought to involve various elements, including host genetic and environmental
factors, as well as certain bacterial virulence genes. In this review, we present the most
important H. pylori virulence genes and discuss their prevalence and clinical
significance in children and adults.
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GENES ENCODING OUTER MEMBRANE PROTEINS

OMPs are a large group of proteins that confer durable colonization of H. pylori
through specific interactions with the host receptors. It has been estimated that
approximately 4% of the H. pylori genome encodes OMPs, suggesting that these
proteins are of vital importance to the bacterial lifecyclel*”). Several OMPs have been
described in detail to date, with most studies focusing on babA2, oipA, homB, and sabA
genes.

babA2

To date, three allelic types of bab have been identified: babA1, babA2 and babB. The
babA2 gene encodes a blood group antigen binding adhesin (BabA), a major adhesin
on the outer bacterial membrane that enables binding of H. pylori to the mucosal
Lewis® blood group antigens, thus facilitating colonization and determining bacterial
density. Strains carrying the babA2 gene can be classified based on protein production
as BabA high producers (BabA-H), which possess Lewis® binding activity, and BabA
low producers (BabA-L), which are not able to bind to Lewis® antigens, while strains
carrying the babA1l gene lack BabA. Unfortunately, PCR was used in most studies
evaluating the prevalence and clinical significance of babA2, although it has been
shown that this method does not accurately reflect the functional status of BabA as
determined by Lewis® binding activity or immunoblotting!'>'l. Moreover, expression
of BabA is generally regulated by phase variation and intragenomic recombination
events between the babA gene and its highly homologous gene babB!'"'?.

Adults: The prevalence of the babA2 gene varies significantly among different
geographic regions, from moderate (44.0% and 44.6% in strains from Portugal and
Germany, respectively) to high (70.4% and 79.7% in strains from Iran and United
States, respectively) and even universal presence in strains from Japan, South Korea,
Taiwan and Brazill. H. pylori strains from East Asia uniformly express the BabA
protein!"'"l, whereas only 9.8% of Western strains were shown to lack the BabA!""l.

A meta-analysis of 38 case-control studies evaluating the relationship between the
presence of the babA2 and clinical outcome showed that detection of the babA2 gene
significantly increases the risk of PUD [odds ratio (OR) = 2.069, 95% confidence
interval (CI): 1.532-2.794], especially in the duodenal ulcer subgroup (OR = 1.588,
95%CI: 1.141-2.209), with significant associations being more apparent in studies on
Western isolates. Namely, the presence of the babA2 gene substantially increased PUD
risk in Western populations (OR = 2.739, 95%CI: 1.860-4.032), whereas the association
with PUD was only marginal in Asian populations (OR = 1.370, 95%CI: 0.941-1.994),
due to the very high overall prevalence of the babA2 gene. Conversely, no significant
risk correlation was observed for GC among Western (OR = 1.303, 95%ClI: 0.881-1.927)
or Asian populations (OR = 1.132, 95%CI: 0.763-1.680)!""l. The lack of association found
in this meta-analysis could be due to significant heterogeneity among the performed
studies, contradicting several reports that suggest babA2 is indeed an important
virulence factor in GC development, especially when co-expressed with other
virulence factors. For example, it has been shown that the “triple-positive” genotype,
simultaneously containing babA2, vacA s1 and cagA, serves as a better discriminative
factor for PUD and GC than the vacA s1 and cagA only genotypel””l. Moreover, a study
focusing on expression of the BabA protein has shown that patients from Western
countries with BabA-H and BabA-L had a 18.2- (95%CI: 1.7-198) and 33.9-fold (95%Cl:
2.8-411) increased risk of GC compared to those who were babA2 negative!'’l.
Interestingly, a recent genome-wide association study on 173 European H. pylori
isolates showed that, compared to strains obtained from gastritis patients, the GC
phenotype was associated with certain single nucleotide polymorphisms and a
specific array of genes, including the babA2 gene!’l. Although the majority of studies
on isolates from East Asia have failed to find an association between the babA2 gene
and disease status, a study from Taiwan highlighted the importance of the
recombinant babA/B genotype, which was found to be associated with both
precancerous lesions and GCI"2.

Children: Data on the significance of the babA2 gene in children is less abundant. To
date, nine studies have evaluated the prevalence and clinical relevance of the babA2
gene in children!”\. The prevalence ranged from 17.2% in Portuguese” ! to 84.4% in
Brazilian strains®!. Moreover, associations between the babA2 gene and clinical
outcome are inconsistent!"”**], with only two studies!"*” correlating the presence of
the babA2 gene with a higher degree of gastric mucosal damage.

Associations with other virulence genes: The influence of the babA2 gene on clinical
outcome is generally associated with cagA, vacA sl1, vacA m1U'""! and oipA “on”
status**7.
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Comment: Unfortunately, despite a multitude of clinical and epidemiological studies
that have attempted to identify possible links between the presence of the babA2 gene
and disease outcome, definite conclusions are difficult to reach, due to several factors
that influence interpretation of the results. In addition to the distinct genotypic profile
of Western and Asian isolates, considerable performance differences in babA2 gene
detection methods!'”, as well as poor correlation between the presence of the babA2
gene and actual expression and activity of the BabA2 protein!'”}, thus prevent simple
comparisons between studies.

Outer inflammatory protein A

Outer inflammatory protein A (OipA) is encoded by the 0ipA gene and its expression
is thought to be dependent on a slipped strand mispairing system. The proposed
mechanisms by which a functional OipA (e.g., 0ipA “on” status) promotes severe
gastric pathology include the capacity of the bacteria to attach to the gastric
epithelium, followed by subsequent apoptosis of host cells, toxicity and the induction
of inflammation through increased interleukin- 8 (IL-8) production®-*.

Adults: The overall prevalence of oipA “on” status in adult patients was shown to be
remarkably consistent among certain geographical regions: Approximately 100%, 80%
and 60% of East Asian, Latin American and Western strains, respectively, contained
o0ipA “on” (Table 1). Unfortunately, the clinical significance of the oipA status remains
controversial, although numerous studies have investigated its relevance. It has been
proposed by some authors that OipA increases the risk for PUD and GC development
by disrupting the balance between apoptosis and cell proliferation during H. pylori
infection, causing PUD when apoptosis is promoted and metaplasia and GC when
gastric cell proliferation is increased*l. A meta-analysis of PUD and GC risk, based
on oipA “on/off” status, showed increased overall risk of PUD (OR = 3.97, 95%CI:
2.89-5.45) and GC (OR = 2.43, 95%ClI: 1.45-4.07) in individuals with oipA “on” status,
while the presence of the oipA gene alone did not reflect its specific functional status,
since it was not found to be associated with PUD or GC*l. However, results from
some studies contradict the findings from this meta-analysis, since no correlation
between o0ipA and disease status or increased gastroduodenal damage was
identified™'7>*l. Moreover, it seems that 0ipA status by itself is not a useful marker
for predicting the clinical outcome of H. pylori infection, especially in populations
with a high prevalence of infection with virulent strains™.

Children: In children, the frequency of the oipA “on” status tends to be somewhat
lower than in adults (49.6%, 67.6% and 68.8% in children from Portugal, United States
and Brazil, respectively)®"*, with higher frequencies among pediatric strains from
high risk populations in which the incidence of H. pylori infection and related disease
is significant. Moreover, the OR for PUD risk was shown to be higher in children
(OR=7.03, 95%CI: 3.71-13.34) compared to that in adults, suggesting increased risk for
PUD in children with oipA “on” status!***’l. However, the observed differences
between children and adults regarding the significance of 0oipA status were based on a
relatively small number of strains tested and thus need to be confirmed in future
studies.

Associations with other virulence genes: The oipA “on” status was found to be
closely associated with cagA positivity® %, although it has also been linked to the
presence of other H. pylori virulence genes, such as vacA s1¥7°, vacA m1**, vacA
m2™ and babA20>1,

homB

The hom family contains four OMPs, of which homA and homB are the most studied.
Strains can carry a single homA or homB gene, with one locus remaining empty, two
copies of each gene (homA/homA or homB/homB), a single copy of each gene
(homA/homB), or they can lack homA and homB genes, leaving both loci empty. HomB
enables adherence to host gastric epithelial cells and has been shown to increase
cellular IL-8 production in vitro®*?. The level of adherence and IL-8 secretion is
proportional to the number of homB copies with strains that carry two copies of the
homB gene, inducing more pronounced actions, leading to a higher degree of gastric
mucosal damage.

Adults: Studies have found a relatively comparable prevalence of the homB gene in
Western countries, with slightly more than half of the evaluated strains being homB
positive (Table 2). However, it seems that the homB gene is more common in East Asia
and West Africa than in the Middle East, where only approximately one third of
strains contain homB (Table 2). In addition, the distribution, location and copy number
of the homB gene seem to be dependent on geographical region, influencing potential
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Table 1 Prevalence of 0ipA “on” status among isolates from various geographical regions

Association with other

Count Number of patients Study population 0ipA “on” prevalence )
& P y pop P P virulence genes
North-Eastern Brazill"’! 95 Adults with gastritis, GCand 81.1% cagA and vacA s1 ml
their first degree relatives,
asymptomatic children
Iran’!! 53 Adults and children with 79.0% cagA, vacA s1 ml
chronic gastritis, PUD,
intestinal metaplasia and GC
Venezuelal®”! 113 Adults with chronic gastritis  83.0% NA
Bulgarial®’! 70 Symptomatic adults 81.0% cagA, vacA s1, m1 and m2
Malaysia and Singapore™ 159 Adults with functional 89.4% vacA m1/m2
dyspepsia, GC and PUD
Ttaly"”! 90 Adults with chronic gastritis  77.4% babA2, hopQ
and PUD
Colombia and United 200 Patients with gastritis, PUD  79.3% cagA, babA
States!™! and GC
Germany!*’] 58 Patients with chronic gastritis 59.0% cagA, vacA s1, babA
Netherlands!””! 96 Adults with chronic gastritis, 72.0% cag PAI+
PUD, GC and lymphoma
Italy™’! 60 Adults with chronic gastritis, 60.0% cagA, vacA sl and m1, babA
PUD and duodenitis
East Asia and India*"! 54 Adults with gastritis and 100% cagA, vacA sl
PUD
Western countries!™! 55 Adults with gastritis and 63.6% cagA, vacA sl
PUD

NA: Not available; PUD: Peptic ulcer disease; GC: Gastric cancer.
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differences in disease outcome!***’l. Whereas Western strains carry a single hom gene at
locus A, East Asian strains only carry a single hom gene at locus BI***1. Interestingly,
strains from Iran were shown to carry only one of the hom genes, homA and homB
were not detected simultaneously in any of the 138 evaluated strainst*’.

Whereas the two genes exhibit 90% sequence identity, they are correlated with
different spectra of the diseasel*'l; homA has been associated with non-ulcer
dyspepsia (NUD), whereas homB is presumed to be implicated in the development of
PUD and GC, although this association is geographically dependent (Table 2).
Moreover, strains carrying two copies of the homB gene were found to be most
strongly correlated with PUD (OR = 4.91, 95%CI: 1.77-14.02)"*.

Children: Only three studies”***"l have specifically focused on the prevalence and
clinical significance of the homB gene in children. Whereas two studies from Portugal
found a strong association between homB and PUDP*, homB was not considered to
be an important individual virulence factor in Slovenian children and was only
associated with a higher degree of mucosal damage when co-present with other
virulence genes (i.e., cagA, vacA and babA2)™.

sabA

In addition to Lewis® blood group antigens, sialyl-Lewis* and sialyl-Lewis® antigens
are considered to be functional receptors, enabling H. pylori adherence. They are
recognized by the corresponding sialic acid binding adhesin SabA, encoded by the
sabA gene. In contrast to SabA, its homologue SabB does not seem to be able to bind to
sialyl-Lewis* and sialyl-Lewis® receptors. Similar to oipA, the expression of SabA is
regulated by phase variation, meaning only certain strains are capable of producing
functional proteins™*l. The level of expression of SabA can rapidly adjust to the
changing environment of the human stomach by switching “on” or “off”. The sialyl-
Lewis* and sialyl-Lewis® antigens are otherwise rarely present in normal gastric
mucosa, and only after persistent H. pylori infection induces chronic inflammation of
the gastric mucosa does replacement of naturally produced Lewis antigens occur™l.
Moreover, the sabA “on” status inversely correlates with the degree of gastric acid
secretion, suggesting that differences in pH and/or antigen expression on atrophic
mucosa can influence SabA expression(™.

Adults: In adults, sabA “on” was found in 63.2%, 49.0% and 35.5% of strains from
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Table 2 Overview of studies on homB prevalence and clinical significance in adults and children

Country Study population Number of patients  homB prevalence Clinical relevance of Associ?tion with
homB other virulence genes

Western countries!*’] Adults 234 53.8 Significant, PUD vacA s, cagA+
East Asian countries!”] Adults 138 86.8 NS NS
Western countries)  Adults 300 56.0 NA NA
East Asian countries!*”!  Adults 138 86.6 NA NA
Burkina Faso*’] Adults 11 90.9 NA NA
Colombia, United Adults 286 61.2 Significant, GC cagA+
States!*’]
Iran*”! Adults 138 435 Significant, GC cagA+
Iraq"*! NA 70 29.9 NS NS
Turkey!*! NA 64 33.9 NS NS
South Korea!*! Children and adults 260 69.2 NS vacA
Portugall*’! Children 45 58.4 Significant, PUD NA

Adults 90 57.7 NS NA
Portugal“zl Children 84 57.3 Significant, PUD cagA+, vacA s1, babA2+,

hopQI, 0ipA “on”
Adults 106 56.8 Significant only in <40
yr of age, PUD

Portugall*! Children 117 53.5 Significant, PUD jhp0562
Slovenial™] Children 285 40.7 NS NS

NS: Non-significant; NA: Not available; PUD: Peptic ulcer disease; NUD: Non-ulcer dyspepsia; GC: Gastric cancer.

Portugal®, the Netherlandst! and Italy™, respectively. The rates are higher in Iran,
with sabA “on” being detected in 85.3% of strains"l. Similarly, functional sabA was
found to be highly prevalent in Japan, it was present in 81.5% of patients with chronic
gastritis, PUD and GCPl. Interestingly, an analysis of strains from Taiwan showed
that the sabA gene was present in 80.0% (116/145) of strains, whereas only 31.0%
(45/145) actually expressed SabAl*.

In a study on 200 patients from Colombia and the United States, sabA “on” status
was shown to be associated with the presence of pre-neoplastic lesions (e.g., gastric
atrophy and severe intestinal metaplasia) and GC. Moreover, sabA “on” was the only
predictor of GC versus duodenal ulcer (OR = 2.8, 95%CI: 1.2-6.7) among several
investigated OMPs in this study"l. However, there were no statistically significant
differences among Taiwanese patients with sabA “on” and sabA “off” in terms of the
prevalence of gastric atrophy or intestinal metaplasial*. Although all H. pylori isolates
from Iranian patients with GC were found to be sabA “on” (5/5, 100%), the link did
not appear to be statistically significant!*l. Similarly, there was no correlation between
sabA “on” and clinical outcome among Italian and Japanese patients”", although
sabA “on” was associated with atrophy and severe neutrophil infiltration in patients
from Japan®™.

Children: In children, the prevalence of the sabA “on” genotype was found to be
44.0% among strains from Portugal and the sabA “on” status significantly correlated
with NUD (P = 0.028, OR = 0.298)""l. Similarly, a low rate of SabA producing strains
(38.0%) was detected in a collection of gastric biopsies from children and young
adults™!. Interestingly, it has recently been proposed that high expression of sabA may
be responsible for iron deficiency anemia in children and young adults™.

Associations with other virulence genes: Studies evaluating associations between
sabA and other virulence genes are somewhat contradictory. Whereas sabA was
closely related to cagA and babA2 positivity in European strains™, subsequent studies
could not confirm these findings"™"1.

Comment: Again, identification of the sabA “on” status by using PCR and sequencing
may not reliably reflect the actual production of SabA, thus affecting the result
interpretation of studies on sabA clinical relevance, which have primarily used
sequencing-based methods'4.
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VIRULENCE GENES THAT PRODUCE TOXINS AND CAUSE
HOST TISSUE DAMAGE

cagA, cagPAl and EPIYA motifs

It has been previously shown that highly virulent H. pylori strains harbor the
cytotoxin-associated genes pathogenicity island (cagPAI), which is a 40 kb region
containing 31 genes that encode for components of a type IV secretion system,
involved in CagA translocation and the host’s inflammatory responsel*. cagA is
arguably the most extensively studied H. pylori virulence gene to date. It is located at
the end of the cagPAI and encodes a 120-145 kDa immunodominant protein, CagAFl.
Based on CagA production, H. pylori isolates can be divided into two groups: cagA
negative and cagA positive. During infection, CagA is localized on the plasma
membrane, where it is phosphorylated at specific Glu-Pro-Ile-Tyr-Ala (EPIYA)-motifs
by host Src and Abl kinases. Four distinct segments harboring EPIYA-motifs have
been described so far, designated as segments A, B, C, and DI"'*"**l. The biological
activity of CagA depends on the number and types of the EPIY A-motifs at the C-
terminal region. Following translocation, CagA interacts with multiple host cell
molecules and is responsible for dysregulation of homeostatic signal transduction of
gastric epithelial cells, induction of pro-inflammatory responses that lead to chronic
inflammation of gastric mucosa, and induction of carcinogenesis through the
modulation of apoptosis, disruption of cell polarity and promotion of genetic
instability. Hence, due to its cancer-inducing traits, CagA was designated as the first
bacterial oncoprotein!™~l,

Adults: An analysis of a global collection of H. pylori strains from 53 different
geographical/ethnic sources showed the presence of cagPAI in more than 95% of
strains from Western and South Africa and East and Central Asia, whereas the
presence of cagPAI in other regions ranged from 81% (Northeastern Africa) to only
28% (Latin America). The prevalence of cagPAI in Europe was shown to be
intermediate, with approximately 58% of strains harboring cagPAI"’. The prevalence
of cagA positive strains is approximately 60% and > 90% in Western and Asian
countries, respectively”. In the Middle East, cagA is detected in nearly half of the
strains*'.

Since the majority of East Asian strains harbor cagA irrespective of the disease
status, it cannot be considered a useful marker of the disease. Nevertheless, based on
mosaicism within the EPTY A-motifs, cagA positive strains can be further divided into
Western (EPIYA-ABC, EPIYA-ABCC and EPIYA-ABCCC) and East Asian strains
(EPIYA-ABD)P. Although very rarely, a subset of East Asian strains can possess a
Western type EPIYA motif, whereas the reverse is not true for Western strainst>*.. In
Latin America, EPIYA-ABC is the most common motif, detected in approximately
51.6%-73.6% of strains, although strains with multiple EPIYA-C segments were found
to be rare (2.7%) in a Venezuelan population™.

When assessing the risk of infection with cagA positive strains for the development
of GC, one must be aware of the considerable global variation, not only in the
prevalence of cagA positive strains but also in the incidence of GCl***’l. In Western
countries, the presence of cagA is associated with a higher risk of GC and PUD
development, whereas in East Asia, where almost all H. pylori strains contain cagA,
this association is evident but less prominentl”. Specifically, patients infected with H.
pylori who had CagA antibodies were shown to have a 5.8-fold (95%CI: 2.6-13.0)
increase in the likelihood of developing GC compared to uninfected individuals,
whereas those who were CagA seronegative only had a slightly but not statistically
significantly (OR 2.2, 95%CI: 0.9-5.4) increased risk of GCI*’l. Moreover, a meta-
analysis of CagA serostatus performed on 10 non-cardia gastric cancer case-control
studies from Western populations showed marked differences in CagA seropositivity
in H. pylori infected cases (62.8%, n = 1707) and controls (37.5%, n = 2124), with CagA
seropositive status associated with a higher risk of GC development (OR = 2.87,
95%ClI: 1.95-4.22) compared to the risk of being infected with H. pylori only (OR = 2.31,
95%CI: 1.58-3.39)["l. Similarly, a meta-analysis of 10 gastric cancer case-control studies
from East Asia also identified an association between CagA seropositivity and
increased risk of GC*], although OR (OR = 1.81, 95%CI: 1.30-2.11) was lower
compared to that of Western populations!®*’. In addition, a large meta-analysis on
more than 17000 individuals identified a 1.69-fold risk (95%CI: 1.12-2.55) of PUD
among cagA positive Western and Asian populations, with an even higher risk of GC
(OR = 2.09, 95%CI: 1.48-2.94)!""1. CagA 1is also one of the few virulence factors
associated with the development of gastric high-grade B cell lymphoma!''.

Different diagnostic approaches should be applied in different geographical
regions —due to the almost universal presence of the cagA gene in East Asian strains,
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the sensitivity of cagA gene detection is suboptimal, rendering cagA subtyping in
order to identify those with high risk infections!'l. The number of EPIYA segments in
the second repeat region is thought to be associated with GC. Namely, initial trials
showed that the incidence of GC was considerably higher if patients were infected
with strains harboring multiple EPIYA-C segments (EPITYA-ABCCC) than if patients
were infected with strains harboring only one EPIYA-C segment (EPIYA-C).
Unfortunately, because East Asian strains only harbor a single EPIYA-D segment,
differentiation between chronic gastritis and GC using only the number of repeat
regions has proved to be somewhat problematic"*?l. To clarify this issue, a recent
meta-analysis evaluated the differences in PUD and GC risk among strains carrying
one EPIYA-D motif or multiple EPIYA-C motifs. In Asian strains, the presence of one
EPIYA-D motif was significantly associated with increased GC risk (OR =1.91, 95%CI:
1.19-3.07) compared with the presence of one EPIYA-C motif, whereas it was not
significantly associated with PUD (OR = 0.90, 95%CI: 0.46-1.76). Moreover, multiple
EPIYA-C motifs were associated with increased PUD risk (OR = 2.33, 95%CI: 1.29-
4.20) in Asian countries and with increased GC risk (OR = 3.28, 95%ClI: 2.32-4.64) in
Western countries!*.

Children: In children, cagA is the best characterized among all virulence genes.
Similar to adults, the prevalence of cagA in children varies among different
countries/regions. The cagA gene can be found in more than half of H. pylori isolates
obtained from symptomatic children from Western countries, namely 60.8% in
Poland!, 59.6% in Slovenial®! and 70.0% in United States!*!l. A surprisingly low
prevalence of cagA was found in Portuguese children (22.4%)®'. In Iran, the reported
prevalence of cagA in symptomatic children ranges between 60.0 and 72.7%"" and is
similar to that in Turkish children (55.6%-61.0%)!>"?l. A high prevalence of cagA
(73.0%) was also observed in symptomatic Venezuelan children with recurrent
abdominal pain”’l. In Mexican children, cagA and cagPAI were detected in 63.3% and
71.4% of strains, respectively!l. Similar to adults, strains from Korean and Japanese
children almost exclusively carry the cagA gene (94.0% and 100%, respectively)>"l.
Interestingly, it has previously been shown that the prevalence of cagA can be
surprisingly high (66.1% and 75.0% in Colombia and Brazil, respectively) in
asymptomatic children from high-risk populations, with rates that are comparable or
even higher than those in symptomatic children from other regions””’. It is thus
possible that the high prevalence of virulent H. pylori variants in Colombian and
Brazilian children contributes to the increased GC incidence in adults from the same
region!”l. The high proportion (40.0%) of strains with multiple EPIYA-C motifs further
confirms previous observations that this population may already be exposed to the
most virulent variants of H. pylori at a young age™. The fact that infection with H.
pylori is a risk factor for GC highlights the importance of early detection of H. pylori
virulence factors in children, especially those residing in areas with a high prevalence
of GC"L.

In China, the rates of cagA positivity in the pediatric population closely resemble
those in adults, with the prevalence of cagA among children with symptomatic
gastroduodenal disease being 94.4%, with no clinical relevancel™. Similarly, because
the cagA positive genotype is present in virtually all Korean and Japanese pediatric
strains, no associations with severity of gastritis or PUD were found”°l. In contrast,
cagA was significantly associated with PUD (OR = 14.06, 95%Cl: 4.78-41.29)"”], higher
H. pylori density score, and the degree of chronic and acute inflammation!*! in
European children.

Associations with other virulence genes: Interestingly, almost all vacA sl strains also
carry cagA, whereas almost all cagA negative strains harbor the less virulent genotype
vacA s2/m27”1 In addition, cagA is also more commonly detected in babA2 positive
strains”’.

Vacuolating cytotoxin A

The vacuolating cytotoxin A (VacA) derives its name from its capacity to induce the
formation of vacuoles in eukaryotic cells. Several other cellular functions of VacA
with a potential influence on host cell death have been described thus far, including
disruption of endocytic trafficking, release of organic anions and HCO,, promotion of
immune tolerance and chronic infection through inhibition of various immune cells,
activation of mitogen-activated protein kinases, and modulation of autophagy™**!l. All
H. pylori strains carry the vacA gene, although with different vacuolating ability,
which is conferred by variations in five vacA regions: s-region (s1 and s2), i-region (il,
i2, i3), m-region (m1 and m?2), d-region (d1 and d2), and the recently identified c-
region (c1 and c2). The vacA s2 variant is considered less pathogenic than the s1, since
VacA s2 toxins are produced and secreted at lower rates and are also unable to form
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membrane channels through which VacA sl induces vacuolation of cellsP”**!l. VacA il
is also associated with increased activity compared to VacA i2. Unlike VacA m2, VacA
ml induces a decrease in intracellular levels of glutathione and an increase in
oxidative stress, leading to autophagy and apoptosis of host cells!**.

Adults: The distribution of vacA alleles is geographically dependent, with slc being
the most prevalent allele in East Asia, while the vacA sla allele is detected more often
in Northern Europe and vacA s1b in Portugal and Spain. In Northern America, vacA
sla and vacA slb are relatively evenly distributed, whereas virtually all strains from
Latin America carry vacA s1b. The vacA sl allele prevalence ranges from 36.0% in
North Africa to 95.0% in East Asia. vacA m1 and m2 are equally distributed, except in
Portugal, Spain and Latin America, where vacA ml is more prevalent (86.2%). The
vacA m2b allele is found solely in East Asian strains carrying vacA s1c!™. Interestingly,
mixed vacA sla/slb/m2 was found to be the most common genotype in Saudi
Arabial*'l.

Several studies have intensely focused on potential associations between vacA
alleles and risk of PUD and GC. Results were relatively consistent, since most studies
identified vacA s1, vacA il and vacA m1 alleles as being associated with a higher risk
of precancerous lesions and GCI*!l. Interestingly, vacA il and d1 were shown to be
significantly associated with non-cardia GC (OR = 37.52, 95%ClI: 3.04-462.17 and OR =
7.17, 95%CI: 1.43-35.94, respectively), but not with cardia GC. The presence of these
alleles may also predict the risk according to the GC type, as vacA il was linked to
intestinal-type adenocarcinoma (OR = 14.04, 95%CI: 2.15-91.77) and vacA d1 to
diffuse-type adenocarcinoma (OR = 7.71, 95%CI: 1.13-52.28)I’l. Furthermore, strains
harboring vacA s1 and vacA m1 genotypes were also more commonly detected in
patients with severe inflammation and gastric epithelial damage and PUD than in
those who were vacA s2/m2 positive. In Western countries and the Middle East, the
presence of vacA s1/ml is associated with an increased risk of PUD, whereas in East
Asia, the vacA s1/i1/m1 genotype is not a useful differentiating factor since most
strains harbor this genotypel'***'l. Moreover, a meta-analysis showed that vacA il
confers higher risk of GC (OR = 5.12, 95%CI: 2.66-9.85), especially among the Central
Asian population (OR = 10.89, 95%CI: 4.11-20.88). Conversely, vacA il was not
associated with increased risk of PUD (OR = 1.38, 95%CI: 0.87-2.17)"*l. As shown by
Van Doorn et al™], the vacA s1/cagA+ genotype is associated with PUD in all regions
of the world.

Children: Genotype vacA s1/m?2 is the most common genotype in children from Iran
(45.5%) and Turkey (57.1%)**7°1. In Venezuela, 85.0% of strains obtained from
symptomatic children harbored vacA s1/m1. In Slovenia, pediatric H. pylori strains
more commonly contain vacA s1 and m2 than vacA s2 and m1, with most strains
harboring the vacA s1/m1 genotype!”*"*’l. In asymptomatic Brazilian children, vacA s1
(82.5%) and vacA il (75.0%) were the most common alleles, whereas m1 and m2 were
found to be equally distributed (48.2% each)™. Using stool samples, the prevalence of
the vacA s1 gene in asymptomatic Colombian children was shown to be very high
(91.7%) and similar to that in the adult population (93.2%)""l. Results from Brazil, a
high-risk region for GC, also suggest that asymptomatic children from this area are
more often colonized with strains harboring the toxigenic vacA s1 allele™’].

In Iranian children, nodular gastritis was commonly found and was significantly
associated with the presence of vacA m1"".. Similar to cagA, vacA s1 has been strongly
associated with PUD risk (OR = 14.13, 95%CI: 4.75-42.04) among Portuguese
children’], whereas there were no significant correlations between vacA status and
PUD in Iranian children”'l. Moreover, studies on Korean, Japanese and North
American children found no associations between the vacA genotype and clinical
outcome or severity of inflammation”>7*%1,

Associations with other virulence genes: Compared to vacA s2, strains that harbor
vacA s1 more commonly contain cagPAI, babA2, homB and oipA “on”F. vacA il is
strongly associated with vacA s1 and vacA m1 and cagAF#1,

VIRULENCE GENES WITH OTHER FUNCTIONS

Duodenal ulcer promoting gene

The duodenal ulcer promoting (dupA) gene encompasses jhip0917 and jhp0918, located
in the plasticity region of the H. pylori genome. Due to its high homology with the
virB4 factor, dupA presumably forms a type IV secretion system together with vir
genes, although its exact functions are not yet fully understood. The detection of the
dupA gene correlates with increased IL-8 production from gastric epithelial cells, both
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in vivo and in vitro. Increased IL-8 secretion from the gastric antrum thus leads to the
development of predominantly antral gastritis, a well-known characteristic of
duodenal ulcer disease!™.

Adults: Worldwide, approximately 48.0% of strains carry dupAl", with the highest
rates in Brazil (89.5%) and South Africa (84.8%)"***! and lowest in East Asian
countries!”!. A study on 500 isolates from patients with gastritis, PUD and GC
originating in Japan, Korea and Colombia showed an overall prevalence of dupA of
26.3%""1. Surprisingly, the prevalence of the dupA gene was higher in Colombia
(36.5%) than in Korea (16.8%), regardless of the clinical outcome!”"l. In relation to the
prevalence in strains from patients with functional dyspepsia, dupA was detected in
65.0%, 37.8%, 35.7%, 28.9% and 7.1% of strains from Swedish, Australian, Malay,
Chinese and Indian patients, respectively!”.

Interestingly, in contrast to other virulence factors, such as cagPAl, vacA, oipA and
babA2, which are reportedly associated with an increased risk of both PUD and GC,
dupA was the first H. pylori virulence factor to be correlated with a differential
susceptibility to PUD and GC, with protection against pre-neoplastic lesions and GC
(OR for GC = 0.42, 95%CI: 0.2-0.9, compared with gastritis)/*l. However, some
subsequent studies failed to reproduce these results. A meta-analysis on the
relationship between the dupA gene and clinical outcomes was therefore performed
and it showed that infection with H. pylori strains carrying dupA had a 1.41-fold
(95%CI: 1.12-1.76) increased overall risk of duodenal ulcer. A subgroup analysis
identified higher ORs in Asian countries (OR 1.57, 95%ClI: 1.19-2.06) than in Western
countries (OR 1.09, 95%CI: 0.73-1.62), suggesting that dupA can be considered a
disease-specific virulence factor, especially in Asian countries. No associations
between the presence of dupA and GC or gastric ulcer were found!™.. In addition, the
same authors reported that the presence of dupA may also be an independent risk
factor (OR = 3.71, 95%CI: 1.07-12.38) for H. pylori eradication failure!”. Interestingly, a
recent study showed protective effects of the dupA gene against severe outcome in
infected females (OR = 0.05, 95%CI: 0.01-0.42). Moreover, whereas the sole presence of
vacA il carried the highest risk for a severe clinical outcome, the simultaneous
presence of the dupA gene resulted in a delay of severe disease outcome by almost 20
years!”l.

Children: The prevalence of dupA was found to be 37.5% in Mexican children with
recurrent abdominal pain. In contrast, all H. pylori strains from Brazilian children
were found to be dupA positive, with a significantly higher prevalence than in adults
from the same region””. However, despite using the same primers for detecting the
dupA gene as Gomes et all’, another study analyzing Brazilian children showed a
much lower (37.0%) prevalence of this genel”l. These discrepancies may be due to the
presence of significant geographic differences even within the same country/region,
variations in studied populations or rearrangements within the plasticity zone, which
is prone to frequent change™”1.

Associations with other virulence genes: The dupA gene has previously been
associated with cagAl"**>"1 and cagP AI1,

COMBINATIONS OF VIRULENCE GENES

Since some genes are almost exclusively associated with one another (e.g., vacA
s1/il/m1 and cagA), it is impossible to consider each of these virulence genes
separately as independent markers for disease outcome. For example, the presence of
0ipA “on” is tightly linked to the presence of cagPAI and some studies even suggest
that cagPAI and OipA act synergistically by regulating the signaling pathways that
induce inflammation and actin dynamics!*!. Here, we briefly summarize some of the
most intriguing combinations of H. pylori virulence genes.

As expected, the risk of a severe clinical outcome increases if multiple virulence
genes are simultaneously detected. It has been shown that strains harboring the vacA
s1/m1/cagA+ genotype carry a 4.8-fold (95%CI: 1.71-13.5) increased risk of
progression of pre-cancerous lesions in comparison to the strains carrying vacA
s2/m2/cagA-, with higher ORs than if each of these virulence genes was evaluated
individually!. In addition, strains carrying cagA, vacA s1 and babA2 were associated
with duodenal ulcer and adenocarcinoma!”!, whereas cagA, vacA s1/m1 and babA2
were found to work synergistically in causing intestinal metaplasial”!. Furthermore, a
study from Portugal identified an increased risk of PUD in strains that simultaneously
harbored homB, cagA and vacA¥. Using binary logistic regression, cagA+/homB+ and
cagA+/vacAsl genotypes were found to have the highest discriminatory capacity to
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distinguish PUD from NUD in children, among the evaluated combinations of
virulence factors!*?. Another study on pediatric strains showed that quadruple-
positive strains (vacA s1/m1/cagA+/babA2+) had the highest discriminating value for
detecting the severity of gastritis compared to other groups evaluated!'”l. Interestingly,
whereas homB was not associated with a severe finding on gastric histology when
considered as an individual marker of the disease, a correlation between the vacA
s2/m2/cagA—-/babA2-/homB+ genotype and the presence of atrophic changes in
Slovenian children was foundl™. Moreover, a study evaluating the prevalence and
relevance of various H. pylori virulence factors in the pathogenesis of low-grade
gastric MALT lymphoma was unable to identify correlations between any of the
putative virulence genes and MALT lymphoma when evaluated individually.
However, when using multiple correspondence analysis, patients infected with
strains carrying iceAl, sabA “on” and hopZ “off” had 10-fold higher odds (OR = 10.3,
95%CI: 1.2-86.0) of developing MALT lymphoma than age-matched patients with
gastritisl.

CONCLUSION

H. pylori isolates show a high degree of geographic variability. It is thus possible that
certain H. pylori genotypes are associated with a more severe clinical outcome in some
regions, while presenting as virtually harmless variants in other studied populations.
The observed discrepancies in several studies on H. pylori virulence genes may be due
to various factors: different definitions or diagnoses of gastroduodenal disease,
limitations of PCR and sequencing methods for detecting virulence genes (e.g.,
inadequate PCR primer design, disregarding frameshift mutations that could have a
considerable influence on protein expression and/or function, and poor correlation of
the genotypic methods with the actual expression profile of the protein), and inability
to detect mixed infections with more than one strain at a time. Moreover, differences
between East Asian and Western strains confirm the hypothesis that the degree of
gastroduodenal pathology depends on complex relationships between host genetics,
environmental factors and the presence, as well as combinations, of various H. pylori
virulence genes. Although the importance of the majority of H. pylori virulence genes
has not yet been uniformly clarified, knowledge on their role in pathogenesis, as well
as disease outcome, has substantially improved in the last two decades. Careful
monitoring and continuous refining of their roles will not only contribute to novel
strategies for H. pylori vaccine development but also impact potential alternative
therapies and facilitate the discovery of novel virulence genes. Although sequencing
methods have dramatically improved over the years, enabling better and in-depth
information on H. pylori genome structure, future studies should not only focus on
these methods but also account for differences in protein expression profiles.
Nevertheless, enriched knowledge on the pathogenicity of H. pylori virulence genes
may be of clinical significance, since the detection of more virulent variants of strains,
such as those with an increased number of CagA EPIYA-motifs, could be used to
improve clinical prediction of the disease risk and identify those who need more
intensive surveillance and eradication of the infection to prevent serious health-
related consequences. In addition, focusing on a single virulence factor is probably too
restrictive, since clear linkages between various virulence factors with different
biological roles and significances exist, which may act synergistically to induce
serious gastroduodenal pathology. Moreover, in the light of recent studies
demonstrating that early exposure to H. pylori provides some protection against
subsequent atopy and allergic conditions in childhood!"", identification of reliable
discriminative virulence factors of bacterial strains could be extremely helpful in the
event that triaging of H. pylori infection is applied in the future.
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Abstract

Portal hypertension, liver fibrosis, and angiosarcoma of the liver (ASL) have been
reported among workers exposed to vinyl chloride monomer (VCM) since the
1970s. In 2007, the International Agency for Research on Cancer established the
association of VCM with hepatocellular carcinoma (HCC), though only on the
basis of the few cases available. Thereafter, recent reports from the United States
cohort and a European sub-cohort of vinyl chloride workers provided compelling
evidence of a strong association between cumulative VCM exposure and HCC
risk. Further areas of research include the risk of liver cancer at lower levels of
exposure and different patterns of risk of ASL and HCC with the time since
exposure. The evidence of interaction between VCM exposure and other known
liver carcinogens such as alcohol and chronic viral infection provides clues for the
health surveillance of exposed workers. Notably, also the risk of VCM-associated
chronic liver disease is modulated by alcohol consumption, viral infection, and
genetic polymorphism. A counter-intuitive finding from cohort studies of
exposed workers is the lower mortality from liver cirrhosis with respect to the
general population; this can be attributed to the healthy worker effect and to the
selection of liver cancer as the cause of death in the presence of concomitant
chronic liver disease. Studies designed to overcome these intricacies confirmed an
association between cumulative VCM exposure and the risk of liver cirrhosis.

Key words: Vinyl chloride; Occupational exposure; Epidemiology; Liver cancer;
Angiosarcoma; Hepatocellular carcinoma; Liver cirrhosis

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Occupational exposure to vinyl chloride monomer (VCM) causes chronic liver
disease, liver angiosarcoma, and hepatocellular carcinoma. VCM exposure has a
synergistic effect with other known risk factors of liver diseases such as alcohol
consumption and chronic viral infection. Further research is warranted to assess the risk
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2 of liver cancer at low levels of exposure and to investigate the patterns of risk with time

since exposure.
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INTRODUCTION

Vinyl chloride monomer (VCM) is a synthetic gas mostly used in the manufacture of
polyvinyl chloride (PVC), a widely used plastic material. Occupational exposure to
VCM primarily occurs in the VCM/PVC production and processing industry!"l. The
role of occupational exposure to VCM in the development of angiosarcoma of the
liver (ASL) is well known since the mid-1970s. In 2007, the International Agency for
Research on Cancer (IARC) established that exposure to VCM causes both ASL and
hepatocellular carcinoma (HCC)™. The evidence on HCC was mainly derived from
studies carried out in the early 2000s, demonstrating a relationship between HCC
incidence and cumulative VCM exposure, as well as an association of VCM exposure
with liver cirrhosis™.

However, some controversy remained because findings on HCC were based only
on a limited number of confirmed cases. Such controversy was fueled by reviews
issued by VCM industry consultants, claiming that the results about HCC might have
been biased due to misclassification between HCC and ASL, and underlining the fact
that overall among VCM workers mortality from liver cirrhosis was lower with
respect to the general population!**l. Notably, one of these reviews deduced that a
firm conclusion about the role of VCM in the development of liver diseases other than
ASL is unlikely to be reached in the future, because of the contrasting personal views
given by experts’l. The statements regarding irresolvable controversies might be used
in the legal setting, yet the scientific evidence usually proceeds by slowly accu-
mulating new original studies that shed light on gray areas of the available
knowledge.

In fact, after the IARC assessment, new epidemiological studies updating previous
results from cohorts of workers employed in VCM/PVC production in the United
States!”], Europel'*'!l, and Taiwan['? have been published. Aim of this review is to
summarize such new findings within the frame of the previous evidence.

HEPATOCELLULAR CARCINOMA

An increase in mortality from liver cancer among vinyl chloride workers has been
reported by several studies carried out in the past decades, especially two large
multicentric cohort studies from the United States!”'*'"l and Europel”'*l. However, the
association between VCM exposure and HCC is difficult to investigate because most
studies did not collect histological or clinical information distinguishing HCC from
ASL or other primary/secondary neoplasms!'l. The IARC assessment carried out in
2007 relied mostly on the results from the European cohort of workers employed in
the vinyl chloride industry?], from an Italian sub-cohort!*, and a case-control study
nested in the latter sub-cohort!®’. Overall, a clear association of HCC risk with
cumulative exposure was found, although based only on a few confirmed cases
(ranging from 10 to 13).

Two studies have recently confirmed the IARC assessment. For the first time in
2017, data were published from the US cohort of vinyl chloride workers specifically
addressing HCC risk, with the diagnosis based on information reported in death
certificates. The risk of HCC steeply increased with increasing duration of
employment and VCM cumulative exposure. The authors warned that in the absence
of histopathological confirmation, such figures might have been influenced by
misclassification of ASL and HCC in the earlier decades!”. However, such mis-
classification did not probably affect the main results since findings were confirmed
after exposures were lagged by 10-40 years. More recently, an update of an Italian
cohort of vinyl chloride workers found a strong association with VCM cumulative
exposure in a large series of HCC confirmed by histology and/or clinical records!'"l. In
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summary, all the original studies available provide compelling evidence of the causal
role of occupational VCM exposure in the development of HCC (Table 1).

It must be remarked that vinyl chloride is mutagenic, being associated to
chromosomal aberrations, micronucleus formation, sister chromatid exchange, Ki-ras
and p53 gene mutations?”; furthermore, the development of liver cirrhosis per se
increases the risk of HCC through multiple mechanism, including chromosomal
instability!"”l. Within this framework, specific aspects of the association between VCM
and HCC, namely, the absence of risk below a threshold of exposure, a decrease in the
rates of liver cancer in historical cohorts through the more recent decades of follow-
up, and interactions with other known risk factors for HCC, need further clarification.

Analyses on the risk of HCC at low levels of cumulative VCM exposure are
hampered by the limited number of available cases. In the United States cohort, based
on 32 cases of HCC as identified from death certificates, mortality rates did not
increase except for the highest quintile of cumulative exposure (= 2271 ppm-years).
However, after exposures were lagged by 30 years, HCC mortality significantly
increased already in the 865-2271 ppm-years class (or in the 1021-3301 ppm-years
class using high cut-points based on quintiles for all liver cancers, see also Table 1).
The authors suggested a possible threshold at about 1000 ppm-years cumulative
exposurel’l. In the European cohort of vinyl chloride workers, an increase in liver
cancer risk (all types) with increasing exposure was confirmed in analyses restricted
to subjects with cumulative exposure < 1500 ppm-years’®. In an Italian cohort, an
approach based on a non-parametric regression was adopted to model in continuous
form the relationship between exposure and mortality considering 31 confirmed HCC
cases; HCC mortality rates were found to increase with cumulative VCM exposure
already in the range below 2000 ppm-years!'l. In view of the above data, the risk of
HCC seems not to be confined only to a few subjects in the highest exposure
categories, but probably involves most workers from the United States and Europe,
who had relevant exposures to VCM before the major improvements in working
conditions achieved in the mid-1970s.

The second issue is represented by the possible decline in liver cancer risk among
previously exposed workers decades after the large decrease in the VCM exposure
levels that were achieved in the chemical industry. According to the last update of the
cohort of vinyl chloride workers in Taiwan!'?, liver cancer mortality reached a peak
during 1991-1996, and thereafter showed a decline. Although information on
histological type was missing for most patients who died of liver cancer, the limited
number of cases with available medical records were all confirmed HCC, with no case
of ASL identified!"]. In the United States cohort, the peak of standardized mortality
ratios (SMR) for liver cancer (all types) was observed during the 1970s; however, in
subsequent decades a more than two-fold excess risk for liver cancer was still
observed!”l. Among the confirmed cases, the median latency for HCC (48 years) was
found to be considerably longer than that for ASL (36 years)".. In an Italian cohort of
vinyl chloride workers, SMRs for liver cancer remained increased through the most
recent period of follow-up!''); analyses by latency showed that the highest SMR was
reached after more than 40 years from the first exposurel'”"'l. Once again among the
confirmed cases, latency was observed to be longer for HCC as compared to ASL,
being mean latency 39 and 32 years, respectively!"'l. The overall picture from the
historical cohorts is consistent with a first major peak of liver cancer deaths, mostly
represented by ASL; in the more recent decades, mortality for liver cancer remained
significantly increased, mainly sustained by the occurrence of HCC.

A common criticism of cohort studies is the lack of adjustment for known risk
factors such as alcohol consumption and hepatitis B virus (HBV) or hepatitis C virus
(HCV) infection. Two nested case-control studies, already included in the IARC
review, investigated such an issue. A multiplicative effect between employment in
jobs with high VCM exposure and HBsAg carrier status was reported for liver cancer
(mostly HCC) in the Taiwanese cohort!'”. Furthermore, a study from Italy reported
that cumulative VCM exposure was an independent risk factor for HCC, interacting
synergistically with alcohol consumption and additively with viral infection!. Such
studies provide useful clues for the health surveillance and disease prevention in
previously exposed workers, as the interaction between multiple exposures further
increases the risk for HCC. Therefore, cessation of alcohol consumption and treatment
of chronic viral infection should be prioritized among vinyl chloride workers,
especially in the view of the recent availability of directly acting antivirals for HCV
treatment.
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Table 1 Studies investigating the association between occupational exposure and hepatocellular carcinoma in vinyl chloride workers

. Study Disease Exposure Exposure Number of Relative risk
Ref. location I . 0 Notes
description assessment assessment categories cases (95%Cl)
Ward et all’l Cohort study, HCC, best Job exposure 0-734 3 1.0 Trend test
(2001), European 12700 workers evidence matrix: ' 735-2379 5 3.02 (0.50-1.81) P =0.004
cohort Cumulative
exposure (ppm-  2380-5188 1 2.47 (0.26-23.9)
years) 5189-7531 1 5.33 (0.54-52.8)
>7532 2 20.3 (2.98-138)
Mundt et al'’} Cohort study, HCC, death Job exposure high cut-points: 30-yr lagged exp
(2017), United 9951 workers certificates matrix: ' <1021 8 10 10
States cohort Cumulative
exposure (ppm-  1021-3300 4 1.2 (0.4-3.8) 3.8 (1.4-10.4)
years) 3301-5685 7 7.2 (2.6-20.0) 8.9 (2.8-28.5)
5686-10551 6 7.3 (2.5-21.1) 14.6 (4.7-45.1)
>10551 7 18.8 (6.8-51.9) 34.6 (10.3-115.8)
Fedeli et all'!! Cohort study, HCC, histology or Job exposure 0-734 12 1.00
(2019), Italian 1685 workers clinical records matrix: ) 735.2379 4 1.72 (0.55-5.32)
plant cumulative
exposure (ppm- 2380-5188 9 5.24 (2.20-12.5)
years) > 5189 6 5.52 (2.03-14.9)
Wong et all'’} Nested case- Liver cancer: 10 Job title based on Tank cleaning 18 liver cancers 3.6 (1.4-9.2) Additional
(2903), control study: 18 conflrnfled HCC, job history High exposure 29 (1.1-7.3) analyses on joint
Taiwanese cases, 68 referents no angiosarcoma ‘obs effects
cohort !
Mastrangelo et Nested case- HCC, histology or Job exposure Each 1000 ppm- 13 1.71 (1.29-2.44) Additional
al®! (2004), control study: 13  clinical records ~ matrix: years increase alcohol/virus analyses on joint
Italian plant cases, 139 Cumulative adjusted effects
referents exposure (ppm-
years)

HCC: Hepatocellular carcinoma; CI: Confidence interval.

CHRONIC LIVER DISEASE

Portal hypertension and fibrosis at liver biopsy have been reported among VCM
production workers since the 1970s*). Thereafter, multiple studies adopting different
approaches have investigated the association between occupational exposure to VCM
and chronic liver disease: Prevalence surveys among active workers, cohort mortality
studies, nested case-control studies. Ultrasonography was advocated as the preferred
method for health surveillance of workers exposed to VCM since the mid-1970s:
Enlarged portal vein, splenomegaly, and changes in hepatic structure were the most
commonly observed abnormalities; by contrast, liver function tests were reported to
be unsuitable for the detection of VCM-associated liver diseases?”!!. Subsequent studies
reported contrasting results for liver function tests, and a possible role for cholestasis
indices was suggested for the surveillance of exposed workers*. In spite of the early
recognition of the role of liver ultrasonography, only a few studies describing the
findings associated with VCM exposure have been published. An increased
prevalence of periportal liver fibrosis among workers with past high VCM exposure
was reported among 757 Italian workers, whereas no association with steatosis and
changes in liver function tests was observed™!. Among 347 male workers in Taiwan,
those with a history of high VCM-exposure jobs were at a higher risk of liver fibrosis
(a category combining cirrhotic and pre-cirrhotic sonographic changes of the liver).
Other risk factors for liver fibrosis included overweight/obesity and HBV/HCV
infection; workers with both viral infection and high exposure were at the highest risk
of liver fibrosis*’l. A possible role of genetic polymorphism of Cytochrome P450 2E1
(CYP2E1) in the development of VCM-induced liver fibrosis was suggested™!. Among
Taiwanese workers, a synergistic effect between high VCM exposure and hepatitis
viral infection was also found responsible for increased transaminase levels!”’.. The
association between occupational VCM exposure and chronic liver disease was
confirmed by higher rates of hospital admissions for cirrhosis with respect to non-
exposed reference workers!*’l. Lastly, an increasing prevalence of abnormalities (all
types) was detected at liver ultrasonography across workers with no, low, and high
VCM exposures in China; once again, a joint effect with CYP2E1 polymorphism was
reported®).
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The studies investigating ultrasonography findings among VCM workers still
employed in Western countries and Taiwan were carried out about twenty years after
the end of high exposure periods, with a possible underestimation of risks due to
workers quitting job as a consequence of liver diseases!*). More recently, Cave and
colleagues reviewed slides from liver biopsies and analyzed frozen sera obtained
during 1974-1977 from 25 United States workers with extremely high exposure
submitted to intensive medical surveillance (four had concomitant ASL, with a fifth
case developing ASL in subsequent years)!". Steatohepatitis was observed in 20 (80%)
biopsies, among which, liver fibrosis was present in 11. Notably, among these cases,
called “Toxicant Associated Steatohepatitis” (TASH), serum transaminases were not
altered with respect to healthy chemical workers. TASH, the consequence of current
high VCM exposures, may not always be reversible after exposure has been
withdrawn and may further evolve into progressive liver injury and fibrosis®’.

The role of VCM exposure in the development of chronic liver disease has been
confirmed by a case-control study carried out within an Italian cohort of VCM
workerslPl. The case group comprising 40 patients with cirrhosis diagnosed at
histology or on a clinical basis was compared to 139 reference workers without any
liver disease. Cumulative VCM exposure was an independent risk factor for cirrhosis,
interacting with both alcohol consumption and viral infection.

By contrast, cohort studies on vinyl chloride workers usually report a risk of
mortality from liver cirrhosis/chronic liver disease lower than the expected based on
rates registered in the general population; this finding can be attributed to the healthy
worker effectl’). Within-cohort analyses avoiding bias derived from comparison with
an external reference have been performed in the European and the United States
cohorts. In both cohorts, increased mortality rates were observed in highly exposed
groups with respect to the reference group having the lowest exposure (Table 2),
although a linear trend across the categories of cumulative exposure could not be
demonstrated?”l. It must be remarked that mortality from cirrhosis can be
underestimated especially among highly exposed workers. In the presence of ASL or
HCC, liver cancer will be selected as the underlying cause of death, whereas the co-
existing chronic liver disease will be mentioned only as a concomitant cause (or even
omitted)!"'”"!]. To overcome this limit, deaths from liver cirrhosis were analyzed
together with the deaths of patients with histologically or clinically evident cirrhosis,
yet having liver cancer as the underlying cause: A strong association with cumulative
VCM exposure was demonstrated!'!l.

CONCLUSION

Occupational exposure to VCM causes a substantial burden of liver diseases; in the
last update of an Italian cohort, as much as 29% of overall deaths among workers in
the highest exposure category were from liver cancer (all types) or liver cirrhosis!''l.
Available original studies reviewed by IARC and published after the IARC
assessment confirm the association between occupational VCM exposure and chronic
liver disease as well as HCC. Further research is warranted to assess the disease risk
in the lower range of cumulative exposure and to investigate the pattern of risk with
the time elapsed since exposure. The evidence of additive or multiplicative
interactions with other known risk factors should prompt health surveillance and
promotion programs among exposed workers, aimed at reduction of alcohol
consumption and body weight, and identification and treatment of chronic viral
infection.
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Table 2 Studies investigating the association between occupational exposure and liver fibrosis/liver cirrhosis in vinyl chloride workers

. Study Disease Exposure Exposure Number of Relative risk
Ref. location - ; 0 Notes
description assessment assessment categories cases (95%Cl)
Maroni et all™  Survey of 757 Liver Job exposure 0 Overall 1.0 Adjusted for age,
(2003), Italy, four active workers ultrasonography: matrix: Max prevalence 16.0% _ alcohol, body
. R 1-10 1.55 (P = 0.276) . .
VC plants Periportal fibrosis Exposure (ppm) mass index, viral
50 154 (P=0405)  hepatitis
200 4.12 (P = 0.005)
500 2.47 (P =0.064)
Hsiao et all*’] Survey of 347 Liver Job exposure Low 3 1.0 Adjusted for age,
(2003), Taiwan, — active workers ultrasonography: matrix: Mod alcohol, body
i 5 4.6 (1.0-25.5
five VC plants Liver fibrosis Cumulative oderate ( ) mass index
including pre- exposure (ppm-  High (>2400) 12 59 (1.7-28.2)
cirrhosis and years)
cirrhosis
Mastrangelo et Nested case- Cirrhosis at Job exposure Each 1000 ppm- 40 1.37 (1.13-1.69) Additional
al! (2004), control study: 40  histology and/or matrix: years increase alcohol/ virus analyses on joint
Italian plant Cases and 139 clinical records ~ Cumulative adjusted effects
controls exposure (ppm-
years)
Ward et all’! Cohort study, Cause of death Job exposure <524 8 1.0
(2001), European 12700 workers fI‘OII.I .death matrix: . 504-998 8 9.38 (3.52-25.0)
cohort certificates Cumulative
exposure (ppm- ~ 999-3428 9 4.01 (1.55-10.4)
years) 3430-5148 8 9.77 (3.66-26.1)
5149+ 9 8.28 (3.15-21.8)
Mundt et al'’} Cohort study, Cause of death Job exposure <63 11 1.0
(2017), United 9951 workers from death matrix: 63-286 19 1.8 (0.9-3.8)
States cohort certificates Cumulative T
exposure (ppm-  287-864 2 2.0 (1.0-4.1)
jeas) 865-2270 24 2.1 (1.0-4.3)
2271+ 21 1.7 (0.9-3.7)
Fedeli et all'"! Cohort study, Deaths from Job exposure <734 35 1.0
(2019), Italian 1685 workers c1rrh0§1s + deaths matrix: . 7342378 8 1.18 (0.55-2.55)
plant from liver cancer Cumulative
with exposure (ppm- 2379-5187 12 2.43 (1.26-4.70)
histological/clinic years) > 5188 8 2.60 (1.19-5.67)

al evidence of
cirrhosis

VC: Vinyl chloride; CI: Confidence interval.
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Abstract

BACKGROUND

Mesenchymal stromal cell (MSC)-based therapy is currently under study to treat
inflammatory bowel diseases. MSC bioactive products could represent a valid
alternative to overcome issues associated with systemic whole-cell therapies.
However, MSC anti-inflammatory mechanisms differ between rodents and
humans, impairing the reliability of preclinical models.

AIM

To evaluate the effect of conditioned medium (CM) derived from porcine
vascular wall MSCs (pVW-MSCs) on survival and differentiation of porcine and
guinea pig enteric ganglia exposed to lipopolysaccharide (LPS).

METHODS

Primary cultures of enteric ganglia were obtained by mechanic and enzymatic
digestion of ileum resections from guinea pigs (Cavia porcellus) (GPEG) and pigs
(Suus scrofa) (PEG). pVW-MSCs were derived by enzymatic digestion from
vascular wall resections of porcine aorta and tested by immunoflowcytometry for
MSC immune profile. Enteric ganglia were treated with increasing concentrations
of LPS, CM derived by pVW-MSCs or a combination of CM and LPS 1 pg/mL.
Cell count and morphometric analysis of HuD positive neurons and glial
fibrillary acidic protein positive glial cells were performed by immunofluorecent
staining of cultured ganglia.

RESULTS
PEG showed a higher number of neurons compared to GPEG. Overall, CM
exerted a protective role on LPS-treated enteric ganglia. CM in combination with
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LPS increased the number of glial cells per ganglion in both cultures evoking glial
cells differentiation in porcine cultures.

CONCLUSION
These findings suggest an immunomodulating activity of pVW-MSCs mediators
on the enteric nervous system in inflammatory conditions.

Key words: Enteric nervous system; Mesenchymal stromal cells; Inflammatory bowel
disease; Ganglia; Translational models
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Core tip: Secretome of porcine vascular wall mesenchymal stromal cells (pVW-MSCs)
induced an increase of glial cell number in swine and guinea pig-derived enteric ganglia.
Co-treatment of enteric ganglia with lipopolysaccharide and conditioned medium
promoted glial cell differentiation only in pigs. These data indicate an immune activation
promoted by pVW-MSCs which could be more specific in higher mammals, suggesting
a careful consideration of the animal models used in research studies on cell-based
therapies.
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INTRODUCTION

Inflammatory bowel diseases (IBDs), encompassing the two major forms Crohn’s
disease (CD) and ulcerative colitis (UC), are characterized by an overactive immune
response to unknown environmental triggers associated with specific genetic traits!'.
Genome-wide association studies advanced previous knowledge of genetic variants
associated with innate and adaptive immunity (e.g., NOD2, IL23R) revealing novel
pathophysiological mechanisms linked to autophagy and loss of epithelial barrier
function’!. In IBD, chronic intestinal inflammation induces several morpho-
functional changes of the enteric nervous system (ENS), including swallowing of
enteric nerve bundles and higher expression of several neurotransmitterst.

Mesenchymal stromal cells (MSCs) are currently under study as a therapeutic
option in regenerative medicine and as a novel treatment for autoimmune and chronic
inflammatory disorders including IBDsP"l. Although the mechanism underlying the
immunoregulatory effect of MSCs is still to be clarified, their role in balancing
immune homeostasis has been acknowledged!”.. Notably, pro- or anti-inflammatory
activity!! along with other MSC biomolecules is settled by toll-like receptors 3 and 4,
the latter being one of the main sensors of bacterial lipopolysaccharide (LPS)®1.

MSCs respond to an inflammatory environment releasing CC chemokine ligand 2
and IL-10, which inhibits CD4 Th17 cells proliferation and IL-17 production!”! and
polarizes naive T-cells to the regulatory Foxp3-positive phenotype (T-reg)!’l. These
pleiotropic, anti-inflammatory properties justify a proof of concept study for a
possible application of MSCs in IBDs, where Th-17 and Th-4/5 lymphocytes drive the
aberrant immune reaction of CD and UG, respectively. A phase III clinical trial of CD
with a systemic infusion of MSCs is currently ongoing!'], while local treatment of the
severe fistulizing form of CD was recently approved by EMA.

One of the main drawbacks of cell-based therapy regards uncertainty about
biodistribution and homing of cells to the target site of action. In particular, MSCs
tend to remain trapped in the microcirculation of pulmonary alveoli, allegedly for an
increased diameter acquired during in vitro expansion!"”l. For these reasons, MSC-
derived exosomes as well as MSC secretome are gaining attention in current
research!"""l. Furthermore, a recent study showed that a vascular wall mesenchymal
stem cells isolated by porcine aortic tissue (pVW-MSCs) showed mesenchymal
features!! and the ability to differentiate in all the cellular components of a mature
vessel”l. A deeper characterization demonstrated their metabolic properties?””! and
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their intrinsic attitude to promote angiogenesis also by paracrine action/”".

Interestingly, the key factor responsible for MSC anti-inflammatory action varies
among species and is related to a specific phylogenetic tree*. On this basis, this study
aims at investigating a possible gap between rodent and swine neuro-immune
response to MSC-derived bioactive products assuming pVW-MSC secretome as a
closer model from a translational point of view. To this purpose, we first compared
the effect of LPS on cell survival and differentiation in primary enteric ganglia derived
from guinea pig and pig myenteric plexus (MP) (GPEG and PEG, respectively);
thereafter, we evaluated the effect of pVW-MSC secretome in these two ex-vivo
models of ENS.

MATERIALS AND METHODS

Animals

Animals were used after approval of the protocol by the local ethics committee and
following the guidelines of 3Rs implied in the EU directive 2010/63/EU for the use of
animal for experimental purposes and in accordance with the national legislation
(Decree 116/1992). In accordance with the 3Rs principle of Reduction™! the animals
used in the present study served as controls in other experimental protocols carried
out in our facility.

Swine (Protocol number n.43-IX/9 all.37; 20/11/2012): Young commercial hybrids of
Sus scrofa (4 males-aged 4-5 wk, 7 £ 0.5 Kg live weight), born at the ASA Unit
(DIMEVET, University of Bologna), were enrolled in the study. Piglets were bred
under the lactating sow till 28 d, then weaned and kept in a multiple box for young
piglets, temperature was kept at 28 + 1 °C with adequate ventilation and humidity in
relation to the young age. Surgical procedures were carried out during the morning in
the surgical theatre of the DIMEVET facilities. Animal received an i.m. bolus of
tiletamine-zolazepam (5 mg/kg) 10 min before induction; general anesthesia was
achieved using sevoflurane with an induction mask®]. Animals were then sacrificed
with a single bolus (0.3 mL/kg) of Tanax (embutramide/mebezonium
iodide/tetracaine hydrochloride; Msd Animal Health Srl) and the abdomen was
opened to remove the small intestine.

Guinea pigs (Protocol number 18/79/14): Male Dunkin-Hartley guinea pigs (Cavia
porcellus, 8 males-aged 3-5 wk, weight 200-280 g, Harlan Italy, Udine, IT) were kept in
home cages with a controlled environment (12 h dark/light cycle, 20-24 °C
temperature, 40%-70% humidity) with unlimited access to water and chow. The day
of the experiment, animals were sacrificed through isoflurane inhalation followed by
exsanguination through jugular excision. All the procedures were carried out in the
operating room of Medical and Surgical Department.

Isolation and culture of ganglia by pig and guinea pig myenteric plexus

Isolation of MP from 8 guinea pigs (3-5 wk) and 4 pigs (4-5 wk) was performed as
previously described!”**l. Briefly, the small intestine was washed with sterile,
oxygenated Krebs solution containing (mM) NaCl 120.9, KCI 5, MgCl, 1.2, CaCl, 2.5,
glucose 11.5, NaHCO, 14.4, NaH,PO, 1.2 additioned with fungizone and penicillin-
streptomycin 10 ml/L (Sigma Aldrich-Merck, Darmstadt, Germany). MP was peeled
by 2-cm traits of small intestine cut in 1 mm x 1 mm fragments and digested in T25
plastic flasks with an enzymatic solution containing 1.25 mg/mL collagenase IV from
Clostridium histolyticum, 1 mg/mL dispase II from Bacillus polymyxa and 1 mg/mL
bovine serum albumin (Sigma Aldrich-Merck) in gentle agitation 30 min (guinea pig
tissues) or 45 min (pig tissues) at 37 °C. Reaction was stopped by placing flasks in ice
for 3 min. Digested tissues were washed with cold Krebs solution and collected in
DMEM. Fragmented neuronal fibers were selected over muscle bundles with a
stereomicroscope (Nikon C-PSCN - Nikon, Tokyo, Japan) and seeded on
polyornithine-covered coverslips in 24-well plates with M199 medium enriched with
5% fetal bovine serum, 10 mL/L penicillin-streptomycin and 5% glucose (complete
M199-cM199). Plates were kept 24 h in a humidified chamber at 37 °C with 5% CO,.

Immune profiling and collection of media conditioned by porcine vascular wall
mesenchymal stromal cells

pVW-MSCs were isolated, characterized and maintained as previously described™!. In
order to confirm the mesenchymal immunophenotype after cryopreservation, flow
cytometry analysis was performed before media collection. Briefly, 2 x 10° cells were
resuspended in 100 pL of phosphate buffered saline (PBS) and incubated for 1 h at 4
°C in the dark with appropriate fluorochrome-conjugated antibodies at the titers
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reported in Table 1. Unstained controls to evaluate inherent background or
autofluorescence were obtained omitting primary antibodies. After incubation, cells
were washed twice and resuspended in 200 pl of PBS then analyzed with MacsQuant
Analyzer10 (Miltenyi Biotec, Bergisch Gladbach, Germany). For CD34 staining, after
the first incubation with the primary antibody, cells were washed and incubated with
PE-conjugated secondary antibody (Table 1) for 40 min at 4 °C in the dark. Data were
analyzed using the Flowlogic™ software (Miltenyi Biotec).

After thawing cellular suspensions were plated in a 24-multi well plate at a
concentration of 3 x 10* cells/well in PGM medium (Promocell, Heidelberg,
Germany), the day after, cells were washed with PBS and cultured for additional 24 h
in PGM, then media were collected, centrifuged at 800 x g for 10 min, filtered through
a 0.20-pm syringe filter, immediately frozen in liquid nitrogen and stored at -80 °C
until use.

Treatments

Enteric ganglia derived from each animal were seeded in 24 wells plates, a pool of 35
ganglia per well from 3 wells (triplicates) were considered for the analysis. After 2 d,
ganglia were incubated for 24 h with cM199 (CRTL) or one of the followings: cM199 +
0-0.1-1-10 pg/mL LPS (LPS from Escherichia coli O111:B4, Sigma Aldrich-Merck);
conditioned medium (CM) derived by culture flasks containing adherent pVW-MSCs
(10% in M199) or CM combined with LPS 1 ug/mL. Treatments were coded arbitrary
so that a second operator could carry on the operation blindly.

Immunocytochemistry analysis of enteric ganglia

At the end of 24-h treatment, cells were washed twice in cold PBS and fixed in 4%
paraformaldehyde for 1 h. After three washes with cold PBS, unspecific epitopes were
blocked by incubating fixed ganglia with a blocking solution of 0.5% Triton and
donkey serum 5% for 1 h. Ganglia were double-stained by overnight incubation at
4°C with a mix containing antibodies directed to the pan-neuronal marker HuD and
to the glial fibrillary acidic protein (GFAP). The following day, cells were washed
three times with PBS and incubated 2 h at room temperature with appropriate
fluorescent anti-antibodies (Table 1). Negative controls included a pre-adsorption step
for 2 h with the specific blocking peptides in the preliminary tests and the omission of
the primary antibody in every run experiment. At the end of the procedure, coverslips
were mounted on slides with an anti-fade solution (10% Mowiol 4-88, Sigma Aldrich-
Merck) containing 0.1 pg/mL DAPI. Photomicrographs of single ganglion were
obtained with a Zeiss Imager M1 microscope with dedicated software (AxioVision,
Carl Zeiss, Jena, Germany).

Imaging analysis of cultured ganglia

Cell count and morphometric analysis of photomicrographs were carried out blindly
with Image ] software on the basis of a previously applied method™. Briefly, two axis
intersecting at a 90° angle were traced from the furthest ends of the cluster of cell
bodies. A first circle representing the core area was traced considering the intersection
of the two axis as the center and the longest axis as the diameter. Likewise, an outer
circle, having the same center as the former and the diameter extending to the furthest
fillopodium, was considered as the total area. The percentage of ganglion expansion
(Gang. Exp. %) on total area was calculated as follows: Gang.Exp.% = [(total area-core
area)] %100/ (total area).

Statistical analysis

Results are reported as Tukey box-plots (middle lines-median values; lower and
upper sides of the rectangles - 1 and 3™ percentile, whiskers - confidence intervals;
black dots - outliers). Statistical analysis was performed through GraphPad Prism
software (GraphPad, La Jolla, CA, United States) on data retrieved from 35
ganglia/well analyzed in triplicates for each experimental group. Normal distribution
was confirmed by Shapiro-Wilk test and Student t test was used to determine
statistical significance of the differences observed. Data significance was considered
when P < 0.05 or as reported in text.

RESULTS

Comparison of ganglia derived by pig and guinea pig myenteric plexa

After 2 d of culture in vitro, GPEG showed a more consistent morphology and cell
composition in comparison with PEG. GPEG showed a globular or bean-like shapes
with a core of cell bodies and glial cells radially protruding outward (Figure 1A).
Conversely, PEG were characterized by larger globular, bi- or tri-lobed shapes (Figure
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Table 1 Antibody reporting

Research "
. N . . Catalog _— Concentrati
Name Target Clonality Conjugation resource Species Supplier Application
- number -on used
identifiers
Anti-HuD ~ Hu N- Poly - AB_2101223 Gt Santa Cruz sc-5977 IC 5 pg/mL
terminus of Biotechnologi
human HuD es
Anti-GFAP  Hu Glial Mono - AB_10689630 Ms BD 561483 IC 1 pg/mL
Fibrillary Biosciences
Acidic Protein
Alexa 488 GtIgM heavy Poly Alexa Fluor® AB_ 2535792 Dk Thermo A-21206 IC 0.5 pg/mL
and light 488 Fisher
chains Scientific
Alexa 555 Ms IgM Poly Alexa Fluor® AB_2535853 Dk Thermo A-21432 IC 0.5 ug/mL
heavy and 555 Fisher
light chains Scientific
Anti-CD 105 Hu CD105 (L- Mono FITC AB_868768 Ms Abcam ADb53318 FC 2uL/ 10°
isoform) cell cells/100 uL
surface
antigen
Anti-CD90  Hu Mono APC AB_10677422 Ms Abcam Ab139364 FC 1uL/10°
CD90/Thy-1 cells/100 pL
cell surface
antigen
PE anti- Hu CD56 cell Mono PE AB_314448 Ms Biolegend 304606 FC 2 uL/10°
human surface cells/100 uL
CD56 antigen
Human Hu CD44 Mono PerCP AB_10645506 Rt Biolegend 103036 FC 0.5 uL/10°
CD44 isoforms, 80- cells/100 pL
antibody 95 Kd cell
surface
antigen
CD34 Hu CD34 cell Mono - AB_1640331 Rb Abcam Ab81289 FC 0.8 uL/10°
antibody surface cells/100 pL
[EP373Y] antigen
Rabbit-PE ~ Rb IgG heavy Poly PE AB_10680576 Gt Abcam ADb97070 FC 0.5 uL/10°
and light cells/100 pL
chains

FITC: Fluorescein isothiocyanate; APC: Allophycocyanin; PE: Phycoerythrin; PerCP: Peridinin-chlorophyll-protein; Ms: Mouse; Rt: Rat; Gt: Goat; Dk:
Donkey; Hu: Human; GFAP: Glial fibrillary acidic protein IC: Immunocitochemistry; FC: Flowcitometry.

1E) with a number of total cells per ganglion about 4-fold higher when compared to
GPEG (213.7 £ 50.4/PEG vs 53.3 £ 5.2 cells/GPEG, P < 0.001, Figure 1B) and a higher
number of HuD-immunoreactive (HuD-IR) neurons per ganglion (+13.7%, Figure 1C).
Frequency analysis in Figure 1F and Figure 1G describes differences between GPEG
and PEG in terms of number of ganglia presenting 5 to 205 neurons. Moreover, PEG
showed a different proportion of HuD-IR neurons and GFAP-immunoreactive
(GFAP-IR) glial cells (+12.7%, P < 0.05), whereas GPEG presented a more
homogenous distribution of both cell types. Notably, a higher number of
neurons/ganglion (+12.7%, P < 0.05) and a lower number of glial cells/ganglion (-
15.7%, P < 0.05) were detected in PEG compared to GPEG (Figure 1D).

Effect of LPS on the number of cells in pig and guinea pig enteric ganglia

GPEG exposed to increasing concentrations of LPS displayed a trend towards a
decreased number of neurons/ganglion, which was statistically significant only at the
concentration of 10 pg/ml (-22.3%, P < 0.05, Figure 2A). This effect was paralleled by
an increased number of glial cells/ganglion (+22.2%, P < 0.05, Figure 2A). Conversely,
no effect of LPS was detected on cell number in PEG cultures at any of the
concentrations tested. Notably, the observed lower number of GFAP-IR glial cells
compared with HuD-IR neurons was similar in all the experimental groups (P < 0.05,
Figure 2B).

Characterization of pVW-MSCs phenotype

Flowcytometric analysis confirmed an unvaried immunophenotype of pVW-MSCs at
the third passage after cryopreservation, displaying MSC profile. In line with the
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Figure 1 Descriptive analysis of the morphology and cellular composition of guinea pig and pig enteric ganglia after 2 d in vitro. A and E: Representative
photomicrographs of guinea pig enteric ganglia (GPEG) and pig enteric ganglia (PEG) stained with HuD (red) and glial fibrillary acidic protein (GFAP) (green)
antibodies directed to neurons and glial cells respectively (scale bar: 100 um); B: Total number of cells per ganglion in GPEG, left gray box plot, and PEG, right white
bars, cultures (53.3 £ 5.2 vs 213.7 £ 50.4 neurons per ganglion, °P < 0.001 vs GPEG); C: PEG showed a higher number of HuD-immunoreactive (HuD-IR) neurons
compared to GPEG (+13.7%, *P < 0.05); D: PEG and GPEG comparison of HuD-IR neurons and GFAP-immunoreactive (GFAP-IR) glial cells: PEG presented a
higher number of HuD-IR neurons compared to GFAP-IR glial cells (+28.4%, 2P < 0.05). In comparison to GPEG, PEG showed a higher number of neurons (+12.7%,
P < 0.05) and a lower number of GFAP-IR glial cells (-15.7%, fP < 0.01); B-D: Values reported as Tukey box-plots were obtained by three independent experiments.
F and G: Frequency analysis indicating the number of GPEG (F) and PEG (G) presenting 5 to 205 neurons. GPEG: Guinea pig enteric ganglia; PEG: Pig enteric
ganglia; GFAP: Glial fibrillary acidic protein; GFAP-IR: Glial fibrillary acidic protein-immunoreactive; HuD-IR: HuD-immunoreactive.

criteria for MSC characterization"! more than 96% of the cell population analyzed was
positive for the markers of mesenchymal stemness, CD105, CD90, CD56, CD44, and
less than 2.5% was positive for the hematopoietic markers CD45 and CD34 (Figure 3).

Effect of pVW-MSCs mediators on GPEG and PEG exposed to LPS

Thereafter, we tested the effect of medium conditioned by pVW-MSCs (CM) on GPEG
and PEG cultured with LPS 1 pg/mL (LPS1). The concentration of 1 pg/mL was
chosen in order to resemble a plausible pathophysiological condition of a high
bacterial overload. Both guinea pig and pig cultures did not show any significant
change in the number of HuD+ neurons after treatments (Figure 4A and B, white
columns), whereas glial cell number varied significantly (Figure 4A and B, gray
columns). In particular, GPEG cultures showed a higher number of glial cells as a
result of co-treatment with CM+LPS1, compared to control and LPS1 groups (+13.9%,
P <0.001; +16.5%, P < 0.01, respectively). As for PEG cultures an increased number of
GFAP+ glial cells was observed in CM group compared to control (+13.6%, P < 0.05)
and LPS1 groups (+20.2%, P < 0.05). In addition, number of glial cells was higher in
GPEG treated with CM+LPS1 compared to LPS1 (+14.2%, P < 0.05). The main
interspecies difference was the variation of number of glial cells exposed to CM,
which increased in PEG but not in GPEG cultures compared to the relative control
(Figure 4A and B, third gray columns).

Morphometric analysis of ganglia upon treatment with pVW-MSC-conditioned
medium

As most of the observed differences regarded glial rather than neuronal cells, we
proceeded with a morphometric analysis of glial processes protruding outward the
ganglion center area measuring the extent of the ganglion expanded area (Gang.
Exp.%, Figure 5A). PEG morphology underwent more substantial changes in
comparison to GPEG cultures which did not show any significant change following
treatments showing a trend towards decreased Neur.Exp. (not statistically significant)
after LPS1 treatment compared to control and CM groups. Furthermore, CM+LPS1
induced a marked increase of Gang.Exp. which was approximately 2 fold higher
compared to both LPS1 and control groups (+43.2% vs CTRL, P < 0.01, Figure 5B).
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Figure 2 Effect of increasing concentration of lipopolysaccharide on enteric ganglia’ HUD+ neurons and
GFAP+ glial cells. A: In guinea pig-derived enteric ganglia - lipopolysaccharide (LPS) at 10 ug/mL decreased
number of HuD-immunoreactive (HuD-IR) neurons (left columns) and increased proliferation of glial fibrillary acidic
protein-immunoreactive (GFAP-IR) glial cells (right columns - HuD-IR neurons LPS10 vs CTRL, 22.3%, ®P < 0.05;
GFAP-IR glial cells LPS10 vs CTRL, +22.2%, ¢P < 0.01); B: Conversely, in pig enteric ganglia the number of glial
cells at every LPS concentration tested did not change and was significatively lower compared to ganglionic neurons.
2P < 0.05. LPS: lipopolysaccharide; GFAP-IR: Glial fibrillary acidic protein-immunoreactive; HuD-IR: HuD-
immunoreactive.

DISCUSSION

The present study shows higher reactivity to MSC mediators of glial cells in pig
compared to guinea pig myenteric ganglia. In particular, we tested the effect of CM
derived by pVW-MSCs cultures on myenteric ganglia isolated from ileal tissue of
GPEG and PEG. These primary cultures exposed to LPS combined with pVW-MSCs
medium showed a more pronounced proliferation and differentiation in PEG
compared to GPEG. This finding suggests a different and higher response of
neuroimmune cells in higher mammals, which could impact on translational aspects
of current research on cell-based therapies.

In the present study, we reported interspecies differences in the cellular
composition of GPEG and PEG, with a higher neuronal/glial cells ratio in the latter,
which is in line with previous findings!™!. Furthermore, we described a slight decrease
in the number of neurons with a correspondent increase of glial cells as a result of
increasing micromolar concentrations of LPS in GPEG, but not in PEG. Finally, we
detected a marked modification of glial cell number and morphological modifications
of PEG in response to CM derived by pVW-MSCs cultures.

The higher number of neurons detected in PEG is in line with previous findings
describing an anatomical correlation in the size of myenteric ganglia and number of
cells per ganglion in large mammals™. Moreover, PEG size and number of cells were
more variable compared to GPEG, partially reflecting ganglia composition observed
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Figure 3 Flowcytometric analysis of cell-surface markers in porcine vascular wall mesenchymal stromal cells. Each graph shows the percentage of cells
expressing the specific marker reported [white area under the curve (AUC)] and the relative negative control (gray AUC, cells not incubated with any antibodies). This
analysis confirmed the mesenchymal stromal cell-like immune profile of porcine vascular wall mesenchymal stromal cells: CD105, CD90, CD56, CD44 were highly
expressed (> 96%) while the hematopoietic markers CD45 and CD43 were nearly absent (< 2.5%). AUC: Area under the curve.

in larger mammals, including humans™l. Our findings show a low glial cells/neurons
ratio, particularly in PEG, which is in line with previous published data®!. This
disproportion is easily filled within 48 h of culture, due to the rapid proliferation of
glial cells. In order to avoid a possible confounder, we chose a shorter time (24 h) to
limit the proliferation of glial cells, so as to detect small variations in number and
morphology of ganglia resulting after treatment.

Notably, our data of cell count analysis correspond to micromolar LPS
concentrations as a result of previous tests performed with nanomolar concentrations.
This analysis did not provide any measurable difference between groups (10-100 nM,
data not shown). Moreover, the scarce decrease of cell number in GPEG and the
absence of any effect in PEG cultures even with LPS at the highest concentrations (10
uM) reflects a remarkable resilience of myenteric neurons, already reported in
previous worksl?l. The slight decrease of neuronal cells at 10 pM of LPS in GPEG
could be ascribed to a lower sensitivity of guinea pigs to LPS compared to pigs, which
was tested in previous studies on LPS-induced endotoxic shock™*!l. However,
Schuster and colleagues described a counterintuitive effect of LPS promoting
neuronal viability and stemness in myenteric ganglia derived by MP of newborn
micel. Differently from this work, our data did not show a higher neuron number as
a result of LPS treatment. Rather, most of the variations observed, as probably due to
age-related features of the animals used (young animals rather than newborns),
regarded glial cell number, which markedly varied upon treatment with pVW-MSCs
supernatants, while it did not evoke any measurable change on the neuronal
component in either pig or guinea pig cultures. Indeed, CM derived by pVW-MSCs
alone or combined with 1 pg/mL LPS induced a higher number of glial cells in PEG,
while in GPEG-treated samples an akin effect was found only after the co-treatment,
suggesting a synergic activity of pVW-MSC-secreted molecules and LPS in promoting
glial cells mitosis in both models. This observation is in accordance with the
properties showed by brain vascular pericytes which favor glial cells” phenotype,
being also spatially in close relation with this cell type in brain vesselsl™!. Indeed,
pVW-MSCs, along with a MSC-like immune profile, exhibited an intrinsic pro-
angiogenic features in previous studies!'””l. In addition, both LPS and MSCs promote
the activation of glial cells in brain-derived ganglia. In particular, a recent study in
vitro described the induction of glia proliferation induced by Wharton-jelly-derived
MSCs, while in vivo injection of LPS induced an overexpression of the glial marker
GFAP in brain tissuel™. Interestingly, we observed a substantial variation of this cell
population in swine but not in guinea pig primary cultures. Allegedly, this might be
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Figure 4 Effect of porcine vascular wall mesenchymal stromal cells supernatants on the number of neurons
(left white bars) and glial cells (gray right bars) exposed to lipopolysaccharide 1 pg/mL. A: The number of
neurons in guinea pig enteric ganglia did not change significantly upon any of the treatment tested, whereas co-
treatment with conditioned medium (CM) and lipopolysaccharide 1 pg/mL (LPS1) (CM+LPS1) increased the number
of glial cells compared to control (CTRL) and LPS1-treated ganglia (+13.9%, °P < 0.001; +16.5%, P < 0.01,
respectively); B: The number of neurons in pig enteric ganglia did not change as a result of any of the treatment
tested. Conversely glial cell number was higher in the CM group compared to control (+13.6%, #P < 0.05) and LPS1
(+20.2%, P < 0.05). CM+LPS1 co-treatment increased the number of glial cells compared to LPS1-treated ganglia
(+14.2, ®P < 0.05). LPS1: Lipopolysaccharide 1 pg/mL; CM: Conditioned medium. GFAP: Glial fibrillary acidic protein.

due to the species correspondence of porcine enteric glia with pVW-MSCs, which
would reflect the phylogenetic differences previously reported in signaling modalities
for MSC immunomodulation®”. Indeed, in humans, non-human primates and pigs,
immunomodulation is a mechanism dependent by indoleamine 2,3-dioxygenase
secretion whereas in rodents the same mechanism is associated with inducible nitric
oxide synthase expression and nitric oxide production™"). Whether the observed
increase in number and shape of glial cells should be associated with a
compensative/therapeutic rather than a noxious stimulus should be addressed by
further investigations on cytokine expression patterns. In this sense, an exhaustive
characterization of molecular mechanisms activated by MSC-derived bioactive
molecules was beyond the scope of our analysis.

Taken together, these lines of evidence suggest an effect of pVW-MSCs mediators
on glial cells promoting neuronal remodeling and confirm the paramount role of this
cell type in modulating immune-mediated changes of the ENS. A further
characterization of the type of glial cells involved in these changes is warranted.
Moreover, the observed interspecies differences should be taken into consideration in
future investigations of immune-mediated response to MSCs secretome in rodents
models.
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Figure 5 Effect of porcine vascular wall mesenchymal stromal cells supernatants on ganglion expansion. A: Representative photo of the morphometric
analysis performed to compare glial cells processes elongating from ganglion’s cores under different experimental conditions (scale bar: 100 um); B: Relative area
occupied by glial processes of guinea pig (left, gray bars) and pig enteric ganglia (right white bars). Guinea pig enteric ganglia did not show any significant difference
between the different treatment groups. Conversely, pig enteric ganglia were more subjected to morphological changes: There was a decrease of the expanded area
in the group treated with lipopolysaccharide 1 pg/mL (LPS1) compared to control (-42.88%, P < 0.05). Moreover, conditioned medium (CM) derived by porcine
vascular wall mesenchymal stromal cells evoked a higher protrusion of glial processes than LPS1 alone (+36.8%, P < 0.05) which was remarkably higher in
combination with LPS1 (CM+LPS1, +43.2% vs CTRL, fP < 0.01; +60.9% vs LPS1, "P < 0.01). LPS1: Lipopolysaccharide 1 pg/mL; CM: Conditioned medium; GPEG:
Guinea pig enteric ganglia; PEG: Pig enteric ganglia.

ARTICLE HIGHLIGHTS

Research background

There is growing interest on mesenchymal stromal cells (MSC) as a novel therapeutic strategy to
treat auto-immune and inflammatory diseases. However, identifying optimal MSC sources and
limited reliability of current experimental models still represent a challenge in this field. Pigs
represent more closely human physiology and an accessible resource for ex vivo procedures.
Recently, our group isolated a population of pericytes from porcine aortic wall with an MSC
profile, currently cited as porcine vascular wall-MSC (pVW-MSC).

Research motivation

Inflammatory bowel diseases (IBDs), comprising the two major forms ulcerative colitis and
Crohn’s disease, are characterized by an aberrant immune response leading to severe damage of
the intestinal wall and functioning. Current trials are evaluating the application of cell-based
therapies for the treatment of IBDs. The present study describes the effect of pVW-MSC-
conditioned medium (CM) on enteric ganglia in two ex vivo models of IBDs in order to
investigate a potential development of MSC-based treatment of IBDs.

Research objective

To evaluate the effect of pVW-MSC secretome on survival and differentiation of enteric
ganglionic cells isolated by guinea pigs (GPEG) and pigs (PEG) and exposed to
lipopolysaccharide (LPS).

Research methods

The expression of standard MSC markers in pVW-MSC were assessed by flow cytometry.
Increasing concentration of LPS were tested in both GPEG and PEG cultures. CM derived by
pVW-MSC cultures were added alone or in combination with 1pg of LPS in GPEG and PEG
cultures. Ganglionic cells were double-stained with antibodies directed to the pan-neuronal
marker, HuD and the glial fibrillary acidic protein, GFAP. Cell count and morphometric analysis
were performed to determine changes of neuronal and glial population.

Research results

Guinea-pig neurons and glial cells decreased and increased respectively in response to high
concentrations of LPS. These changes were not observed in pig primary cultures. pVW-MSC
secretome increased the number and differentiation of glial cells compared to neurons with a
more pronounced effect in PEG and in combination with LPS.

Research conclusions

These data showed a higher resilience of pig enteric ganglia to the main bacterial product LPS
compared to guinea pig and a higher responsiveness of glial cells to pVW-MSC secreted
mediators.
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Research perspectives

Neuro-immune changes induced by pVW-MSC represent an essential aspect in the development
of cell-based therapies. Further studies are warranted to investigate inter-species differences of
pVW-MSC secretome.
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Abstract

BACKGROUND

The trans-fat containing AMLN (amylin liver non-alcoholic steatohepatitis,
NASH) diet has been extensively validated in C57BL/6] mice with or without the
Lep®*/Lep°® (ob/ob) mutation in the leptin gene for reliably inducing metabolic
and liver histopathological changes recapitulating hallmarks of NASH. Due to a
recent ban on trans-fats as food additive, there is a marked need for developing a
new diet capable of promoting a compatible level of disease in ob/ob and

C57BL/ 6] mice.

AIM
To develop a biopsy-confirmed mouse model of NASH based on an obesogenic
diet with trans-fat substituted by saturated fat.

METHODS

Male ob/ob mice were fed AMLN diet or a modified AMLN diet with trans-fat
(Primex shortening) substituted by equivalent amounts of palm oil [Gubra
amylin NASH, (GAN) diet] for 8, 12 and 16 wk. C57BL/ 6] mice were fed the
same diets for 28 wk. AMLN and GAN diets had similar caloric content (40% fat
kcal), fructose (22%) and cholesterol (2%) level.

RESULTS
The GAN diet was more obesogenic compared to the AMLN diet and impaired
glucose tolerance. Biopsy-confirmed steatosis, lobular inflammation, hepatocyte

ballooning, fibrotic liver lesions and hepatic transcriptome changes were similar
in ob/ob mice fed the GAN or AMLN diet. C57BL/6] mice developed a mild to
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moderate fibrotic NASH phenotype when fed the same diets.

CONCLUSION

Substitution of Primex with palm oil promotes a similar phenotype of biopsy-
confirmed NASH in ob/ob and C57BL/ 6] mice, making GAN diet-induced obese
mouse models suitable for characterizing novel NASH treatments.

Key words: Non-alcoholic steatohepatitis; High-fat diet; Mouse model; Histopathology;
Fibrosis; Liver biopsy; Liver transcriptome
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Core tip: The trans-fat containing amylin liver non-alcoholic steatohepatitis (NASH)
(AMLN) diet has been extensively validated in mice for reliably inducing metabolic and
liver histopathological changes recapitulating hallmarks of NASH. A recent ban on
trans-fats as food additive prompted the development of a new diet with similar disease-
inducing properties as the AMLN diet. Here, we introduce a trans-fat-free diet high in
pal m oil (Gubra amylin NASH, GAN diet) that promotes a highly similar phenotype of
biopsy-confirmed fibrotic NASH in both 0b/0b and C57BL/6J mice, highlighting the
suitability of GAN diet-induced obese mouse models of biopsy-confirmed NASH for the
characterization of novel drug therapies for NASH.

Citation: Boland ML, Or6 D, Telbel KS, Thrane ST, Nielsen JC, Cohen TS, Tabor DE,
Fernandes F, Tovchigrechko A, Veidal SS, Warrener P, Sellman BR, Jelsing J, Feigh M,
Vrang N, Trevaskis JL, Hansen HH. Towards a standard diet-induced and biopsy-confirmed
mouse model of non-alcoholic steatohepatitis: Impact of dietary fat source. World J
Gastroenterol 2019; 25(33): 4904-4920

URL: https://www.wjgnet.com/1007-9327/full/v25/i33/4904.htm
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INTRODUCTION

Liver-related complications have in recent years become widely recognized as among
the most prevalent co-morbidities in obesity and diabetes. Non-alcoholic
steatohepatitis (NASH) is the most severe form of non-alcoholic fatty liver disease
(NAFLD), an umbrella term for a range of medical conditions with hepatic steatosis
unrelated to significant alcohol consumption, use of steatogenic medication or
hereditary disorders!'l. Notably, presence of obesity, dyslipidemia and type 2 diabetes
constitutes the strongest risk factors for NASH™", which has led to the concept that
NASH represents the hepatic manifestation of the metabolic syndromel*’l. Liver
biopsy represents the gold standard method for diagnosing and grading of NASHI"!.
In NASH, lobular inflammation and liver cell damage (hepatocyte ballooning) are
mandatory histopathological features in addition to steatosis!’l. Notably, the vast
majority of patients with NAFLD across the disease spectrum is asymptomatic with
an unpredictable onset of NASH and with rates of fibrosis progression not linear with
time. As a result, disease severity varies considerably among affected NASH patients
and may progress to cirrhosis undiagnosed®”l. Among the various histology-based
scoring systems applied, the NAFLD activity scoring (NAS) system is the most
prevalent diagnostic tool for defining NASH and assess disease activity!"". While not
initially designed for the specific purpose of assessing therapeutic drug efficacy, the
NAS system is now the most widely used scoring system in clinical trials for NASH.
The conspicuous clustering of obesity, diabetes and metabolic comorbidities in
NASH patients underscores that overnutrition and dietary factors play an important
role in the transition from mild NAFLD to manifest NASH. The pathogenesis of
NASH is complex and multifactorial, implicating multiple parallel and converging
signaling pathways. Current “multiple-hit” hypotheses consider several insults acting
sequentially or together on a background of genetical predisposition to promote
NAFLD and transition to NASH. Early pathogenic events are associated with hepatic
triglyceride accumulation as result of excessive caloric intake, stimulation of hepatic
de novo lipogenesis secondary to insulin resistance, and impaired free fatty acid
clearance. Increasing triglyceride levels in hepatocytes can lead to overproduction of
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reactive lipid metabolites (lipotoxicity) that eventually override hepatic adaptive and
regenerative mechanisms!''"”), triggering detrimental immune cell responses with
downstream activation of resident fibrogenic myofibroblasts that produce and secrete
collagens!"”*l. In the event of continuing insufficient regenerative responses,
progressive extracellular matrix deposition may result in excessive fibrotic liver
damage and hepatocellular cancer.

The emergence of these theories has played an important role in the development
of animal models of NASH with more reproducible and robust liver histopathology.
Diet-induced obese (DIO) mice fed Western diets are attractive as they recapitulate
the natural history of NASHU'. In addition, the human NAS system largely correlates
with similar histopathologic lesions in these models!"”!, which makes obese mouse
models of NASH increasingly employed in preclinical NASH research. Conventional
obesogenic high-fat diets promote dyslipidemia, fatty liver, and mild-stage NASH
without appreciable fibrosis in rodents!""). Hence, additional dietary stimuli (“hits”)
are therefore applied to enhance the pro-fibrogenic properties of the high-fat diets
employed in preclinical NASH research. Among the various dietary approaches,
specific modifications in Western-type obesogenic diets have consistently been
reported to promote fibrotic NASH in mice. Accordingly, C57BL/6] mice fed a high-
fat/fructose diet supplemented with trans-fat and cholesterol (amylin liver NASH
diet, i.e., AMLN diet!") develop manifest NASH, characterized by steatosis, lobular
inflammation and hepatocyte ballooning. Notably, a significant proportion of
C57BL/6] mice fed the AMLN diet (AMLN DIO-NASH mice) develop mild to
moderate fibrosis following > 26 wk of feeding!"**l. The hepatopathology is similar,
but accentuated, in leptin-deficient C57BL6]J-Lep®®/Lep°® (ob/ob) mice fed the AMLN
diet, demonstrating a fibrotic NASH phenotype after > 12 wk of feedingl****l. The
two AMLN DOI models of NASH have been extensively characterized in
pharmacology studies with employment of biopsy-confirmed histopathology for
grading and staging of baseline liver pathology®**1. As in the clinic, DIO mouse
models of NASH have unpredictable onset of disease with varying rates of
progression. Consequently, any given cohort of DIO mice may represent all stages of
NAFLD following long-term high-fat feedingl'**>***’1. This makes it imperative to
control for inherently variable dynamics in NAFLD progression that could otherwise
lead to misinterpretation of data obtained in longitudinal studies. Liver biopsy
procedures have therefore recently been introduced to prevent bias and enable
stringent within-subject analyses in both micel'*****1 and rats!™.

Addition of dietary trans-fats (also called trans-unsaturated fatty acids or trans
fatty acids) has been reported to enhance the steatogenic and pro-fibrotic properties of
obesogenic diets in mice, including the AMLN diet”! and variants thereof””'’l. The
underlying molecular mechanisms are not fully understood, but trans-fats may likely
sensitize to the hepatotoxic effects of high-fat/carbohydrate diets by increasing
insulin resistance, hepatic lipogenesis and oxidative stress*>**l. A recent FDA ban
on trans-fats as food additivel””], however, has prompted the development of a non-
trans-fat Western diet capable of promoting metabolic and liver histopathological
changes comparable to that afforded by the AMLN diet. The present study therefore
aimed to develop and characterize a compatible biopsy-confirmed obese mouse
model of NASH based on an isocaloric palmitic acid-enriched diet with a nutrient
composition similar to the AMLN diet.

MATERIALS AND METHODS

Animals

Male ob/ob and C57BL/ 6] (C57) mice were from Jackson Laboratory (Bar Harbor, ME,
United States) or Janvier Labs (Le Genest Saint Isle, France), arrived at 5-8 wk of age
and housed in a controlled environment (12 h light/dark cycle, 21 + 2 °C, humidity 50
*10%). Mice were stratified and randomized to individual diet groups according to
baseline body weight and had ad libitum access to tap water and chow (2018 Teklad
Rodent Diet, Envigo, Madison, WI, United States; Altromin 1324, Brogaarden,
Hoersholm, Denmark), AMLN diet (40 kcal-% fat (of these 22% trans-fat and 26%
saturated fatty acids by weight), 22% fructose, 10% sucrose, 2% cholesterol;
D09100301, Research Diets, New Brunswick, NJ, United States)”** or Gubra amylin
NASH diet [GAN diet; 40 kcal-% fat (of these 0% trans-fat and 46% saturated fatty
acids by weight), 22% fructose, 10% sucrose, 2% cholesterol; D09100310, Research
Diets]. Mice were fed chow, AMLN or GAN diet for 8, 12 or 16 wk (ob/ob) and 28 wk
(C57BL/ 6]), respectively. The study was approved by The Institutional Animal Care
and Use Committee at MedImmune (Gaitherburg, MD, United States) and The Danish
Animal Experiments Inspectorate (license 2013-15-2934-00784) in accordance with
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internationally accepted principles for the use of laboratory animals.

Body weight, body composition and liver fat mass

Body weight was monitored weekly. Whole-body fat mass was analyzed at week 8, 12
and 16 of the feeding period by non-invasive EchoMRI scanning using EchoMRI-900
(EchoMRI, Houston, TX, United States). During the scanning procedure, mice were
placed in a restrainer for 90-120 s.

Intraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test (ipGTT) was performed in week 7 of the
feeding period. Animals were fasted for 4 h prior to administration of the glucose
bolus (1.5 g/kg). Cages were changed at the time of fasting. At t = 0, C57 and ob/ob
mice received a bolus of glucose by intraperitoneal injection (5 mL/kg). Blood
samples were collected from the tail vein and blood glucose was measured at time
points ¢t = 0, 15, 30, 45, 60, 90 and 120 min after the glucose bolus. Mice were re-fed
after the last blood sampling.

Biochemical analyses

Biochemical analyses were performed as reported previously™*l. Terminal plasma
samples from fed animals were assayed for alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total triglycerides (TG) and total cholesterol. Total liver lipid
mass was determined using a Bruker LF-90 minispec system (Bruker Biospin
Corporation, Billerica, MA, United States) and expressed relative (%) to total liver
weight.

Liver biopsy

A separate cohort of ob/ob mice were fed AMLN or GAN diet for 9 wk before a liver
biopsy procedure was applied as described in detail previously™. On the surgery
day, mice were anesthetized with isoflurane (2%-3%, in 100% oxygen), a small
abdominal incision in the midline was made, and the left lateral lobe of the liver was
exposed. A cone-shaped wedge of liver tissue (50-100 mg) was excised from the distal
part of the lobe. The cut surface of the liver was closed by electrosurgical bipolar
coagulation using an electrosurgical unit (ERBE VIO 100C, ERBE, Marietta, GA,
United States). The liver was returned to the abdominal cavity, the abdominal wall
was sutured and skin stapled. Carprofen (5 mg/kg, i.p.) was administered at the time
of surgery and at post-operative day one and two. After the procedure, animals were
single-housed and kept on the respective diet for a total period of 16 wk.

Liver histology and digital image analysis

Biopsy and terminal liver samples (both from the left lateral lobe) were fixed
overnight in 4% paraformaldehyde. Liver tissue was paraffin-embedded and
sectioned (3 pm thickness). Sections were stained with hematoxylin-eosin (HE, Dako,
Glostrup, Denmark), Picro-Sirius red (Sigma-Aldrich, Broendby, Denmark), anti-
galectin-3 (cat. 125402, Biolegend, San Diego, CA, United States), or anti-type I
collagen (Collal; cat. 1310-01, Southern Biotech, Birmingham, AL, United States)
using standard procedures!”>*]. The NAS and fibrosis staging system was applied to
liver pre-biopsies and terminal samples for scoring of steatosis, lobular inflammation,
hepatocyte ballooning, and fibrosis outlined by Kleiner et al!'’l. Quantitative
histomorphometry was analyzed using digital imaging software (VIS Software,
Visiopharm, Hersholm, Denmark)®*!. Proportional (fractional) areas of liver fat (HE-
staining), galectin-3 and Collal were expressed relative to total sectional area. All
histological assessments were performed by histologists blinded to the experimental
groups.

RNA sequencing

Liver transcriptome analysis was performed by RNA sequencing on RNA extracts
from terminal liver samples (15 mg fresh tissue), as described in detail elsewheret*>*.
The RNA quantity was measured using Qubit® (Thermo Scientific, Eugene, OR,
United States). The RNA quality was determined using a bioanalyzer with RNA 6000
Nano kit (Agilent, Waldbronn, Germany). RNA sequence libraries were prepared
with NeoPrep (Illumina, San Diego, CA, United States) using Illumina TruSeq
stranded mRNA Library kit for NeoPrep (Illumina, San Diego, CA, United States) and
sequenced on the NextSeq 500 (Illumina, San Diego, CA, United States) with NSQ 500
hi-Output KT v2 (75 CYS, Illumina, San Diego, CA, United States). Reads were
aligned to the GRCm38 v84 Ensembl Mus musculus genome using STAR v.2.5.2a with
default parameterstl. Differential gene expression analysis was performed with
DEseq237. Genes with a Benjamini and Hochberg adjusted P < 0.05 (5% false
discovery rate, FDR) were regarded as statistically significantly regulated. The
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Reactome pathway databasel*! was used as gene annotation in a gene set analysis
using the R package PIANO v.1.18.11, with the Stouffer method and Benjamini-
Hochberg adjusted P values (FDR < 0.01).

Statistical analyses

Except for RNA sequencing, data were analyzed using GraphPad Prism v7.03
software (GraphPad, La Jolla, CA, United States). All results are shown as mean *
standard error of mean. A two-way ANOVA with Tukey's multiple comparisons test
was performed for body weight and quantitative histological analyses. A one-way
ANOVA with Dunnett’s post-hoc test was used for all other parameters. A P value <
0.05 was considered statistically significant.

RESULTS
Metabolic changes in ob/ob mice fed GAN or AMLN diet for up to 16 wk

The temporal progression of metabolic deficits was determined in ob/ob mice fed the
GAN (GAN ob/ob-NASH) or AMLN (AMLN ob/ob-NASH) diet for up to 16 wk. Body
weight curves were significantly different in GAN and AMLN ob/ob-NASH mice
(overall P < 0.001, two-way ANOVA). Compared to the AMLN diet, the GAN diet
induced greater body weight gain in ob/ob mice from diet week 7 and onwards (Figure
1A). Relative body weight gain over the 16-week feeding period was 141.6 = 2.9%
(GAN ob/ob-NASH) and 125.2 *+ 3.6% (AMLN ob/0b-NASH). GAN-0b/ob mice
displayed more pronounced increases in whole-body fat mass at all time points
measured (Figure 1B). The GAN and AMLN diets promoted similar degree of
hepatomegaly in ob/ob mice (Figure 1C). An ipGTT was performed in diet week 7 and
demonstrated impaired glucose tolerance in GAN, but not AMLN, ob/ob-NASH mice
compared to chow-fed C57 controls (Figure 1D and E). During the ipGTT, plasma
insulin levels were equally elevated in GAN and AMLN o0b/0b-NASH mice (Figure
1F). Plasma ALT and AST levels were significantly increased in GAN and AMLN
ob/ob-NASH mice after 8 wk on the diet and did not change further during the 16-wk
feeding period. The GAN and AMLN diets promoted a similar degree of
hypercholesterolemia (diet week 8-16, P < 0.05) in ob/ob mice with slightly reduced TG
levels (diet week 16, P < 0.05), as compared to chow-fed C57 mice (Table 1).

Terminal liver lipid levels in GAN and AMLN o0b/ob-NASH mice were
approximately 10-fold higher than that of age-matched C57 mice and were maximally
elevated after 8 weeks of feeding (Table 1).

Gut microbiome changes in ob/ob mice fed GAN or AMLN diet for up to 16 wk

In addition to metabolic changes, the gut microbiome composition in GAN and
AMLN ob/ob mice was characterized by bacterial 16S rDNA gene sequencing
performed on serial fecal samples. The GAN and AMLN diets promoted similar
taxonomic shifts compared to baseline (chow feeding). The structural modulation of
the gut microbiota was largely manifest two weeks after the change to GAN or AMLN
diet, being slightly more accentuated following 16 wk of feeding (Supplemental
Figure 1). Compared to baseline, the changes in microbiome composition in GAN and
AMLN ob/ob mice was mainly driven by increases in the relative abundance of
Akkermansia, Bacteroides and Parasutterella with reciprocal decreases in Clostridiales and
Porphyromonadaceae. Consistently lowered relative abundance of Lactobacillus was also
observed in GAN ob/ob-N ASH mice.

Biopsy-confirmed progression of liver histopathology in ob/ob mice fed GAN or
AMLN diet for 16 wk

Liver histopathological changes in GAN ob/ob mice were assessed in ob/ob mice fed
GAN or AMLN diet for 16 wk (1 = 8-10 per group). A liver biopsy was sampled after
9 wk on the respective diet for within-subject analysis of disease progression.
Representative histological stainings are shown in Figure 2A. Comparable changes in
composite NAS and fibrosis scores from feeding week 9 to 16 were observed in GAN
ob/ob and AMLN ob/ob mice (Figure 2B). At feeding week 9, GAN ob/ob and AMLN
ob/ob mice showed mild-to-moderate fibrosis (F1-F2) with an equal distribution of
mice progressing in fibrosis severity. A major proportion of GAN or AMLN diet fed
ob/ob mice demonstrated moderate fibrosis after 16 weeks of feeding (Figure 2C).
Individual pre-biopsy and terminal histopathological scores on steatosis, lobular
inflammation and hepatocyte ballooning are indicated in Supplemental Figure 2.
Steatosis severity was severe (score 3) and sustained after 9 weeks of feeding in both
GAN and AMLN o0b/0b-NASH mice. Both diets induced moderate-grade (score 2)
lobular inflammation in almost all ob/ob mice without significant changes from
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Table 1 Plasma and liver biomarkers in ob/ob mice fed amylin liver non-alcoholic steatohepatitis (AMLN) or Gubra amylin non-alcoholic

steatohepatitis (GAN) diet for 8-16 wk

o Weeks on diet n ALT (UIL) AST (UIL) Plasma TG Plasma Liv.er lipid mass (% of liver
(mmoliL) TC(mmol/L) weight)
Chow C57 8 6 115£60  192+77  1.7+02 3.8+0.2 35+04
12 6 67 +10 93 +16 1.7+0.1 35+0.1 49+07
16 6 61+18 82+18 22402 38+03 3.6 +0.4
GAN obob 8 4 913£113° 663+37° 1.2+02 11.8+0.9° 31.6+1.3°
12 5 959 £93°  660+52° 14+0.1 124+13° 333+0.7°
16 5 868 £102° 674+25" 1.5+02° 14.3 +0.8* 28.4 1.4
AMLN ob/ob 16 6 654+39" 399423  1.0+0.1° 11.0 + 0.4° 35.4 + 0.8

2P < 0.05 vs corresponding feeding period in chow-fed C57BL/ 6] (Chow C57) mice,

4P < 0.05 vs corresponding feeding period in amylin liver non-alcoholic steatohepatitis (AMLN) ob/ob mice. TC: Total cholesterol; ALT: Alanine
aminotransferase; AST: Aspartate aminotransferase; TG: Total triglycerides; AMLN: Amylin liver non-alcoholic steatohepatitis diet; GAN: Gubra amylin
non-alcoholic steatohepatitis diet; NASH: Non-alcoholic steatohepatitis.

feeding week 9 to 16. The rate of hepatocyte ballooning was low in ob/ob mice fed the
GAN or AMLN diet for 9 weeks, however, increased during the remainder of the
feeding period. Hepatocyte ballooning did not progress beyond grade 1 in ob/ob mice.
Terminal quantitative histopathological changes were also similar in ob/ob mice fed
the GAN or AMLN diet, as indicated by morphometric analyses of steatosis,
inflammation and Collal (Figure 3).

Liver transcriptome changes in ob/ob mice fed AMLN or GAN diet for 16 wk

To characterize the effect of 16-week feeding on global liver gene expression, the
transcriptome of GAN and AMLN ob/0b-NASH mice vs. chow-fed C57 mice were
analyzed by RNA sequencing. To assess the overall similarity of the individual
transcriptome samples, a principal component analysis (PCA) was performed. The
primary PCA, accounting for the major variability in the data set, yielded conspicuous
clustering of transcriptome samples from GAN and AMLN ob/0b-NASH mice, being
clearly separated from chow-fed C57 controls (Figure 4A), indicating that the two
NASH-promoting diets overall promoted substantial, however highly similar,
alterations in liver global gene signatures of ob/ob mice. In accordance, a total pool of
9725 and 9760 differentially expressed genes (DEGs) were identified in GAN and
AMLN ob/ob-NASH mice, respectively, with virtually all regulated genes being shared
in the two ob/ob-NASH groups (Figure 4B). For initial evaluation of the DEGs
identified, we probed for candidate gene transcripts associated with NASH and
fibrosis (see Supplemental Table 1). GAN and AMLN o0b/0b-NASH mice showed
significant and overlapping regulations of candidate genes (Figure 4C), particularly
associated to modulated fatty acid synthesis (Fasn, Scdl), reduced fatty acid p-
oxidation (Cpt-1), lowered triglyceride synthesis (Gpat4), reduced cholesterol
synthesis (Hmgcr, Hmgcs1) and transport (ApoClIIl, Ldlr, Lrp1, Scarbl); impaired insulin
(Akt, Irs1, Irs2) and FXR (Cyp7al, Cyp8bl, Ostb) signaling; enhanced monocyte
differentiation/recruitment (Ccr1, Ccr2, Cd14, Cd68, Cd86, Il1a, 1l1a, Mac-2, Mcp-1),
pro-inflammatory signaling (Nfkb, P38, Tgfbr, Tnfa); inflammasome (Ipaf, Nlrp1b,
Nlrp3, Tlr4) and pro-apoptotic activity (Casp-8, Rip-1, Rip-3), and enhanced
extracellular matrix (ECM) reorganization (a-Sma, Collal, Colla2, Col3al, Col5a1/2/3,
Col6al/2/3, Mmp2, Mmp13, Timp1/2/3). When performing a group-wise comparison of
global gene expression profiles in GAN vs. AMLN ob/ob mice, liver transcriptome
signatures were distinguished by only nine DEGs (Ces3b, Cfhrl, Cyplal, Cyp2f2,
Gm4788, Kegl, Serpina3k, Ugtla9, Ugt2a3). To obtain further resolution of the liver
transcriptome changes in GAN and AMLN o0b/ob-NASH mice vs. chow-fed C57
controls, a gene set enrichment analysis was subsequently conducted. The Reactome
gene annotation analysis identified several disease-relevant biological pathways
significantly enriched in both GAN and AMLN ob/ob-NASH mice. Notably, all
significantly enriched pathways were completely overlapping between GAN and
AMLN ob/ob-NASH mice (Figure 4D).

Liver histopathology in C57 mice fed GAN or AMLN diet for 28 wk

To investigate liver histological changes in wild-type mice, C57 mice were fed chow (n
=15), GAN (n = 30) or AMLN (n = 30) diet for 28 wk. Histopathological scores and
proportionate area of Collal are shown in Figure 5. GAN and AMLN diets were both
highly obesogenic in C57 mice. GAN DIO-NASH mice showed significantly higher
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Figure 1 Metabolic parameters in ob/ob mice fed amylin liver non-alcoholic steatohepatitis (AMLN) or Gubra amylin non-alcoholic steatohepatitis (GAN)
diet for 8-16 wk. A: Body weight; B: Body composition; C: Terminal liver weight (week 16); D: An intraperitoneal glucose tolerance test (ipGTT) was performed in
week 7 of the feeding period, glucose excursion curves; E: Glucose area under the curve (AUC, 0-180 min); F: Plasma insulin (0, 15, 30 min). *P < 0.05, °P < 0.01, <P
<0.001 vs chow-fed C57BL/6J (Chow C57) controls; 4P < 0.001 vs amylin liver non-alcoholic steatohepatitis (AMLN) diet (n = 5-6 mice per group). AMLN: Amylin liver
non-alcoholic steatohepatitis diet; GAN: Gubra amylin non-alcoholic steatohepatitis diet; iPGTT: Intraperitoneal glucose tolerance test.
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endpoint body weight (46.0 = 0.8 g) compared to AMLN DIO-NASH (40.6 +0.6 g, P <
0.001) and chow-fed C57 mice (30.7 £ 0.4 g, P < 0.001 vs GAN DIO-NASH and AMLN-
DIO NASH mice). While age-matched chow-fed C57 mice displayed normal liver
histology, GAN DIO-NASH mice developed severe steatosis (score 3, 30/30 mice) and
moderate-to-severe lobular inflammation (score 0, 1/30 mice; score 1, 3/30 mice; score
2, 19/30 mice; score 3, 7/30 mice) upon 28 wk of feeding (Figure 5A and B).
Hepatocyte ballooning was largely absent in GAN DIO-NASH mice (score 0, 26/30
mice; score 1, 4/30 mice, Figure 5C). Generally, a NAS of 5-6 was observed in GAN
DIO-NASH mice (score 3, 1/30 mice; score 4, 3/30 mice; score 5, 17/30 mice; score 6,
7/30 mice; score 7, 2/30 mice, Figure 5D). Fibrosis was typically mild to moderate in
GAN DIO-NASH mice (F0, 1/30 mice; F1, 10/30 mice; F2, 18/30 mice; F3, 1/30 mice),
see Figure 5E. AMLN DIO-NASH mice showed a liver histological phenotype very
similar to GAN DIO-NASH mice, as indicated by severe steatosis (score 3, 30/30
mice), moderate to severe lobular inflammation (score 0, 1/30 mice; score 1, 3/30
mice; score 2, 19/30 mice; score 3, 7/30 mice), inconsistent hepatocyte ballooning
(score 0, 17/30 mice; score 1, 13/30 mice), and mild-to-moderate fibrosis (FO, 3/30
mice; F1, 4/30 mice; F2, 23/30 mice; F3, 0/30 mice). In addition, Collal proportionate
areas were increased to a similar degree in GAN and AMLN DIO-NASH mice, as
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Figure 2 Liver biopsy-confirmed non-alcoholic fatty liver disease activity score and fibrosis scores in ob/ob mice fed amylin liver non-alcoholic
steatohepatitis (AMLN) or Gubra amylin non-alcoholic steatohepatitis (GAN) diet for 16 wk. A: Representative images of terminal liver morphology (upper panel:
hematoxylin-eosin staining, lower panel: Picro-Sirus red staining, 20x magnification, scale bar 100 um); B: Number of animals with higher, same or lower post-biopsy
histopathology score compared to corresponding pre-biopsy score (n = 8-10 mice per group). Left panel: Non-alcoholic fatty liver disease activity score (NAS); right
panel: Fibrosis score; C: Individual pre-biopsy and terminal NAS and fibrosis scores. AMLN: Amylin liver non-alcoholic steatohepatitis diet; GAN: Gubra amylin non-
alcoholic steatohepatitis diet; NAFLD: Non-alcoholic fatty liver disease; NAS: Non-alcoholic fatty liver disease activity score.
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compared to chow-fed C57 mice, see Figure 5F.

DISCUSSION

The AMLN DIO-NASH and ob/ob-NASH mouse models have been extensively
validated and characterized in an increasing number of pharmacology studies. Here,
we compared the metabolic and liver histological phenotype in ob/ob mice fed the
AMLN diet or a modified AMLN diet (GAN diet) with Primex shortening, a trans-fat
containing food additive, substituted with equivalent amounts of palm oil. The GAN
and AMLN diets promoted similar biopsy-confirmed liver lesions with hallmarks of
fibrotic NASH in both ob/ob and C57 mice. Hence, the maintained NASH phenotype
in both ob/ob and C57 mice indicates the utility of GAN DIO mouse models of biopsy-
confirmed NASH for the preclinical characterization of novel drug therapies for
NASH.

The composition of the AMLN diet, containing high levels of saturated fat, fructose,
trans-fat and cholesterol, reflects dietary factors considered important in the
pathogenesis of NAFLD/NASH. Accordingly, excess energy intake from dietary fat
and simple sugars (Western diets) has been strongly linked to NAFLD/NASH!""*?.. In
particular, increased consumption of saturated fats and fructose has been associated
with the deleterious effects of intrahepatic lipid accumulation, enhanced lipogenesis,
insulin resistance, hepatocyte oxidative stress and inflammation in
NAFLD/NASH!"-¥1. Although less well-characterized in NASH, trans-unsaturated fat
consumption and dietary cholesterol may sensitize to the hepatotoxic effects of
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Figure 3 Quantitative histopathological changes in ob/ob mice fed amylin liver non-alcoholic steatohepatitis (AMLN) or Gubra amylin non-alcoholic
steatohepatitis (GAN) diet for 16 wk. Fractional (%) area of steatosis (hematoxylin-eosin staining), inflammation [galectin-3 immunostaining and fibrosis (collagen-
1a1) immunostaining] determined by imaging-based morphometry (n = 8-10 mice per group). A: Steatosis; Galectin-3; C: Collagen-1a1. Scale bar 100 pm. AMLN:
Amylin liver non-alcoholic steatohepatitis diet; GAN: Gubra amylin non-alcoholic steatohepatitis diet; Col1a1: Collagen-1a1.

excessive fat and fructose intakel”*>***’l. Because the FDA has recently imposed a ban
on the use of trans-fat additives in foods, this prompted us to develop a compatible
mouse model of NASH based on an obesogenic diet high in saturated fat and with a
nutrient composition and caloric density similar to the AMLN diet.

The GAN and AMLN diets were both highly obesogenic in ob/ob mice. Notably,
weight gain and adiposity were even more pronounced in mice fed the GAN diet.
Other high-fat/trans-fat diets have been reported inducing slightly less weight gain in
wild-type mice compared to trans-fat-free hypercaloric dietsl. Although not
specifically addressed in the present study, it may be speculated that substitution of
trans-fat with palm oil led to improved diet palatability and/or fat absorption rates.
This is also indirectly supported by the observation that hyperphagic ob/ob mice fed
the AMLN diet attain slightly less weight gain compared to chow feeding***".
Consistent with previous reports?”>**1, the AMLN diet did not influence glucose
homeostasis in ob/ob mice which contrasts findings of mild glucose intolerance in
obese wild-type mice fed other high-fat/trans-fat diet typest”***l. The AMLN diet has
been reported to elevate endogenous glucose production in C57 micel™], suggesting
development of peripheral insulin resistance. As also C57 mice fed the AMLN diet
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Figure 4 Liver transcriptome changes in ob/ob mice fed amylin liver non-alcoholic steatohepatitis (AMLN) or Gubra amylin non-alcoholic steatohepatitis
(GAN) diet for 16 wk. Overview of hepatic gene expression profiles in ob/ob mice fed amylin liver non-alcoholic steatohepatitis (AMLN) or Gubra amylin non-alcoholic
steatohepatitis (GAN) diet compared to age-matched chow-fed ob/ob mice (n = 8-10 mice per group). A: Principal component analysis of samples based on top 500
most variable gene expression levels; B: Group-wise comparison of total number of differentially expressed genes (false discovery rate < 0.05) between ob/ob mice
fed AMLN or GAN diet for 16 wk vs chow-fed C57BL/6J (Chow C57) mice; C: Relative gene expression levels (z-scores) of differentially regulated candidate genes
associated with NASH and fibrosis. In-house gene panel on candidate genes is indicated in Supplemental Table 1; D: Group-wise comparison of global liver
transcriptome changes according to enrichment of individual gene sets in the Reactome pathway database. Regulated pathways are ranked according to level of
statistical significance (P value). AMLN: Amylin liver non-alcoholic steatohepatitis diet; GAN: Gubra amylin non-alcoholic steatohepatitis diet; NASH: Non-alcoholic
steatohepatitis.
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Figure 5 Liver histopathological scores and collagen 1a1 deposition in C57BL/6J mice fed chow, amylin liver non-alcoholic steatohepatitis (AMLN) or
Gubra amylin non-alcoholic steatohepatitis (GAN) diet for 28 wk. A: Steatosis; B: Lobular inflammation; C: Hepatocyte ballooning; D: Non-alcoholic fatty liver
disease activity score (NAS); E: Fibrosis score; F: Collagen-1a1 fractional area (mean + SEM). <P < 0.001 vs chow-fed C57BL/6J (Chow C57) mice. AMLN: Amylin
liver non-alcoholic steatohepatitis diet; GAN: Gubra amylin non-alcoholic steatohepatitis diet; NASH: Non-alcoholic steatohepatitis.

maintain normal oral glucose tolerance”>*, it may be speculated that glucoregulatory
effects of trans-fats depend on the composition of trans-fat species in obesogenic diets.
In contrast, GAN ob/ob-NASH mice displayed significantly impaired glucose tolerance
compared to chow-fed C57 mice, indicating a more robust insulin-resistant phenotype
in GAN o0b/ob-NASH mice. Because insulin resistance is closely associated with
NAFLD and is recognized as an important pathophysiological factor in the
progression to NASH*, this lends further support to the translatability of the GAN
ob/ob-NASH mouse model. It should be noted that GAN and AMLN ob/ob-NASH mice
both showed suppressed expression of hepatic genes related to lipid and glucose
handling. This points to the possibility that extrahepatic mechanisms contribute to
impaired glucose handling in GAN 0b/0b-NASH mice. GAN and AMLN ob/ob-NASH
mice demonstrated similarly profound hyperinsulinemia, which argues for sustained
pancreatic pB-cell compensation in both models. Importantly, however, glucose
intolerance in leptin-deficient ob/ob mice has been attributed to failure to suppress
hepatic glucose production in conjunction with impaired muscle glucose uptake,
likely precipitated by defective triglyceride handling in these tissues™"\. ob/ob mice
also demonstrate impaired glucose uptake in adipose tissues!™*’], suggesting a
contributory role of adipose tissue insulin resistance. Although the present study did
not specifically determine insulin sensitivity by hyperinsulinemic-euglycemic clamp
techniques, the marked adipogenic properties of the GAN diet may therefore promote
insulin resistance at both the hepatic and extrahepatic level to facilitate manifest
glucose intolerance in GAN ob/ob-NASH mice.

Consistent with the obese phenotype in GAN and AMLN o0b/0b-NASH mice, the
two models demonstrated pronounced hepatomegaly and intrahepatic lipid
accumulation. Development of hypercholesterolemia, but not hypertriglyceridemia,
was also a shared feature in GAN and AMLN ob/ob-NASH mice, possibly attributed
to suppressed hepatic triglyceride secretion, as high dietary cholesterol intake can
downregulate hepatic cholesterol ester and lipoprotein synthesis!®**!l. This is
supported by our finding of reduced expression of several hepatic genes involved in
cholesterol synthesis and transport. Enhanced hepatic fat uptake combined with

Baishidenge WG | https://www.wjgnet.com 4914 September 7, 2019 | Volume 25 | Issue33 |



Boland ML et al. Translational mouse model of non-alcoholic steatohepatitis

impaired capacity to secrete fatty acids may thus be important mechanisms leading to
marked steatosis in GAN and AMLN ob/ob mice. Hepatic injury was suggested by
increased levels of plasma transaminases in GAN and AMLN ob/ob mice,
subsequently confirmed by liver histology. We have previously reported that ob/ob
mice develop reliably manifest NASH when maintained on AMLN diet for a
relatively short feeding period (= 12 wk). The AMLN o0b/0b-NASH model is
characterized by biopsy-confirmed severe hepatic steatosis, moderate to severe
lobular inflammation, mild hepatocyte ballooning and fibrotic lesions increasing in
severity with prolonged feeding periods***’, recapitulating clinical histopathological
criteria for the diagnosis of fibrosing NASHU?. Also, the AMLN ob/ob-NASH model
has been extensively characterized in pharmacology studies?*>*1. Notably, ob/ob mice
fed the GAN and AMLN diet, respectively, developed a highly similar fibrotic NASH
phenotype with comparable within-subject disease progression rates during the
feeding period. Accordingly, GAN and AMLN-ob/0b-NASH mice demonstrated
similar liver histopathology, as determined by both standard clinical histopathological
scoring and imaging-based quantitative histological assessment of steatosis,
inflammation and fibrosis.

The GAN and AMLN diets induced virtually identical hepatic transcriptome
signatures with marked alterations in candidate genes associated with
NAFLD/NASH. An unsupervised analysis for full-scale mapping and functional
annotation of liver transcriptome signatures confirmed completely overlapping GAN
and AMLN diet-induced hepatic signaling pathway perturbations with signatures of
inefficient intrahepatic lipid and carbohydrate handling, stimulated immune cell
activity, increased apoptotic activity, ECM remodeling and cell cycle modulation. In
addition to suppressed transcription of genes associated with cholesterol metabolism
(discussed above), a subset of genes involved in fatty acid catabolism (p-oxidation)
and storage (triglyceride synthesis) were also downregulated. This could indirectly
suggest free fatty acid overload and defective lipid compartmentation, which has
been associated with hepatocyte cytotoxicity (lipotoxicity), inflammation and
apoptosis in NASH!"-"l. Also, increased immune activity and hepatocyte damage was
supported by upregulation of genes involved in monocyte differentiation
/recruitment, pro-inflammatory cytokine production, inflammasome activation and
pro-apoptotic signaling. The significant upregulation of a-Sma, multiple collagen
isoforms (Collal, Colla2, Col3al, Col5al/2/3, Col6al/2/3) and molecules involved
in ECM reorganization (Mmp2, Mmp13, Timp1/2/3), suggests that hepatic collagen
accumulation in GAN and AMLN ob/ob-NASH mice is a combined effect of
stimulated fibrogenesis and altered balance between the activity of collagen-
degrading matrix metalloproteinases and tissue inhibitors of meta-lloproteinases.

The observation that the GAN and AMLN diets both promoted consistent fibrotic
NASH in ob/ob mice indicates that palm oil supplementation fully compensated for
the lack of trans-fat in the GAN diet. The extent of hepatic saturated fatty acid
accumulation parallels disease severity in NAFLD/NASH patients!”), and inefficient
disposal of saturated free fatty acids is considered hepatotoxicl**’l. Specifically, the
particularly high levels of palmitic acid in the GAN diet (37% of total fat by weight)
compared to the AMLN diet (17% of total fat by weight) invites the possibility that
this nutritional component played an integral role in the development and
progression of liver pathology in GAN ob/ob-NASH mice. In support of this view,
high palmitic acid (palmitate at physiological pH) levels in hepatocytes and non-
parenchymal liver cells can trigger substantial lipotoxic damage through various
mechanism associated with NASH pathology, including oxidative stress!*’,
endoplasmic reticulum stress!”’], pro-apoptotic signalingl®! as well as Kupffer cell!*”!
and hepatic stellate cell activation’l. In addition to direct cytotoxicity, hepatic
palmitic acid overload can also promote hepatotoxic effects via increased formation
palmitate-derived complex lipids, including ceramides!’l. Interestingly, long-term
AMLN diet feeding has been reported to elevate hepatic levels of palmitate-
containing ceramides in C57 mice, most likely due to incomplete mitochondrial fatty
acid oxidation nutritional as result of nutritional overload™.

Compared to AMLN o0b/0b-NASH mice, longer AMLN diet feeding periods (= 26
wk) are required for inducing consistent fibrotic NASH in C57 micel'®'****], which is
likely explained by hyperphagia-driven excessive AMLN diet intake in leptin-
deficient ob/ob-NASH mice. A comparative study was therefore also performed in C57
mice fed the GAN or AMLN diet for 28 wk (DIO-NASH mice). Similar to ob/ob mice,
C57 mice showed significantly greater weight gain when fed the GAN diet compared
to AMLN diet. Histological assessments of biopsied liver specimens revealed highly
compatible liver lesions in GAN and AMLN DIO-NASH mice. Both models presented
with manifest NASH (NAS > 4), characterized by severe steatosis and moderate-to-
severe lobular inflammation. In GAN DIO-NASH mice, fibrosis stage was mild to
moderate with significantly increased proportionate area of Collal compared to
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chow-fed C57 mice showing normal liver histology. Consistent with previously
reported studies in AMLN DIO-NASH micel*”?, hepatocyte ballooning was only
detected in a subset of GAN and AMLN DIO-NASH mice. In addition to the GAN
diet, we tested other isocaloric variants of the AMLN diet for the ability to induce a
metabolic and NASH phenotype comparable to the AMLN diet. Compared to the
GAN diet, ob/ob and C57 mice did not consistently develop fibrotic NASH when fed
these diets, including diets supplemented with trans-fat from partially hydrogenated
corn oil (Supplemental Table 2). As the trans-fatty acids (largely trans-oleic acid) in the
AMLN diet are derived from partially hydrogenated soybean and palm oils, the
differences in liver histopathology may therefore relate to the source of dietary fat
used to prepare the partially hydrogenated vegetable oil.

We also characterized the gut microbiome composition in ob/ob mice fed the GAN
and AMLN diet. GAN and AMLN o0b/ob-NASH mice exhibited a similar gut
microbiome signature, which further emphasizes the comparable phenotype in GAN
and AMLN o0b/ob-NASH mice. Both high-fat diets promoted sustained bacterial
taxonomic shifts which were evident only two weeks after switching from chow
feeding. Other high-fat diet feeding regimens have been reported to induce rapid gut
microbiome structural changes in micel””), suggesting that dietary fat played a major
role in modulating gut bacterial communities in GAN and AMLN ob/ob-NASH mice.
At the genus level, the microbiome signature in GAN and AMLN ob/ob-NASH mice
was dominated by increased abundance of Bacteroides and Akkermansia paralleled by
reductions in unclassified Porphyromonadaceae. Although various fecal microbiome
profiles have been associated with NASHU", recent studies have indicated increased
BacteroidesU””""1 and reduced Porphyromonadaceae™ abundance in NASH patients
compared to healthy control subjects. Bacteroides have a large number and diversity of
genes encoding enzymes converting complex polysaccharides to short-chain fatty
acids that serve as energy substrates and signaling moleculest®'*?l. Increased energy
harvest from bacterial degradation of dietary polysaccharides has been suggested to
contribute to adiposity in ob/ob micel®’l. In addition, Bacteroides and Akkermansia
include prominent mucosa-degrading species!®*!, which have been linked to
modulation of gut barrier integrity and immune responses in obesity-associated
diseases, including NASHF>*I. It should be considered that high-fat diet feeding has
been reported to promote similar gut microbiome signatures in obesity-prone and
obesity-resistant mice, which signifies efficient gut ecosystem adaptations to dietary
changes independent of the metabolic phenotypel®!. Given the early and stable
changes in dominant gut bacterial genera following the shift from chow to
GAN/AMLN diet feeding, it cannot be ruled out that microbial adaptive responses
secondary to altered nutrient intake played a role in shaping the gut microbiome in
GAN and AMLN ob/ob mice.

In conclusion, modification of the AMLN diet by substitution of Primex shortening
with palm oil (GAN diet) resulted in a maintained NASH phenotype in both ob/ob and
C57 mice. The GAN diet was more obesogenic than the AMLN diet in both ob/ob and
C57 mice and impaired glucose intolerance in ob/ob mice. Hence, the clear metabolic
and histopathological hallmarks of NASH in ob/ob and C57 mice fed the GAN diet
highlights the suitability of these mouse model for characterizing novel drug
therapies for NASH.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic steatohepatitis (NASH) is an obesity-associated liver disease with marked unmet
medical need. Various diet-induced obese animal models of NASH have been employed in
preclinical research, target discovery and drug development. The trans-fat containing amylin
liver NASH (AMLN) diet, high in fat, fructose and cholesterol, has been widely used in ob/ob and
C57BL/6] mice for reliably inducing metabolic and liver histopathological changes
recapitulating hallmarks of NASH.

Research motivation
A recent ban on trans-fats as food additive has prompted the development of a trans-fat free
high-fat diet capable of promoting a compatible level of disease in ob/ob and C57BL/6] mice.

Research objectives

The present study aimed to develop and characterize a liver biopsy-confirmed obese mouse
model of NASH based on an isocaloric palmitic acid-enriched diet with a nutrient composition
similar to the AMLN diet.

Research methods
Male ob/ob mice were fed AMLN diet or a modified AMLN diet with trans-fat (Primex
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shortening) substituted by equivalent amounts of palm oil [Gubra Amylin NASH, (GAN) diet]
for 8, 12 and 16 wk. In addition, C57BL/6] mice were fed AMLN or GAN diet for 28 wk. AMLN
and GAN diets were isocaloric (40% fat kcal; 10% sucrose, 22% fructose, 2% cholesterol). Disease
phenotyping included metabolic, liver biochemical/histopathological/transcriptomics as well as
gut microbiome analyses.

Research results

In ob/ob mice, the GAN diet was more obesogenic and adipogenic compared to the AMLN diet.
Whereas the GAN diet promoted impaired oral glucose tolerance in ob/ob mice, the AMLN diet
had no effect on glucose regulation. The GAN and AMLN diets induced similar severity of liver
biopsy-confirmed steatosis, lobular inflammation, hepatocyte ballooning and fibrotic lesions. In
addition, hepatic transcriptome and gut microbiome changes were similar in ob/ob mice fed the
GAN and AMLN diet. Also, C57BL/6] mice fed the GAN and AMLN developed a similar
histological phenotype of mild to moderate fibrotic NASH.

Research conclusions

Substitution of trans-fat (Primex in the AMLN diet) with saturated fat (palm oil in the GAN diet)
promotes a consistent phenotype of biopsy-confirmed fibrotic NASH in both ob/ob and C57BL/ 6]
mice.

Research perspectives
GAN diet-based ob/ob and C57BL/6] mouse models of biopsy-confirmed NASH are applicable
for preclinical characterization of novel NASH treatments.

ACKNOWLEDGEMENTS

The authors would like to acknowledge Benji Gill, Stephanie Oldham (MedImmune,
Gaithersburg, MD), Mikkel Christensen-Dalsgaard and Lillian Petersen (Gubra) for
skillful technical assistance.

REFERENCES

1 Bedossa P. Current histological classification of NAFLD: Strength and limitations. Hepatol Int 2013;7
Suppl 2: 765-770 [PMID: 26202292 DOI: 10.1007/s12072-013-9446-7]

2 Angulo P, Keach JC, Batts KP, Lindor KD. Independent predictors of liver fibrosis in patients with
nonalcoholic steatohepatitis. Hepatology 1999; 30: 1356-1362 [PMID: 10573511 DOI:
10.1002/hep.510300604]

3 Ratziu V, Giral P, Charlotte F, Bruckert E, Thibault V, Theodorou I, Khalil L, Turpin G, Opolon P,
Poynard T. Liver fibrosis in overweight patients. Gastroenterology 2000; 118: 1117-1123 [PMID:
10833486 DOI: 10.1016/S0016-5085(00)70364-7]

4 Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes.
Hepatology 2016; 64: 73-84 [PMID: 26707365 DOI: 10.1002/hep.28431]

5 Tilg H, Moschen AR, Roden M. NAFLD and diabetes mellitus. Nat Rev Gastroenterol Hepatol 2017; 14:
32-42 [PMID: 27729660 DOI: 10.1038/nrgastro.2016.147]

6 Bedossa P. Diagnosis of non-alcoholic fatty liver disease/non-alcoholic steatohepatitis: Why liver biopsy
is essential. Liver Int 2018; 38 Suppl 1: 64-66 [PMID: 29427497 DOI: 10.1111/liv.13653]

7 Bedossa P. Pathology of non-alcoholic fatty liver disease. Liver Int 2017; 37 Suppl 1: 85-89 [PMID:
28052629 DOI: 10.1111/1iv.13301]

8 McPherson S, Hardy T, Henderson E, Burt AD, Day CP, Anstee QM. Evidence of NAFLD progression
from steatosis to fibrosing-steatohepatitis using paired biopsies: Implications for prognosis and clinical
management. J Hepatol 2015; 62: 1148-1155 [PMID: 25477264 DOI: 10.1016/j.jhep.2014.11.034]

9 Singh S, Allen AM, Wang Z, Prokop LJ, Murad MH, Loomba R. Fibrosis progression in nonalcoholic
fatty liver vs nonalcoholic steatohepatitis: A systematic review and meta-analysis of paired-biopsy studies.
Clin Gastroenterol Hepatol 2015; 13: 643-54.¢1-9; quiz €39-40 [PMID: 24768810 DOI:
10.1016/j.cgh.2014.04.014]

10  Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, Ferrell LD, Liu YC,
Torbenson MS, Unalp-Arida A, Yeh M, McCullough AJ, Sanyal AJ; Nonalcoholic Steatohepatitis Clinical
Research Network. Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology 2005; 41: 1313-1321 [PMID: 15915461 DOI: 10.1002/hep.20701]

11  Rosso N, Chavez-Tapia NC, Tiribelli C, Bellentani S. Translational approaches: From fatty liver to non-
alcoholic steatohepatitis. World J Gastroenterol 2014; 20: 9038-9049 [PMID: 25083077 DOI:
10.3748/wjg.v20.i27.9038]

12 Berlanga A, Guiu-Jurado E, Porras JA, Auguet T. Molecular pathways in non-alcoholic fatty liver disease.
Clin Exp Gastroenterol 2014; 7: 221-239 [PMID: 25045276 DOI: 10.2147/CEG.S62831]

13 Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD development and
therapeutic strategies. Nat Med 2018; 24: 908-922 [PMID: 29967350 DOI: 10.1038/s41591-018-0104-9]

14  Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev Gastroenterol Hepatol
2017; 14: 397-411 [PMID: 28487545 DOI: 10.1038/nrgastro.2017.38]

15 Szabo G, Petrasek J. Inflammasome activation and function in liver disease. Nat Rev Gastroenterol
Hepatol 2015; 12: 387-400 [PMID: 26055245 DOI: 10.1038/nrgastro.2015.94]

16 Hansen HH, Feigh M, Veidal SS, Rigbolt KT, Vrang N, Fosgerau K. Mouse models of nonalcoholic
steatohepatitis in preclinical drug development. Drug Discov Today 2017;22: 1707-1718 [PMID:
28687459 DOI: 10.1016/j.drudis.2017.06.007]

Baishidengs WJG | https://www.wjgnet.com 4917 September 7, 2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/26202292
https://dx.doi.org/10.1007/s12072-013-9446-z
http://www.ncbi.nlm.nih.gov/pubmed/10573511
https://dx.doi.org/10.1002/hep.510300604
http://www.ncbi.nlm.nih.gov/pubmed/10833486
https://dx.doi.org/10.1016/S0016-5085(00)70364-7
http://www.ncbi.nlm.nih.gov/pubmed/26707365
https://dx.doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/27729660
https://dx.doi.org/10.1038/nrgastro.2016.147
http://www.ncbi.nlm.nih.gov/pubmed/29427497
https://dx.doi.org/10.1111/liv.13653
http://www.ncbi.nlm.nih.gov/pubmed/28052629
https://dx.doi.org/10.1111/liv.13301
http://www.ncbi.nlm.nih.gov/pubmed/25477264
https://dx.doi.org/10.1016/j.jhep.2014.11.034
http://www.ncbi.nlm.nih.gov/pubmed/24768810
https://dx.doi.org/10.1016/j.cgh.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15915461
https://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/25083077
https://dx.doi.org/10.3748/wjg.v20.i27.9038
http://www.ncbi.nlm.nih.gov/pubmed/25045276
https://dx.doi.org/10.2147/CEG.S62831
http://www.ncbi.nlm.nih.gov/pubmed/29967350
https://dx.doi.org/10.1038/s41591-018-0104-9
http://www.ncbi.nlm.nih.gov/pubmed/28487545
https://dx.doi.org/10.1038/nrgastro.2017.38
http://www.ncbi.nlm.nih.gov/pubmed/26055245
https://dx.doi.org/10.1038/nrgastro.2015.94
http://www.ncbi.nlm.nih.gov/pubmed/28687459
https://dx.doi.org/10.1016/j.drudis.2017.06.007

Boland ML et al. Translational mouse model of non-alcoholic steatohepatitis

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

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

Liang W, Menke AL, Driessen A, Koek GH, Lindeman JH, Stoop R, Havekes LM, Kleemann R, van den
Hoek AM. Establishment of a general NAFLD scoring system for rodent models and comparison to human
liver pathology. PLoS One 2014; 9: 115922 [PMID: 25535951 DOI: 10.1371/journal.pone.0115922]
Clapper JR, Hendricks MD, Gu G, Wittmer C, Dolman CS, Herich J, Athanacio J, Villescaz C, Ghosh
SS, Heilig JS, Lowe C, Roth JD. Diet-induced mouse model of fatty liver disease and nonalcoholic
steatohepatitis reflecting clinical disease progression and methods of assessment. Am J Physiol
Gastrointest Liver Physiol 2013; 305: G483-G495 [PMID: 23886860 DOI: 10.1152/ajpgi.00079.2013]
Ding ZM, Xiao Y, Wu X, Zou H, Yang S, Shen Y, Xu J, Workman HC, Usborne AL, Hua H. Progression
and Regression of Hepatic Lesions in a Mouse Model of NASH Induced by Dietary Intervention and Its
Implications in Pharmacotherapy. Front Pharmacol 2018; 9: 410 [PMID: 29765319 DOI:
10.3389/fphar.2018.00410]

Patterson RE, Kalavalapalli S, Williams CM, Nautiyal M, Mathew JT, Martinez J, Reinhard MK,
McDougall DJ, Rocca JR, Yost RA, Cusi K, Garrett TJ, Sunny NE. Lipotoxicity in steatohepatitis occurs
despite an increase in tricarboxylic acid cycle activity. Am J Physiol Endocrinol Metab 2016; 310: E484-
E494 [PMID: 26814015 DOI: 10.1152/ajpendo.00492.2015]

Kawashita E, Ishihara K, Nomoto M, Taniguchi M, Akiba S. A comparative analysis of hepatic
pathological phenotypes in C57BL/6J and C57BL/6N mouse strains in non-alcoholic steatohepatitis
models. Sci Rep 2019; 9: 204 [PMID: 30659241 DOI: 10.1038/541598-018-36862-7]

Kristiansen MN, Veidal SS, Rigbolt KT, Telbel KS, Roth JD, Jelsing J, Vrang N, Feigh M. Obese diet-
induced mouse models of nonalcoholic steatohepatitis-tracking disease by liver biopsy. World J Hepatol
2016; 8: 673-684 [PMID: 27326314 DOI: 10.4254/wjh.v8.i116.673]

Telbel KS, Kristiansen MN, Hansen HH, Veidal SS, Rigbolt KT, Gillum MP, Jelsing J, Vrang N, Feigh
M. Metabolic and hepatic effects of liraglutide, obeticholic acid and elafibranor in diet-induced obese
mouse models of biopsy-confirmed nonalcoholic steatohepatitis. World J Gastroenterol 2018; 24: 179-194
[PMID: 29375204 DOI: 10.3748/wjg.v24.i2.179]

Trevaskis JL, Griffin PS, Wittmer C, Neuschwander-Tetri BA, Brunt EM, Dolman CS, Erickson MR,
Napora J, Parkes DG, Roth JD. Glucagon-like peptide-1 receptor agonism improves metabolic,
biochemical, and histopathological indices of nonalcoholic steatohepatitis in mice. Am J Physiol
Gastrointest Liver Physiol 2012; 302: G762-G772 [PMID: 22268099 DOI: 10.1152/ajpgi.00476.2011]
Jouihan H, Will S, Guionaud S, Boland ML, Oldham S, Ravn P, Celeste A, Trevaskis JL. Superior
reductions in hepatic steatosis and fibrosis with co-administration of a glucagon-like peptide-1 receptor
agonist and obeticholic acid in mice. Mol Metab 2017; 6: 1360-1370 [PMID: 29107284 DOI:
10.1016/j.molmet.2017.09.001]

Boland ML, Oldham S, Boland BB, Will S, Lapointe JM, Guionaud S, Rhodes CJ, Trevaskis JL.
Nonalcoholic steatohepatitis severity is defined by a failure in compensatory antioxidant capacity in the
setting of mitochondrial dysfunction. World J Gastroenterol 2018; 24: 1748-1765 [PMID: 29713129 DOI:
10.3748/wjg.v24.116.1748]

Roth JD, Feigh M, Veidal SS, Fensholdt LK, Rigbolt KT, Hansen HH, Chen LC, Petitjean M, Friley W,
Vrang N, Jelsing J, Young M. INT-767 improves histopathological features in a diet-induced ob/ob mouse
model of biopsy-confirmed non-alcoholic steatohepatitis. World J Gastroenterol 2018; 24: 195-210
[PMID: 29375205 DOI: 10.3748/wjg.v24.i2.195]

Farrell GC, Mridha AR, Yeh MM, Arsov T, Van Rooyen DM, Brooling J, Nguyen T, Heydet D,
Delghingaro-Augusto V, Nolan CJ, Shackel NA, McLennan SV, Teoh NC, Larter CZ. Strain dependence
of diet-induced NASH and liver fibrosis in obese mice is linked to diabetes and inflammatory phenotype.
Liver Int 2014; 34: 1084-1093 [PMID: 24107103 DOI: 10.1111/liv.12335]

Haczeyni F, Pockes L, Wang H, Mridha AR, Barn V, Geoffrey Haigh W, loannou GN, Yeh MM,
Leclercq IA, Teoh NC, Farrell GC. Obeticholic acid improves adipose morphometry and inflammation and
reduces steatosis in dietary but not metabolic obesity in mice. Obesity (Silver Spring) 2017; 25: 155-165
[PMID: 27804232 DOI: 10.1002/0by.21701]

Telbel KS, Stierstorfer B, Rippmann JF, Veidal SS, Rigbolt KTG, Schonberger T, Gillum MP, Hansen
HH, Vrang N, Jelsing J, Feigh M, Broermann A. Disease Progression and Pharmacological Intervention in
a Nutrient-Deficient Rat Model of Nonalcoholic Steatohepatitis. Dig Dis Sci 2019; 64: 1238-1256 [PMID:
30511198 DOI: 10.1007/s10620-018-5395-7]

Tetri LH, Basaranoglu M, Brunt EM, Yerian LM, Neuschwander-Tetri BA. Severe NAFLD with hepatic
necroinflammatory changes in mice fed trans fats and a high-fructose corn syrup equivalent. Am J Physiol
Gastrointest Liver Physiol 2008; 295: G987-G995 [PMID: 18772365 DOI: 10.1152/ajpgi.90272.2008]
Machado RM, Stefano JT, Oliveira CP, Mello ES, Ferreira FD, Nunes VS, de Lima VM, Quintdo EC,
Catanozi S, Nakandakare ER, Lottenberg AM. Intake of trans fatty acids causes nonalcoholic
steatohepatitis and reduces adipose tissue fat content. J Nutr 2010; 140: 1127-1132 [PMID: 20357081
DOI: 10.3945/jn.109.117937]

Obara N, Fukushima K, Ueno Y, Wakui Y, Kimura O, Tamai K, Kakazu E, Inoue J, Kondo Y, Ogawa N,
Sato K, Tsuduki T, Ishida K, Shimosegawa T. Possible involvement and the mechanisms of excess trans-
fatty acid consumption in severe NAFLD in mice. J Hepatol 2010; 53: 326-334 [PMID: 20462650 DOI:
10.1016/j.jhep.2010.02.029]

Morinaga M, Kon K, Saito H, Arai K, Kusama H, Uchiyama A, Yamashina S, Ikejima K, Watanabe S.
Sodium 4-phenylbutyrate prevents murine dietary steatohepatitis caused by trans-fatty acid plus fructose. J
Clin Biochem Nutr 2015; 57: 183-191 [PMID: 26566303 DOI: 10.3164/jcbn.15-75]

Ibrahim A, Natrajan S, Ghafoorunissa R. Dietary trans-fatty acids alter adipocyte plasma membrane fatty
acid composition and insulin sensitivity in rats. Metabolism 2005; 54: 240-246 [PMID: 15789505 DOI:
10.1016/j.metabol.2004.08.019]

Koppe SW, Elias M, Moseley RH, Green RM. Trans fat feeding results in higher serum alanine
aminotransferase and increased insulin resistance compared with a standard murine high-fat diet. 4m J
Physiol Gastrointest Liver Physiol 2009; 297: G378-G384 [PMID: 19541924 DOI:
10.1152/ajpgi.90543.2008]

US Food Drug Administration. Final Determination Regarding Partially Hydrogenated Oils (Removing
Trans Fat). 2018; Available from:
https://www.federalregister.gov/documents/2018/05/21/2018-10714/final-determination-regarding-par-
tially-hydrogenated-oils

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR.
STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013; 29: 15-21 [PMID: 23104886 DOI:
10.1093/bioinformatics/bts635]

4918 September 7, 2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/25535951
https://dx.doi.org/10.1371/journal.pone.0115922
http://www.ncbi.nlm.nih.gov/pubmed/23886860
https://dx.doi.org/10.1152/ajpgi.00079.2013
http://www.ncbi.nlm.nih.gov/pubmed/29765319
https://dx.doi.org/10.3389/fphar.2018.00410
http://www.ncbi.nlm.nih.gov/pubmed/26814015
https://dx.doi.org/10.1152/ajpendo.00492.2015
http://www.ncbi.nlm.nih.gov/pubmed/30659241
https://dx.doi.org/10.1038/s41598-018-36862-7
http://www.ncbi.nlm.nih.gov/pubmed/27326314
https://dx.doi.org/10.4254/wjh.v8.i16.673
http://www.ncbi.nlm.nih.gov/pubmed/29375204
https://dx.doi.org/10.3748/wjg.v24.i2.179
http://www.ncbi.nlm.nih.gov/pubmed/22268099
https://dx.doi.org/10.1152/ajpgi.00476.2011
http://www.ncbi.nlm.nih.gov/pubmed/29107284
https://dx.doi.org/10.1016/j.molmet.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29713129
https://dx.doi.org/10.3748/wjg.v24.i16.1748
http://www.ncbi.nlm.nih.gov/pubmed/29375205
https://dx.doi.org/10.3748/wjg.v24.i2.195
http://www.ncbi.nlm.nih.gov/pubmed/24107103
https://dx.doi.org/10.1111/liv.12335
http://www.ncbi.nlm.nih.gov/pubmed/27804232
https://dx.doi.org/10.1002/oby.21701
http://www.ncbi.nlm.nih.gov/pubmed/30511198
https://dx.doi.org/10.1007/s10620-018-5395-7
http://www.ncbi.nlm.nih.gov/pubmed/18772365
https://dx.doi.org/10.1152/ajpgi.90272.2008
http://www.ncbi.nlm.nih.gov/pubmed/20357081
https://dx.doi.org/10.3945/jn.109.117937
http://www.ncbi.nlm.nih.gov/pubmed/20462650
https://dx.doi.org/10.1016/j.jhep.2010.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26566303
https://dx.doi.org/10.3164/jcbn.15-75
http://www.ncbi.nlm.nih.gov/pubmed/15789505
https://dx.doi.org/10.1016/j.metabol.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19541924
https://dx.doi.org/10.1152/ajpgi.90543.2008
https://www.federalregister.gov/documents/2018/05/21/2018-10714/final-determination-regarding-partially-hydrogenated-oils
https://www.federalregister.gov/documents/2018/05/21/2018-10714/final-determination-regarding-partially-hydrogenated-oils
https://www.federalregister.gov/documents/2018/05/21/2018-10714/final-determination-regarding-partially-hydrogenated-oils
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://dx.doi.org/10.1093/bioinformatics/bts635

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

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

Boland ML et al. Translational mouse model of non-alcoholic steatohepatitis

Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, Haw R, Jassal B, Korninger F,
May B, Milacic M, Roca CD, Rothfels K, Sevilla C, Shamovsky V, Shorser S, Varusai T, Viteri G, Weiser
J, Wu G, Stein L, Hermjakob H, D'Eustachio P. The Reactome Pathway Knowledgebase. Nucleic Acids
Res 2018; 46: D649-D655 [PMID: 29145629 DOI: 10.1093/nar/gkx1132]

Viremo L, Nielsen J, Nookaew I. Enriching the gene set analysis of genome-wide data by incorporating
directionality of gene expression and combining statistical hypotheses and methods. Nucleic Acids Res
2013; 41: 4378-4391 [PMID: 23444143 DOI: 10.1093/nar/gkt111]

Oddy WH, Herbison CE, Jacoby P, Ambrosini GL, O'Sullivan TA, Ayonrinde OT, Olynyk JK, Black LJ,
Beilin LJ, Mori TA, Hands BP, Adams LA. The Western dietary pattern is prospectively associated with
nonalcoholic fatty liver disease in adolescence. Am J Gastroenterol 2013; 108: 778-785 [PMID: 23545714
DOI: 10.1038/aj2.2013.95]

Asrih M, Jornayvaz FR. Diets and nonalcoholic fatty liver disease: The good and the bad. Clin Nutr 2014;
33: 186-190 [PMID: 24262589 DOIL: 10.1016/j.clnu.2013.11.003]

Lim JS, Mietus-Snyder M, Valente A, Schwarz JM, Lustig RH. The role of fructose in the pathogenesis of
NAFLD and the metabolic syndrome. Nat Rev Gastroenterol Hepatol 2010; 7: 251-264 [PMID: 20368739
DOI: 10.1038/nrgastro.2010.41]

Alkhouri N, Dixon LJ, Feldstein AE. Lipotoxicity in nonalcoholic fatty liver disease: Not all lipids are
created equal. Expert Rev Gastroenterol Hepatol 2009; 3: 445-451 [PMID: 19673631 DOI:
10.1586/egh.09.32]

Abdelmalek MF, Suzuki A, Guy C, Unalp-Arida A, Colvin R, Johnson RJ, Diehl AM; Nonalcoholic
Steatohepatitis Clinical Research Network. Increased fructose consumption is associated with fibrosis
severity in patients with nonalcoholic fatty liver disease. Hepatology 2010; 51: 1961-1971 [PMID:
20301112 DOI: 10.1002/hep.23535

Moore JB, Gunn PJ, Fielding BA. The role of dietary sugars and de novo lipogenesis in non-alcoholic
fatty liver disease. Nutrients 2014; 6: 5679-5703 [PMID: 25514388 DOI: 10.3390/nu6125679]

Della Pepa G, Vetrani C, Lombardi G, Bozzetto L, Annuzzi G, Rivellese AA. Isocaloric Dietary Changes
and Non-Alcoholic Fatty Liver Disease in High Cardiometabolic Risk Individuals. Nutrients 2017; 9 pii:
E1065 [PMID: 28954437 DOI: 10.3390/nu9101065]

Walenbergh SM, Shiri-Sverdlov R. Cholesterol is a significant risk factor for non-alcoholic
steatohepatitis. Expert Rev Gastroenterol Hepatol 2015; 9: 1343-1346 [PMID: 26395315 DOI:
10.1586/17474124.2015.1092382]

Jeyapal S, Putcha UK, Mullapudi VS, Ghosh S, Sakamuri A, Kona SR, Vadakattu SS, Madakasira C,
Ibrahim A. Chronic consumption of fructose in combination with trans fatty acids but not with saturated
fatty acids induces nonalcoholic steatohepatitis with fibrosis in rats. Eur J Nutr 2018; 57: 2171-2187
[PMID: 28676973 DOI: 10.1007/s00394-017-1492-1]

Zhao X, Shen C, Zhu H, Wang C, Liu X, Sun X, Han S, Wang P, Dong Z, Ma X, Hu K, Sun A, Ge J.
Trans-Fatty Acids Aggravate Obesity, Insulin Resistance and Hepatic Steatosis in C57BL/6 Mice, Possibly
by Suppressing the IRS1 Dependent Pathway. Molecules 2016; 21: pii: E705 [PMID: 27248994 DOI:
10.3390/molecules21060705]

Kalavalapalli S, Bril F, Guingab J, Vergara A, Garrett TJ, Sunny NE, Cusi K. Impact of exenatide on
mitochondrial lipid metabolism in mice with nonalcoholic steatohepatitis. J Endocrinol 2019; 241: 293-
305 [PMID: 31082799 DOI: 10.1530/JOE-19-0007]

Marchesini G, Brizi M, Morselli-Labate AM, Bianchi G, Bugianesi E, McCullough AJ, Forlani G,
Melchionda N. Association of nonalcoholic fatty liver disease with insulin resistance. Am J Med 1999,
107: 450-455 [PMID: 10569299 DOI: 10.1016/S0002-9343(99)00271-5]

Loomba R, Abraham M, Unalp A, Wilson L, Lavine J, Doo E, Bass NM; Nonalcoholic Steatohepatitis
Clinical Research Network. Association between diabetes, family history of diabetes, and risk of
nonalcoholic steatohepatitis and fibrosis. Hepatology 2012; 56: 943-951 [PMID: 22505194 DOI:
10.1002/hep.25772]

Williams CD, Stengel J, Asike MI, Torres DM, Shaw J, Contreras M, Landt CL, Harrison SA. Prevalence
of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a largely middle-aged
population utilizing ultrasound and liver biopsy: A prospective study. Gastroenterology 2011; 140: 124-
131 [PMID: 20858492 DOI: 10.1053/j.gastro.2010.09.038]

Haluzik M, Colombo C, Gavrilova O, Chua S, Wolf N, Chen M, Stannard B, Dietz KR, Le Roith D,
Reitman ML. Genetic background (C57BL/6J versus FVB/N) strongly influences the severity of diabetes
and insulin resistance in ob/ob mice. Endocrinology 2004; 145: 3258-3264 [PMID: 15059949 DOI:
10.1210/en.2004-0219]

Grefhorst A, van Dijk TH, Hammer A, van der Sluijs FH, Havinga R, Havekes LM, Romijn JA, Groot
PH, Reijngoud DJ, Kuipers F. Differential effects of pharmacological liver X receptor activation on
hepatic and peripheral insulin sensitivity in lean and ob/ob mice. Am J Physiol Endocrinol Metab 2005;
289: E829-E838 [PMID: 15941783 DOI: 10.1152/ajpendo.00165.2005]

Muurling M, Mensink RP, Pijl H, Romijn JA, Havekes LM, Voshol PJ. Rosiglitazone improves muscle
insulin sensitivity, irrespective of increased triglyceride content, in ob/ob mice. Metabolism 2003; 52:
1078-1083 [PMID: 12898477 DOI: 10.1016/50026-0495(03)00109-4]

Tan SX, Fisher-Wellman KH, Fazakerley DJ, Ng Y, Pant H, Li J, Meoli CC, Coster AC, Stockli J, James
DE. Selective insulin resistance in adipocytes. J Biol Chem 2015; 290: 11337-11348 [PMID: 25720492
DOI: 10.1074/jbc.M114.623686]

Jager J, Corcelle V, Grémeaux T, Laurent K, Waget A, Pages G, Binétruy B, Le Marchand-Brustel Y,
Burcelin R, Bost F, Tanti JF. Deficiency in the extracellular signal-regulated kinase 1 (ERK1) protects
leptin-deficient mice from insulin resistance without affecting obesity. Diabetologia 2011; 54: 180-189
[PMID: 20953578 DOI: 10.1007/s00125-010-1944-0]

Henkel J, Coleman CD, Schraplau A, Johrens K, Weber D, Castro JP, Hugo M, Schulz TJ, Kramer S,
Schiirmann A, Piischel GP. Induction of steatohepatitis (NASH) with insulin resistance in wildtype B6
mice by a western-type diet containing soybean oil and cholesterol. Mol Med 2017, 23: 70-82 [PMID:
28332698 DOI: 10.2119/molmed.2016.00203]

Ma K, Malhotra P, Soni V, Hedroug O, Annaba F, Dudeja A, Shen L, Turner JR, Khramtsova EA,
Saksena S, Dudeja PK, Gill RK, Alrefai WA. Overactivation of intestinal SREBP2 in mice increases
serum cholesterol. PLoS One 2014; 9: 84221 [PMID: 24465397 DOI: 10.1371/journal.pone.0084221]
Brown GT, Kleiner DE. Histopathology of nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis. Metabolism 2016; 65: 1080-1086 [PMID: 26775559 DOI: 10.1016/j.metabol.2015.11.008]
Chiappini F, Coilly A, Kadar H, Gual P, Tran A, Desterke C, Samuel D, Duclos-Vallée JC, Touboul D,

4919 September 7, 2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/29145629
https://dx.doi.org/10.1093/nar/gkx1132
http://www.ncbi.nlm.nih.gov/pubmed/23444143
https://dx.doi.org/10.1093/nar/gkt111
http://www.ncbi.nlm.nih.gov/pubmed/23545714
https://dx.doi.org/10.1038/ajg.2013.95
http://www.ncbi.nlm.nih.gov/pubmed/24262589
https://dx.doi.org/10.1016/j.clnu.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20368739
https://dx.doi.org/10.1038/nrgastro.2010.41
http://www.ncbi.nlm.nih.gov/pubmed/19673631
https://dx.doi.org/10.1586/egh.09.32
http://www.ncbi.nlm.nih.gov/pubmed/20301112
https://dx.doi.org/10.1002/hep.23535
http://www.ncbi.nlm.nih.gov/pubmed/25514388
https://dx.doi.org/10.3390/nu6125679
http://www.ncbi.nlm.nih.gov/pubmed/28954437
https://dx.doi.org/10.3390/nu9101065
http://www.ncbi.nlm.nih.gov/pubmed/26395315
https://dx.doi.org/10.1586/17474124.2015.1092382
http://www.ncbi.nlm.nih.gov/pubmed/28676973
https://dx.doi.org/10.1007/s00394-017-1492-1
http://www.ncbi.nlm.nih.gov/pubmed/27248994
https://dx.doi.org/10.3390/molecules21060705
http://www.ncbi.nlm.nih.gov/pubmed/31082799
https://dx.doi.org/10.1530/JOE-19-0007
http://www.ncbi.nlm.nih.gov/pubmed/10569299
https://dx.doi.org/10.1016/S0002-9343(99)00271-5
http://www.ncbi.nlm.nih.gov/pubmed/22505194
https://dx.doi.org/10.1002/hep.25772
http://www.ncbi.nlm.nih.gov/pubmed/20858492
https://dx.doi.org/10.1053/j.gastro.2010.09.038
http://www.ncbi.nlm.nih.gov/pubmed/15059949
https://dx.doi.org/10.1210/en.2004-0219
http://www.ncbi.nlm.nih.gov/pubmed/15941783
https://dx.doi.org/10.1152/ajpendo.00165.2005
http://www.ncbi.nlm.nih.gov/pubmed/12898477
https://dx.doi.org/10.1016/s0026-0495(03)00109-4
http://www.ncbi.nlm.nih.gov/pubmed/25720492
https://dx.doi.org/10.1074/jbc.M114.623686
http://www.ncbi.nlm.nih.gov/pubmed/20953578
https://dx.doi.org/10.1007/s00125-010-1944-0
http://www.ncbi.nlm.nih.gov/pubmed/28332698
https://dx.doi.org/10.2119/molmed.2016.00203
http://www.ncbi.nlm.nih.gov/pubmed/24465397
https://dx.doi.org/10.1371/journal.pone.0084221
http://www.ncbi.nlm.nih.gov/pubmed/26775559
https://dx.doi.org/10.1016/j.metabol.2015.11.008

Boland ML et al. Translational mouse model of non-alcoholic steatohepatitis

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84
85
86

87

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

Bertrand-Michel J, Brunelle A, Guettier C, Le Naour F. Metabolism dysregulation induces a specific lipid
signature of nonalcoholic steatohepatitis in patients. Sci Rep 2017; 7: 46658 [PMID: 28436449 DOI:
10.1038/srep46658]

Mota M, Banini BA, Cazanave SC, Sanyal AJ. Molecular mechanisms of lipotoxicity and glucotoxicity in
nonalcoholic fatty liver disease. Metabolism 2016; 65: 1049-1061 [PMID: 26997538 DOI: 10.1016/j.meta-
b01.2016.02.014]

Liangpunsakul S, Chalasani N. Lipid mediators of liver injury in nonalcoholic fatty liver disease. Am J
Physiol Gastrointest Liver Physiol 2019; 316: G75-G81 [PMID: 30383414 DOI:
10.1152/ajpgi.00170.2018]

Zhang K, Kim H, Fu Z, Qiu Y, Yang Z, Wang J, Zhang D, Tong X, Yin L, Li J, Wu J, Qi NR, Houten
SM, Zhang R. Deficiency of the Mitochondrial NAD Kinase Causes Stress-Induced Hepatic Steatosis in
Mice. Gastroenterology 2018; 154: 224-237 [PMID: 28923496 DOI: 10.1053/j.gastr0.2017.09.010]

Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Saturated fatty acids induce endoplasmic reticulum stress
and apoptosis independently of ceramide in liver cells. Am J Physiol Endocrinol Metab 2006; 291: E275-
E281 [PMID: 16492686 DOI: 10.1152/ajpendo.00644.2005]

Cazanave SC, Mott JL, Bronk SF, Werneburg NW, Fingas CD, Meng XW, Finnberg N, El-Deiry WS,
Kaufmann SH, Gores GJ. Death receptor 5 signaling promotes hepatocyte lipoapoptosis. J Biol Chem
2011;286: 39336-39348 [PMID: 21941003 DOI: 10.1074/jbc.M111.280420]

Luo W, Xu Q, Wang Q, Wu H, Hua J. Effect of modulation of PPAR-y activity on Kupffer cells M1/M2
polarization in the development of non-alcoholic fatty liver disease. Sci Rep 2017; 7: 44612 [PMID:
28300213 DOI: 10.1038/srep44612]

Hetherington AM, Sawyez CG, Zilberman E, Stoianov AM, Robson DL, Borradaile NM. Differential
Lipotoxic Effects of Palmitate and Oleate in Activated Human Hepatic Stellate Cells and Epithelial
Hepatoma Cells. Cell Physiol Biochem 2016; 39: 1648-1662 [PMID: 27626926 DOI: 10.1159/000447866]
Hirsova P, Ibrahim SH, Gores GJ, Malhi H. Lipotoxic lethal and sublethal stress signaling in hepatocytes:
Relevance to NASH pathogenesis. J Lipid Res 2016; 57: 1758-1770 [PMID: 27049024 DOI:
10.1194/j1r.R066357]

Honda Y, Imajo K, Kato T, Kessoku T, Ogawa Y, Tomeno W, Kato S, Mawatari H, Fujita K, Yoneda M,
Saito S, Nakajima A. The Selective SGLT2 Inhibitor Ipragliflozin Has a Therapeutic Effect on
Nonalcoholic Steatohepatitis in Mice. PLoS One 2016; 11: €0146337 [PMID: 26731267 DOI:
10.1371/journal.pone.0146337]

Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of diet on the human gut
microbiome: A metagenomic analysis in humanized gnotobiotic mice. Sci Transl Med 2009; 1: 6ral4
[PMID: 20368178 DOI: 10.1126/scitranslmed.3000322

Zheng X, Huang F, Zhao A, Lei S, Zhang Y, Xie G, Chen T, Qu C, Rajani C, Dong B, Li D, Jia W. Bile
acid is a significant host factor shaping the gut microbiome of diet-induced obese mice. BMC Biol 2017,
15: 120 [PMID: 29241453 DOI: 10.1186/s12915-017-0462-7]

Frank DN, Bales ES, Monks J, Jackman MJ, MacLean PS, Ir D, Robertson CE, Orlicky DJ, McManaman
JL. Perilipin-2 Modulates Lipid Absorption and Microbiome Responses in the Mouse Intestine. PLoS One
2015; 10: 0131944 [PMID: 26147095 DOI: 10.1371/journal.pone.0131944]

de Faria Ghetti F, Oliveira DG, de Oliveira JM, de Castro Ferreira LEVV, Cesar DE, Moreira APB.
Influence of gut microbiota on the development and progression of nonalcoholic steatohepatitis. Eur J Nutr
2018; 57: 861-876 [PMID: 28875318 DOI: 10.1007/s00394-017-1524-x]

Wong VW, Tse CH, Lam TT, Wong GL, Chim AM, Chu WC, Yeung DK, Law PT, Kwan HS, Yu J, Sung
JJ, Chan HL. Molecular characterization of the fecal microbiota in patients with nonalcoholic
steatohepatitis--a longitudinal study. PLoS One 2013; 8: €62885 [PMID: 23638162 DOI:
10.1371/journal.pone.0062885]

Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, Gill SR. Characterization of gut microbiomes in
nonalcoholic steatohepatitis (NASH) patients: A connection between endogenous alcohol and NASH.
Hepatology 2013; 57: 601-609 [PMID: 23055155 DOI: 10.1002/hep.26093]

Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F, Guy CD, Seed PC, Rawls JF,
David LA, Hunault G, Oberti F, Calés P, Diehl AM. The severity of nonalcoholic fatty liver disease is
associated with gut dysbiosis and shift in the metabolic function of the gut microbiota. Hepatology 2016;
63: 764-775 [PMID: 26600078 DOI: 10.1002/hep.28356]

Da Silva HE, Teterina A, Comelli EM, Taibi A, Arendt BM, Fischer SE, Lou W, Allard JP. Nonalcoholic
fatty liver disease is associated with dysbiosis independent of body mass index and insulin resistance. Sci
Rep 2018; 8: 1466 [PMID: 29362454 DOI: 10.1038/s41598-018-19753-9]

El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. The abundance and variety of
carbohydrate-active enzymes in the human gut microbiota. Nat Rev Microbiol 2013; 11: 497-504 [PMID:
23748339 DOI: 10.1038/nrmicro3050]

Koh A, De Vadder F, Kovatcheva-Datchary P, Biackhed F. From Dietary Fiber to Host Physiology: Short-
Chain Fatty Acids as Key Bacterial Metabolites. Cel/ 2016; 165: 1332-1345 [PMID: 27259147 DOI:
10.1016/j.cell.2016.05.041]

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature 2006; 444: 1027-1031 [PMID: 17183312
DOI: 10.1038/nature05414]

Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial microbiota. Nat Rev
Microbiol 2016; 14: 20-32 [PMID: 26499895 DOI: 10.1038/nrmicro3552]

Miura K, Ohnishi H. Role of gut microbiota and Toll-like receptors in nonalcoholic fatty liver disease.
World J Gastroenterol 2014; 20: 7381-7391 [PMID: 24966608 DOI: 10.3748/wjg.v20.i123.7381]

Derrien M, Belzer C, de Vos WM. Akkermansia muciniphila and its role in regulating host functions.
Microb Pathog 2017;106: 171-181 [PMID: 26875998 DOI: 10.1016/j.micpath.2016.02.005]
Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M, Chen YY, Knight R, Ahima
RS, Bushman F, Wu GD. High-fat diet determines the composition of the murine gut microbiome
independently of obesity. Gastroenterology 2009; 137: 1716-24.e1-2 [PMID: 19706296 DOI:
10.1053/j.gastro.2009.08.042]

4920 September 7,2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/28436449
https://dx.doi.org/10.1038/srep46658
http://www.ncbi.nlm.nih.gov/pubmed/26997538
https://dx.doi.org/10.1016/j.metabol.2016.02.014
https://dx.doi.org/10.1016/j.metabol.2016.02.014
https://dx.doi.org/10.1016/j.metabol.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/30383414
https://dx.doi.org/10.1152/ajpgi.00170.2018
http://www.ncbi.nlm.nih.gov/pubmed/28923496
https://dx.doi.org/10.1053/j.gastro.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16492686
https://dx.doi.org/10.1152/ajpendo.00644.2005
http://www.ncbi.nlm.nih.gov/pubmed/21941003
https://dx.doi.org/10.1074/jbc.M111.280420
http://www.ncbi.nlm.nih.gov/pubmed/28300213
https://dx.doi.org/10.1038/srep44612
http://www.ncbi.nlm.nih.gov/pubmed/27626926
https://dx.doi.org/10.1159/000447866
http://www.ncbi.nlm.nih.gov/pubmed/27049024
https://dx.doi.org/10.1194/jlr.R066357
http://www.ncbi.nlm.nih.gov/pubmed/26731267
https://dx.doi.org/10.1371/journal.pone.0146337
http://www.ncbi.nlm.nih.gov/pubmed/20368178
https://dx.doi.org/10.1126/scitranslmed.3000322
http://www.ncbi.nlm.nih.gov/pubmed/29241453
https://dx.doi.org/10.1186/s12915-017-0462-7
http://www.ncbi.nlm.nih.gov/pubmed/26147095
https://dx.doi.org/10.1371/journal.pone.0131944
http://www.ncbi.nlm.nih.gov/pubmed/28875318
https://dx.doi.org/10.1007/s00394-017-1524-x
http://www.ncbi.nlm.nih.gov/pubmed/23638162
https://dx.doi.org/10.1371/journal.pone.0062885
http://www.ncbi.nlm.nih.gov/pubmed/23055155
https://dx.doi.org/10.1002/hep.26093
http://www.ncbi.nlm.nih.gov/pubmed/26600078
https://dx.doi.org/10.1002/hep.28356
http://www.ncbi.nlm.nih.gov/pubmed/29362454
https://dx.doi.org/10.1038/s41598-018-19753-9
http://www.ncbi.nlm.nih.gov/pubmed/23748339
https://dx.doi.org/10.1038/nrmicro3050
http://www.ncbi.nlm.nih.gov/pubmed/27259147
https://dx.doi.org/10.1016/j.cell.2016.05.041
http://www.ncbi.nlm.nih.gov/pubmed/17183312
https://dx.doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/26499895
https://dx.doi.org/10.1038/nrmicro3552
http://www.ncbi.nlm.nih.gov/pubmed/24966608
https://dx.doi.org/10.3748/wjg.v20.i23.7381
http://www.ncbi.nlm.nih.gov/pubmed/26875998
https://dx.doi.org/10.1016/j.micpath.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19706296
https://dx.doi.org/10.1053/j.gastro.2009.08.042

w\J

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

DOI: 10.3748 / wjg.v25.i33.4921

World Journal of
Gastroenterology

World | Gastroenterol 2019 September 7; 25(33): 4921-4932

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

Basic Study

ORIGINAL ARTICLE

Identification of hepatitis B virus and liver cancer bridge molecules
based on functional module network

Xiao-Bing Huang, Yong-Gang He, Lu Zheng, Huan Feng, Yu-Ming Li, Hong-Yan Li, Feng-Xia Yang, Jing Li

ORCID number: Xiao-Bing Huang
(0000-0001-7143-1114); Yong-Gang
He (0000-0001-5714-6826); Lu Zheng
(0000-0001-5714-6827); Huan Feng
(0000-0001-5714-6828); Yu-Ming Li
(0000-0001-5714-6830); Hong-Yan Li
(0000-0001-5714-6829); Feng-Xia
Yang (0000-0001-5714-6831); Jing Li
(0000-0001-7143-1113).

Author contributions: Huang XB
wrote the majority of the paper,
performed experiments, and
analyzed the data; He YG, Zheng
L, Feng H, Li YM, Li HY, and Yang
FX performed experiments and
analyzed the data; Li ] designed
and coordinated the research.

Supported by the Basic and
Advanced Research Projects of
Chonggqing, No.
cstc2015jcyjA10123.

Institutional review board
statement: This study was
reviewed and approved by the
Second Hospital Affiliated to Third
Military Medical University of
Xingiao Hospital Ethics
Committee.

Conflict-of-interest statement: The
authors declare no conflict of
interest.

Data sharing statement: No
additional data are available.

Open-Access: This article is an
open-access article which was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution Non
Commercial (CC BY-NC 4.0)
license, which permits others to

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

Xiao-Bing Huang, Yong-Gang He, Lu Zheng, Yu-Ming Li, Hong-Yan Li, Feng-Xia Yang, Jing Li,
Department of Hepatobiliary Surgery, Second Hospital Affiliated to Third Military Medical
University of Xinqgiao Hospital, Chongqing 400037, China

Huan Feng, Division of Nursing, Second Hospital Affiliated to Third Military Medical
University, Xinqiao Hospital, Chongqing 400037, China

Corresponding author: Jing Li, MD, MSc, Attending Doctor, Doctor, Department of
Hepatobiliary Surgery, Second Hospital Affiliated to Third Military Medical University of
Xingiao Hospital, Xingiao street 183, Shapingba District, Chongqing 400037, China.
xqyylijing@tom.com

Telephone: +86-23-68755000

Fax: +86-23-68755114

Abstract

BACKGROUND

The potential role of chronic inflammation in the development of cancer has been
widely recognized. However, there has been little research fully and thoroughly
exploring the molecular link between hepatitis B virus (HBV) and hepatocellular
carcinoma (HCC).

AIM
To elucidate the molecular links between HBV and HCC through analyzing the
molecular processes of HBV-HCC using a multidimensional approach.

METHODS

First, maladjusted genes shared between HBV and HCC were identified by
disease-related differentially expressed genes. Second, the protein-protein
interaction network based on dysfunctional genes identified a series of
dysfunctional modules and significant crosstalk between modules based on the
hypergeometric test. In addition, key regulators were detected by pivot analysis.
Finally, targeted drugs that have regulatory effects on diseases were predicted by
modular methods and drug target information.

RESULTS

The study found that 67 genes continued to increase in the HBV-HCC process.
Moreover, 366 overlapping genes in the module network participated in multiple
functional blocks. It could be presumed that these genes and their interactions
play an important role in the relationship between inflammation and cancer.
Correspondingly, significant crosstalk constructed a module level bridge for
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HBV-HCC molecular processes. On the other hand, a series of non-coding RNAs
and transcription factors that have potential pivot regulatory effects on HBV and
HCC were identified. Among them, some of the regulators also had persistent
disorders in the process of HBV-HCC including microRNA-192, microRNA-215,
and microRNA-874, and early growth response 2, FOS, and Kruppel-like factor 4.
Therefore, the study concluded that these pivots are the key bridge molecules
outside the module. Last but not least, a variety of drugs that may have some
potential pharmacological or toxic side effects on HBV-induced HCC were
predicted, but their mechanisms still need to be further explored.

CONCLUSION

The results suggest that the persistent inflammatory environment of HBV can be
utilized as an important risk factor to induce the occurrence of HCC, which is
supported by molecular evidence.

Key words: Hepatitis B virus; Hepatocellular carcinoma; Molecular linkage; Transcription
factors; non-coding RNA

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The potential role of chronic inflammation in the development of cancer has
been widely recognized. However, the molecular link between hepatitis B virus (HBV)
and hepatocellular carcinoma (HCC) has not been fully and thoroughly explored.
Therefore, this study analyzed the molecular processes of HBV-HCC using a
multidimensional approach to elucidate the molecular links between the two groups. The
results suggest that the persistent inflammatory environment of HBV can be used as an
important risk factor to induce the occurrence of HCC, which is supported by molecular
evidence.
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INTRODUCTION

Epidemiological research has shown that chronic low levels of inflammation can
significantly increase the risk of cancer!'l. A series of genes including inflammatory
molecules and transcription factors (TFs), adhesion molecules, AP-1, chemokines, C-
reactive protein and enzymes are involved in inflammation, which have crucial
impacts on inflammatory-mediated tumors!. In the process of chronic inflammation
caused by virus infection, abnormal long-term expression of related proteins may
induce physiological disorders such as oxidative stress and inflammation in tissues
and organs. Thereby, a potential carcinogenic microenvironment has been formed
within it, and different functions are exerted in different stages of cancer
development!. On the other hand, the occurrence and development of tumors also
affect inflammatory response processes. Many types of cancer can change the
secretion levels of chemokines and inflammatory cytokines in the microenvironment,
which is conducive to promoting immune escape in cancer!*’l. Specifically, chronic
hepatitis B virus (HBV) infection seriously threatens human health, which is one of
the most common infectious diseases in the world, and has become a public health
problem worldwidel®l. Long-term infection of HBV has the possibility of inducing
liver failure, cirrhosis, and liver cancer”l. The key mechanism is that viral DNA is
integrated into the genome of host cells to alter the genetic mechanism and gene
expression of host cells!”. Studies have shown that the large surface of HBV surface
antigen can induce DNA damage and polo-like kinase 1-mediated cell cycle G2/M
cell division failure, which leads to unstable reproductive cycle of chromatin to drive
the development of hepatocellular carcinoma (HCC). In addition, protein 4 (VSIG4)
with immunoglobulin domain contains VSIG4 has poor prognosis in patients with
HBV-positive HCC, but has no predictive significance in patients with HBV-negative
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HCCUI'. This indicates that HBV infection not only affects the occurrence of HCC, but
also affects its development, and has a negative effect on the prognosis of patients.
Therefore, a systematic and in-depth understanding of the potential molecular links
between HBV and HCC is essential for the exploration of the mechanism of HBV-
induced HCC process and the development of targeted therapies. On the other hand,
HCC is one of the most common cancers and has a higher mortality. Although the
treatment of HCC has improved in the past few decades, the survival rate of patients
is still very low!"l. Accumulating evidence has indicated that liver cancer is a complex
disease with multiple factors and steps. In terms of risk factors, chronic persistent
infection of hepatitis C virus or HBV, chronic untreated hepatitis inflammation with
different etiologies, oxidative stress, and fatty liver disease may lead to the occurrence
of HCCI". From the molecular mechanism, the increased expression of A-Raf and
fatty acid 2-hydrolase (FA2H) in HCC cells leads to lipid metabolism disorder and
promotes the development of cancer!”l. However, in drug sensitivity tests,
overexpression of FA2H also increases the drug sensitivity of human colorectal and
cervical cancer cells, while silencing FA2H makes the cells resistant to the drug!'l.
Furthermore, studies have suggested that arginase 1 (ARG1) can participate in the
proliferation of HBV-specific CD8 (+) T cells and regulate the occurrence of HBVIl. At
the same time, ARG1 may also promote the epithelial to mesenchymal transition
process by upregulating Vimentin, N-cadherin, and beta-catenin, thus mediating the
development and invasion of HCCU'®l. Therefore, it is speculated that it is the key
molecule in the HBV-HCC process, which needs further exploration. On the other
hand, NOP7 interacts with beta-catenin to activate the inflammatory signaling
pathway of beta-catenin/TCF, and its upregulation promotes the proliferation and
migration of HCC cancer cells!'”. To some extent, these results indicate that HBV may
mediate the occurrence and development of HCC, and guide a comprehensive and in-
depth discussion on the bridge mechanism between them.

The study explored the co-imbalance bridging molecules between HBV and HCC
and their potential drugs based on the dysfunction module. The results not only help
to clarify the potential molecular links between HBV and HCC, but also provide
biologists with abundant candidate resources for further research.

MATERIALS AND METHODS

Data resource

The National Center for Biotechnology Information Gene contains numerous
published results on HBV. To systematically analyze the molecular links between
HBV and HCC, 128 expression profiles of HBV-related RNA (GSE83148) and 16
microRNAs (miRNAs) (GSE33857) were collected from the Gene Expression Omnibus
(http:/ /www.ncbi.nlm.nih.gov/geo/). All of these were assessed using Affymetrix
Human Genome U133 Plus 2.0 Array, including normal and disease samples.
Subsequently, 424 RNA-seq data (original count) and 850 miRNA expression profile
data of HCC-related genes were collected from The Cancer Genome Atlas (TCGA)
database.

Identification of differentially expressed genes

In this study, differences in the expression of RNA and miRNAs in both disease and
normal samples were calculated using the R-language limma package. For chip data,
we first used the background correct function for background correction and
standardization. Then the control probes and low-expression probes were filtered out
to obtain high-quality standardized data based on the quantile normalization method
of normalizing Between Array function. For RNA-seq gene expression data, the voom
function was utilized to standardize reads counts. Finally, these standardized chips
and RNA-seq data were analyzed by using ImFit and eBayes functions with default
parameters, and the differentially expressed genes (DEGs) of HBV and HCC were
screened by R language limma package, with a screening threshold P value < 0.01.
The DEGs of hepatitis B and HCC were screened for logFC > 1 and logFC < 1,
respectively.

Generating inflammatory and cancer-related functional modules

The database STRING (a search tool for retrieving interacting genes/proteins) is
specially designed for protein-protein interaction (PPI). It provides the most
comprehensive view of the current most complete PP, so it can be used as a metadata
base for extensive PPI analysis. All human protein interaction data in this study were
derived from STRING data, involving 405916 interaction pairs of 10514 proteins. Then
the inflammation and cancer DEGs were mapped onto the PPI network, and the
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maximum connected component was obtained. Based on the maximum connected
component generated above, we used the perfect MCODE method with default
parameters to identify the functional modules related to inflammation and cancer.
Cytoscape 3.6.1 network visualization software and ClusterONE algorithm were used
to select modules with node degree > 50, and 16 modules were obtained

Crosstalk analysis to build a module level bridge

The roles of HBV- and HCC-related genes in the pathogenesis of HBV and HCC are
intricate, and there are innumerable links between them. Correspondingly, the
functions of the modules are also rich and colorful, and the interactions between
modules are intricate as well. In order to clarify the interactions between modules and
build a bridge between HBV and HCC at the module level, we used human PPI
information as a background set to conduct comprehensive crosstalk analysis of all
modules to further understand the interaction mechanism of co-expression modules
between HBV and HCC diseases. First, based on the hypothesis that the crosstalk
between functional modules is significant when the number of interactions is
significantly greater than the random distribution, we constructed 1000 random PPI
networks with a network size and degree of each node unchanged. Subsequently, for
each pair of modules between HBV and HCC, we compared the actual number of
interactions with the random distribution extracted from 1000 random PPI networks.
According to the computational rules, the number of interaction pairs between
modules is larger than the interaction pairs under random background. These
interactions are called crosstalk. The method of calculating significant crosstalk was as
follows: First, under the background of random network, the number of interaction
pairs between modules in N random networks was larger than that in real networks,
and the number of interaction pairs between modules was counted as n. Then the
formula for calculating p value was P = n/N (in this study, N = 1000). When P < 0.05,
it can be considered that these crosstalk modules are more significant than random
ones. Finally, Cytoscape was utilized to elucidate the significant crosstalk to
intuitively observe the complex regulatory relationship between co-expression
modules.

Functional and pathway enrichment analysis

Functions and signaling pathways are often important mediators of genes and
diseases, and the study of them is often an effective means to explore the molecular
pathways and potential mechanisms of diseases. Therefore, enrichment analysis of
Gene Ontology (GO) function (P value cutoff = 0.01, g value cutoff = 0.01) and KEGG
pathway (P value cutoff = 0.01, g value cutoff = 0.01) was carried out for all modules
related to HBV and HCC using R language Cluster profiler package, respectively.
Subsequently, we extracted the functions and pathways involved in both HBV and
HCC, and considered them to be the molecular bridges between the two diseases at
the levels of function and pathway.

Pivot analysis predicts module transcriptional regulators and potential drugs

Pivot node is a node that not only interacts with two modules but also has at least two
pairs of interactions with each module. The hypergeometric test significance analysis
of the interaction between the node and each module is P < 0.05. Python program was
written to find the pivot node of the interaction module for further analysis. Gene
transcription and post-transcriptional regulation are often driven by non-coding RNA
(ncRNA) and TFs. Hence, we scientifically predicted and detected their role in HBV-
and HCC-related dysfunction modules. Pivot is defined as a regulator that has
significant regulatory effects on modules in the pathogenesis of HBV and HCC
including ncRNA, TFs, and potential drugs. More than two control links between
each regulator and each module were required, and the significance of enriched
targets in each module based on the hypergeometric test calculation was P < 0.01. In
addition, we examined the overlap of DEGs between HBV and HCC in these
significant pivot regulators.

RESULTS

Identification of liver functional inflammation and cancer-related modules

Biologists have conducted many experiments and studies on the relationship between
HBV and HCC, and determined that HBV infection is a key factor that induces HCC.
However, the complex interaction mechanism between them remains unclear.
Therefore, molecular links and functional effects of HBV and HCC were explored
during the course of disease. We integrated related genes of the samples and screened
the DEGs of HBV and HCC. Through significant screening of DEG, 394 HBV
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significant DEGs and 4185 HCC significant DEGs were obtained. After screening of
HBV- and HCC-related DEGs, 135 common genes were obtained (Figure 1).

In order to determine the functional clusters of hepatitis B and HCC DEGs, we
searched 4444 differential gene interactions based on the PPI network. In our results,
16 dysfunction modules were obtained including 1585 nodes and 145616 edges. As
shown in the table, inflammation and cancer DEGs were closely clustered together in
the modules. We also observed that butyrylcholinesterase had the largest connectivity
(16) in the modular network among the common genes of HBV and HCC, while
lipoprotein metabolism and fatty acid-binding protein 5 were linked to 15 other genes
respectively, which means that the 3 genes played a central role in their modules. At
the same time, their modules were significantly involved in hepatitis B and HCC,
which could be a bridge molecule between HBV and HCC. Therefore, we inferred that
HBV and HCC may promote their own proliferation through some common function
module-related genes, and are closely related to the microenvironment of liver
diseases.

Key bridge molecules between HBV and HCC

The expression level of the same gene in two related diseases is different, which may
represent the progressive bridge between diseases. Therefore, to identify key bridge
molecules between HBV and HCC, we screened 135 common DEGs of diseases to
identify key molecules that could characterize the process of HBV to HCC. Sixty-
seven persistent dysregulated genes were obtained. Interestingly, these genes were
upregulated, and most of the genes in HCC were significantly higher than those in
HBV. Thus, these significantly elevated genes could characterize the progression of
disease from HBV to HCC and are key genes for bridging the two diseases. On the
other hand, overlapping screening of pathogenic module genes clustered by DEGs
clarified that the same genes existed among multiple modules. A total of 366
overlapping genes were screened, which indicated that these genes could be
associated with the disease process of HBV-related HCC at the same time.
Subsequently, the connectivity of module genes was calculated and analyzed. The
results suggested that the highest connectivity of PIK3CD was 670, and there were 15
genes larger than 600. The higher the connectivity, the more significant the role of the
gene in the whole regulatory network, and the more important influence it has in the
process of two diseases.

Significant crosstalk and shared signal pathway between common modules of HBV
and HCC

A total of 54% of all HCC cases are associated with HBV, making it the most common
cause of cancer worldwide!'l. In addition to directly overlapping nodes as the most
direct bridge between HBV and HCC, we also analyzed other possible links between
inflammation and cancer. In other words, PPI was used to find the crosstalk
interaction among modules, and 40 significant crosstalk connections were obtained by
screening the significant crosstalk. Because Module 7 had the highest connectivity
among them, focusing on the genes of Module 7 allowed us to further understand the
bridge mechanism. Inflammatory mediators play an important role in the
microenvironment of tumors, which can affect all stages of tumorigenesis and
development, especially the initial stage of formation. Based on GO functional
analysis, we found that DEGs of the central dysfunction module tended to
significantly enrich multiple disease functions (Figure 2). These pathways included
positive regulation of lipid kinase activity, protein kinase B signal transduction,
phosphorylation of phosphatidylinositol, acute inflammatory response, and myocyte
proliferation. The modules not only shared some DEGs, but also participated in the
same or similar functions and paths through crosstalk interaction. In conclusion,
exploration of bridge mechanism at the module level suggested that the connections
of HBV and HCC could communicate and transit through module bridging to a
certain extent, demonstrating the process of disease under the global effect. Therefore,
exploring the potential processes of crosstalk and molecular linkage through crosstalk
may further our understanding of the detailed pathogenesis of HBV-related HCC.

TF and ncRNA driving liver inflammation and cancer progression

Although the regulation of HBV-related HCC by single or several TFs and ncRNA has
been extensively studied, little attention has been paid to their comprehensive
regulation of dysfunctional modules. Therefore, in order to explore these
transcriptional regulators, we applied the predictive analysis of regulators to the
dysfunction module based on the relationship between transcription and post-
transcriptional regulation. We obtained 496 ncRNAs and 158 TFs involving 739
ncRNA-Module interaction pairs and 213 TF-Module interaction pairs. Statistical
analysis of the predicted results showed that there were five regulatory modules,
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HBV HCC

259 (5.8%) 135 (3%) 4050 (91.1%)

Figure 1 Common differentially expressed genes between HBV and HCC. Veen map shows the same and
different genes between HBV-differentially expressed genes and HCC-differentially expressed genes. A total of 135
identical genes were obtained. HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma.

which were targeted by long-chain ncRNA MALATI1, and three modules were
targeted by mi410-3p. Other ncRNAs also regulated multiple dysfunction modules to
varying degrees, and had potential regulatory effects on HBV and HCC. According to
statistics, TF PPARA could regulate five modules, and NFKB1 and RELA also had
significant regulatory effect on the four modules. These TFs may mediate the
occurrence and development of HBV-related HCC and play a crucial role in the
process of disease.

Three of the same miRNAs in HBV and HCC were identical to the predicted
ncRNA including miR-192, miR-215, and miR-874. At the same time, it was predicted
that three genes in the TFs of the regulatory module were identical to those of the
persistent disorder including EGR2, FOS, and KLF4 involved in modules 1 and 9.
According to the analysis of GO function, these two modules mainly play a role in
regulating the JAK-STAT and MAPK signaling pathways. Therefore, we presume that
these six TFs and ncRNAs are key regulatory factors and key components of
connecting HBV and HCC bridges. Generally speaking, it is convenient for us to
understand the potential mechanism of disease by exploring the regulatory role of
pivot regulators in dysfunction modules. The pivot regulators can also be used as
candidates for further experimental studies by other biologists.

Prediction of potential drugs and targets for effective inhibition of HBV-HCC
process based on bridge mechanism

Potential drug prediction was made based on the bridge mechanism and drug target
information between HBV and HCC explored previously. The results reported that
1,633 drug-module drug target pairs of 953 drugs may represent the potential
therapeutic mechanism of the disease. In the statistical results, Sarilumab had
significant pharmacological effects on six modules, while Capsaicin, Imipramine, and
Mirtazapine had potential therapeutic or side effects on five modules. Other drugs
also had different degree of targeting dysfunction modules, which had a certain
regulatory effect on HBV and HCC. After screening the same DEGs of the two
diseases, 21 drug target genes were found, and each gene corresponded to multiple
drugs (Figure 3). In conclusion, these targeted drug predictions of bridge molecules
and functional dysfunction modules provide references and inspirations for biologists
in the treatment of diseases and the analysis of pharmacodynamics, and it can be used
as candidate drugs as well. Potential target drug prediction based on dysfunction
module has become an important research method for personalized treatment and
drug use.

DISCUSSION

HCC is the most difficult end-stage liver disease to cure. A total of 60%-80% of HCC
patients worldwide are potential liver diseases caused by HCV or HBV!". Although
scientists have done extensive research on the close relationship between hepatitis
and HCC, there has been a lack of exploration of molecular bridges based on
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functional modules of HBV and HCC. Therefore, resources from several databases
were integrated including gene transcription and miRNA level changes in normal and
disease patients, PPI network, transcriptional and post-transcriptional regulation, and
other related data to study the potential molecular bridge of HBV-mediated HCC. The
combination of PPI and crosstalk analysis showed that the functional module-based
method can provide abundant resources for potential candidate genes, interactions,
ncRNA, and TFs of molecular bridges between the two diseases.

In our analysis, there were 135 identical genes in the DEGs of HBV and HCC and
67 genes were assumed to be persistent dysfunctional genes among them with the
increased expression of TOP5, GRHL2, VIPR1, CHST4, SLC25A47, and FXYD1 from
hepatitis to HCC. We postulate that these genes play an important role in the
occurrence and development of HCC induced by HBV, which has been confirmed in
some previous studies. GRHL2 levels in alcoholic liver patients and model mice
increased significantly among them, which seems to increase the level of hepatic
inflammation by targeting the inhibition of the transcription of microRNA122, while
HIF1 alpha can promote the metastasis of cancer cells and angiogenesis!**'. Inhibitory
effect on miRNA 122 can also affect the differentiation potential of hepatic
stem/ progenitor cells and aggravate the occurrence of liver diseases”. GRHL2 can
also promote cell proliferation in a variety of HCC cell lines and is significantly
associated with early recurrence of HCC™I. In addition, the binding of VIP to
receptors can participate in neutrophil recruitment, adhesion molecule expression,
and fibrinogen synthesis in different target organs to regulate inflammation™. VIPR1
is expressed in the majority of most common human tumors including breast cancer,
prostate cancer, pancreatic cancer, lung cancer, colon cancer, gastric cancer, liver and
bladder cancers, lymphoma, and meningioma™!. In addition, Jinawath et al*!
identified a significant increase in CHST4 expression in intrahepatic cho-
langiocarcinoma disease samples by gene expression profile. As an organ with
metabolic function, the liver plays a major role in metabolism-related proteins in
tissues and cells, and the imbalance of metabolism-related proteins may cause liver
dysfunction, even the occurrence of diseases. SLC transporters, as the "metabolic
gates" of cells, mediate the transport of many essential nutrients and metabolites.
Human genome studies have identified SLC transporters as susceptible or pathogenic
genes in various diseases such as cancer, cardiovascular disease, metabolic disorders,
autoimmune diseases, and neurological dysfunction. Finally, FXYD proteins can act
as Na, K-ATPase functional regulators by reducing the affinity of the system to
potassium and sodium. The expression level of FXYD proteins in normal liver tissues
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Figure 3 Potential drugs with significant effects on common gene. Yellow nodes represent common genes, and green nodes represent potential drugs.

is low, but it has a significant increase in the detection data in this study, de-
monstrating that FXYD is also a key gene causing liver diseases!*.

Through in-depth analysis of HBV-related HCC dysfunction module, it was found
that overlapping genes existed among multiple modules, including a variety of
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chemokines that have the ability to chemoattract white blood cells to the site of
infection, thereby regulating the inflammatory response. CCL21 also participated in
five modules. CCL21 chemokines bind to CR7 receptors and T cells of mature DCs
regulated DC migration to the white pulp of the spleen, where physical contacts with
lymphocytes triggers immune cell responses and regulates tumor-mediated
immunosuppression . Another chemokine CCL20 participated in four modules
simultaneously, and its expression level in HBV-infected cells was markedly
increased. CCL20/CCR6 chemokine/receptor axis is able to recruit CCR6-positive
white blood cells into the tumor microenvironment and promote the initiation and
progression of HCCP'*?l. While some chemokine receptors also existed in several
modules. The knockdown of CCR1 results in the reduction of HCC metastasis
promoter osteopontin in vitro and in vivo induced liver cancer migration, invasion,
and lung metastasis™.. In addition, PIK3CD had the highest 670 connectivity among
all modules, which is a key regulatory gene with one-stop and whole-body effects.
The high expression of PIK3CD can promote the proliferation and migration of HCC
cells, and also participates in acute liver injury model in mice. Long-term
inflammation of liver injury is an important factor leading to liver fibrosis and even
cirrhosis and HCCP**L. Later, interesting module pairs were observed and module 4
and module 6 showed significant crosstalk, including the most common DEGs of
which most were related to chemokines and receptors. Functional analysis showed
that they may regulate pivot regulators by regulating inflammation, cell cycle
regulation, and cell adhesion, thus completing the potential relationship between
HBV and HCC.

Transcriptional and post-transcriptional regulation are regarded as key factors in
the occurrence and development of diseases. Evaluating the transcriptional regulation
of dysfunction module has become an important means to explore the bridge
molecules of HBV-mediated HCC pathogenesis in a comprehensive manner. To
elucidate the transcriptional regulatory factors associated with the molecular links
between the two diseases, pivot regulators were analyzed based on transcriptional
and post-transcriptional regulatory relationships. The results showed that MALATI,
ANCR, and BANCR were the main long-chain ncRNAs, miRNAs dominated by
miRNA-410-3p, TFs dominated by PPARA, NFKB1, and RELA had significant
regulatory effects on dysfunction modules. For common DEGs of HBV and HCC
persistent disorder genes and miRNAs, the same genes were found with these pivot
regulators including EGR2, FOS, and KLF4, as well as miR-192, miR-215, and miR-
874. These genes exist in two disease-related modules and play a regulatory role in
these modules, so they can be presumed to be key bridge molecules between diseases.
These genes regulated activation of T cell, production of cytokine, change of cell cycle,
activation of inflammatory and cancer-related signaling pathways by targeting
multiple genes in the module. EGR plays a crucial role in the expression of FasL
mediated by HBx, thus affecting the occurrence of HBV-related HCCFl. Inhibition of
EGR2 in HCC cell lines reduces the expression of SOCS-1 and the phosphorylation of
JAK2 and STATS3, thus affecting cell proliferation””!. FOS signal transduction is
associated with TLR9-mediated IFN production in plasma-like dendritic cells, and the
gene expression level of it is also significantly changed in HCCP**l. KLF4 affects
inflammation by regulating M1/M?2 macrophage polarization, and can also be used as
a candidate marker for HCC development!**!l. The regulation of small RNA is the
focus of biological mechanism research. Among them, miRNA-192 not only affects the
replication of HBV, but also affects the proliferation of HCC cell lines through the
regulation of apoptotic proteins and ER stresst*’l. MiRNA-215 is significantly
correlated with hepatitis grade, fibrosis stage, and tumor tissue differentiation!*’l.
MiRNA-874 can inhibit the angiogenesis of endothelial cells derived from tumors.
Overexpression of miRNA-874-3p in HCC cell lines can significantly inhibit cell
growth and colony formation, and promote cell apoptosist***l. Based on the functions
of these transcriptional and post-transcriptional regulators, it is believed that they
may represent key linkages in the development of HBV to HCC. TFs mediated
modules 1 and 9, which is an important mechanism of dysfunction. All pivot
regulators mediated dysfunction modules and played an overall regulatory role
including the recombinant genes, indicating the potential pathogenesis of HBV-
related HCC.

Drug prediction results based on multi-regulator-driven dysfunction module and
drug target information showed that Sarilumab had significant regulatory effects on
six dysfunction modules. Sarilumab is a human monoclonal antibody against IL-6
receptor-alpha, which has the ability to reduce neutrophils, showing that the drug has
a certain effect on inflammation’. 26 DEGs results were obtained with DEGs
targeting HBV and HCC. Among them, butyrylcholinesterase targeted predictive
drug Mefloquine acts on the beta-catenin pathway and plays a role in the treatment of
HCCI. Sulpiride induces fatty liver in rats by phosphorylating IRS-1 in Ser 307-
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mediated adipose tissue insulin resistance, so the drug may have potential toxic side
effects on the liver”’l. Many drugs need to be further explored for their treatment or
side effects. However, this study provides a new method for choosing common drugs
for HBV and HCC. This is not just helpful for drug research and development
personnel to conduct drug screening, but also provides theoretical guidance for
clinical medical personnel to conduct personalized treatment. Generally speaking, the
functional module-based approach can not only comprehensively and thoroughly
explore the mechanism of the occurrence and development of disease, but also predict
its potential therapeutic methods and mechanisms.

ARTICLE HIGHLIGHTS

Research background

The potential role of chronic inflammation in the development of cancer has been widely
recognized. However, there has been little research fully and thoroughly exploring the molecular
link between hepatitis B virus (HBV) and hepatocellular carcinoma (HCC).

Research motivation
To conduct a comprehensive and in-depth discussion on the bridge mechanism between HBV
and HCC.

Research objectives
The purpose of this study was to explore the co-imbalance bridging molecules between HBV and
HCC and their potential drugs based on the dysfunction module.

Research methods

First, maladjusted genes shared between HBV and HCC were identified by disease-related
DEGs. Second, the PPI network based on dysfunctional genes identified a series of dysfunctional
modules and significant crosstalk between modules based on the hypergeometric test. In
addition, key regulators were detected by pivot analysis. Finally, targeted drugs that have
regulatory effects on diseases were predicted by modular methods and drug target information.

Research results

The study found that 67 genes continued to increase in the HBV-HCC process. Moreover, 366
overlapping genes in the module network participated in multiple functional blocks. It could be
presumed that these genes and their interactions play an important role in the relationship
between inflammation and cancer. Correspondingly, significant crosstalk constructed a module
level bridge for HBV-HCC molecular processes. On the other hand, a series of ncRNAs and TFs
that have potential pivot regulatory effects on HBV and HCC were identified. Among them,
some of the regulators also had persistent disorders in the process of HBV-HCC including
miRNA-192, miRNA-215, and miRNA-874, and EGR2, FOS, and KLF4. Therefore, the study
concluded that these pivots are the key bridge molecules outside the module. Last but not least,
a variety of drugs that may have some potential pharmacological or toxic side effects on HBV-
induced HCC were predicted, but their mechanisms need to be further explored.

Research conclusions

The results suggest that the persistent inflammatory environment of HBV can be utilized as an
important risk factor to induce the occurrence of HCC, which is supported by molecular
evidence.

Research perspectives
In the future, research may comprehensively and thoroughly explore the mechanism of HCC
occurrence and development and predict the potential therapeutic methods and mechanisms.
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Abstract

BACKGROUND

Proton pump inhibitors (PPIs) are widely prescribed, often without clear
indications. There are conflicting data on its association with mortality risk and
hepatic decompensation in cirrhotic patients. Furthermore, PPI users and PPI
exposure in some studies have been poorly defined with many confounding
factors.

AIM
To examine if PPI use increases mortality and hepatic decompensation and the
impact of cumulative PPI dose exposure.

METHODS

Data from patients with decompensated liver cirrhosis were extracted from a
hospital database between 2013 to 2017. PPI users were defined as cumulative
defined daily dose (cDDD) > 28 within a landmark period, after hospitalisation
for hepatic decompensation. Cox regression analysis for comparison was done
after propensity score adjustment. Further risk of hepatic decompensation was
analysed by Poisson regression.

RESULTS

Among 295 decompensated cirrhosis patients, 238 were PPI users and 57 were
non-users. PPI users had higher mortality compared to non-users [adjusted HR =
2.10, (1.20-3.67); P = 0.009]. Longer PPI use with cDDD > 90 was associated with
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higher mortality, compared to non-users [aHR = 2.27, (1.10-5.14); P = 0.038]. PPI
users had a higher incidence of hospitalization for hepatic decompensation [aRR
=1.61, (1.30-2.11); P < 0.001].

CONCLUSION

PPI use in decompensated cirrhosis is associated with increased risk of mortality
and hepatic decompensation. Longer PPl exposure with cDDD > 90 increases the
risk of mortality.

Key words: Proton pump inhibitor; Liver cirrhosis; Mortality; Hospitalisation;
Complications; Portal hypertension; Variceal bleeding; Ascites; Spontaneous bacterial

peritonitis; Hepatic encephalopathy

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Most proton pump inhibitor (PPI) studies have issues with poorly defining PPI
users and having baseline confounders. Also, studies on PPI use in liver cirrhosis have
not been focused on decompensated cirrhosis. Using propensity score analysis, we
adjusted for 43 variables including baseline characteristics, comorbidities, PPI
indication, and medications (including antiplatelets). Landmark analysis was used to
define PPI users to reduce bias. PPI use in patients with decompensated liver cirrhosis
was associated with higher mortality and increased risk of hepatic decompensation
requiring hospital admissions. Longer PPI exposure with > 90 defined daily doses further
increased mortality risk.

Citation: De Roza MA, Kai L, Kam JW, Chan YH, Kwek A, Ang TL, Hsiang JC. Proton
pump inhibitor use increases mortality and hepatic decompensation in liver cirrhosis. World J
Gastroenterol 2019; 25(33): 4933-4944
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INTRODUCTION

Liver cirrhosis is associated with significant morbidity and mortality!], especially
when portal hypertension-related complications or hepatocellular carcinoma (HCC)
develop. Several host factors are associated with increased risk of morbidity and
mortality in cirrhotic patients including type 2 diabetes”’, older age, obesity, and
alcohol consumption®l. Recent studies have shed light on abnormal gut microbiota
composition and dysbiosis playing an important role in the pathophysiology of
cirrhosis complications such as hepatic encephalopathy (HE), spontaneous bacterial
peritonitis (SBP) and acute on chronic liver failure*.

Proton pump inhibitors (PPIs), a frequently prescribed medication worldwide, has
been shown to promote alterations in gut microbiota’*}, leading to dysbiosis and
impaired gut barrier function”!. Its use in cirrhosis patients is associated with
increased risk of SBP and HE'-'!l. In addition, Bajaj et all'" showed that gut microbiota
is modulated by PPI and results in increased oral origin microbiota, which can reduce
upon PPI withdrawal. They also showed that initiation of PPI was an independent
risk factor for hospital readmissions among cirrhotic patients; the 30-d readmission
for those discharged with PPI was 50% compared to 32% for those who were not on
PPI (P =0.02).

Despite the increasing concerns of PPI use, it is still widely prescribed in liver
cirrhosis patients. One study showed 62.7% of hospitalised cirrhosis patients were
prescribed PPIs with unclear indications!"”.. It is particularly concerning as PPIs are
metabolised in the liver by cytochrome CYP450!"*4l, and as a result, their half-life
increases by 4-8 h in cirrhotic patients!”l. There have been concerns that PPI use
increases the risk of mortality in patients with decompensated liver disease”, and
those with HE!"", but other studies dispute the association of mortality with PPI use in
decompensated cirrhosis or cirrhotic patients with SBP"***l. Of the published data on
PPI use and mortality in cirrhotic patients!"'*'l, “PPI users” are often defined as
patients with PPI prescriptions at the study inclusion, and PPI dose duration is not
measured. These could potentially lead to guarantee-time bias and exposure
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classification bias!"’?’l. Furthermore, given that PPI is widely used as a
gastroprotective agent in patients with cardiovascular disease taking aspirin and
antithrombotic agents, these should be adjusted as confounders.

Currently, the evidence supporting PPI exposure and increased mortality in
cirrhosis patients is still not clear, with potential biases as PPI user status and dose
exposure not well defined. Furthermore, data are lacking on the dose-dependent
effect of PPI on mortality risk and further hepatic decompensation among cirrhotic
patients, especially when PPI metabolism is affected in this population!”l. Therefore,
we assessed if long-term PPI use in decompensated liver cirrhosis patients would
increase the risk of mortality after adjusting for potential biases and defining true
dosage exposure. The secondary aim was to determine if PPI use increases the risk of
hospital admissions for further hepatic decompensation in patients with
decompensated liver cirrhosis.

MATERIALS AND METHODS

Patient selection

Patients with liver cirrhosis using ICD10 coding (Supplemental Table 1) were
extracted from January 2013 to June 2017 from the Changi General Hospital electronic
database. Patient demographics, medical comorbidities (based on ICD codings
forming Charlson’s comorbidity index; Supplementary Table 1), biochemical profile,
baseline medication use (Supplementary Table 2), and history of prior hepatic
decompensation were reviewed and verified by three investigators. Clinical ICD
codings of United States Food and Drug Administration (FDA)-approved PPI
indications were also extracted such as gastroesophageal reflux disease (GERD),
esophagitis, and peptic ulcer disease. Patients over 18 years of age with liver cirrhosis
confirmed by histology, imaging or transient elastography and hospital admissions
for hepatic decompensation during this period were included. Patients without
hepatic decompensation were excluded.

The codings of hospital admission diagnoses were regularly reviewed and audited
by the hospital medical record department to maintain data integrity as expected of a
restructured public hospital governed by the health ministry. Mortality data were
obtained from the Singapore National Registry of Diseases Office, and the date of
liver transplant, if any, was obtained from the National Organ Transplant of
Singapore.

The study’s protocol conformed to the ethical guidelines of the 1975 Declaration of
Helsinki as reflected in a priori approval by our institution's human research
committee.

Outcomes

The primary outcome of this study was overall mortality, defined as death or liver
transplant, whichever came first. The secondary outcome was the rate of further
hepatic decompensation-related hospital admissions after the index admission at
baseline. For secondary outcomes, each patient’s hospital admission notes were
reviewed by three investigators to verify that coding diagnoses of hepatic
decompensation admissions were accurate. Hospital admissions for elective
procedures such as radiofrequency ablation or trans-arterial chemoembolisation of
HCC and those with incomplete data were excluded from the study.

The hepatic decompensation events were ascites, SBP, HE, variceal bleeding, and
hepatorenal syndrome, as defined by current guidelines”!l. Overall survival was
calculated from the end of the designated landmark period until the census date of
31t December 2017. Patients who died within the landmark period were excluded
from primary analysis to reduce biases.

Definition of PPI user status
In pharmacoepidemiologic studies, there are biases involved in comparing time-to-
event data for different groups as classification to “event” or “event-free” groups are
dependent on length of follow-up”l. Therefore, by using the landmark method, a
fixed time after the initiation of therapy was selected as a landmark for conducting the
survival analysis, which would minimise immortal time, selection, and indication
bias. Taking this into consideration, we used a landmark period of 3 mo before to 6
mo after index hepatic decompensation admission (-3 mo to +6 mo), to define PPI user
status.

The period of 3 mo before index admission (-3 mo to time 0) was utilised as PPI use
in hospitalised cirrhotic patients, as it has been found to increase the risk of 1-mo and
3-mo hospital readmission rates!'”l. Exclusion of these patients who were on PPI just
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Table 1 Baseline characteristics between non-users and proton pump inhibitor users for the 6-

mo landmark period

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

Baseline characteristics Non-user(n=57) PPluser(n=238) P value
Gender, n (%) 0.96
Male 39 (68.4) 162 (68.1)

Female 18 (31.6) 76 (31.9)

Age in yr, Mean (+ SD) 60.0+13.3 633+124 0.07
Race, 11 (%) 0.95
Chinese 33 (57.9) 132 (55.5)

Malay 10 (17.5) 50 (21.0)

Indian 8 (14.0) 33 (13.9)

Others 6 (10.5) 23 (9.7)

Aetiology of cirrhosis, 1 (%) 0.07
Hepatitis B 11 (19.3 42 (17.6)

Alcohol 16 (28.1) 42 (17.6)

Hepatitis C 11 (19.3) 52 (21.8)

NASH 9 (15.8) 74 (31.1)

Autoimmune 4(7.0) 4(1.7)

Others 6 (10.5) 24 (10.1)

Index hepatic event, n (%)

HCC 6 (10.5) 20 (8.4) 0.61
Ascites 37 (64.9) 121 (50.8) 0.06
SBP 4(7.0) 15 (6.3) 0.77
HE 9 (15.8) 59 (24.8) 0.15
Variceal bleed 8 (14.0) 53 (22.3) 0.17
History of the following, 7 (%)

HCC 0(0.0) 9(3.8) 0.21
Ascites 9 (15.8) 32 (13.4) 0.65
HE 1(1.8) 10 (4.2) 0.70
Variceal bleed 9 (15.8) 42 (17.6) 0.74
SBP 2(3.5) 6(2.5) 0.65
Biochemical results at baseline;

Mean (+ SD) or median (IQR)

Albumin in g/L 27.0+47 281+6.2 0.14
INR 1.12 (1.01-1.26) 1.13 (1.03-1.28) 0.73
Creatinine in pmol/L 79.0 (65.0-124.5) 86.0 (66.8-117.0) 0.58
Bilirubin in pmol/L 29.4 (17.0-56.8) 25.9 (16.3-74.0) 0.16
Platelet count as 10°/L 105.5 (67.3-150.3) 104.0 (71.0-159.0) 0.82
Haemoglobin in g/dL 114+23 10.8+2.6 0.15
MELD, median (IQR) 11.0 (8.0-14.5) 10.5 (8.0-14.3) 0.56
Medical comorbidities, 1 (%)

GERD 0(0.0 19 (8.0) 0.03
Esophagitis ( 17 (7.1) 1.00
Peptic ulcer disease 1(1.8 32 (13.4) 0.01
Type 2 diabetes' 0.16
None 33 (57.9) 105 (44.1)

Uncomplicated 14 (24.6) 70 (29.4)

End-organ damage 10 (17.5) 63 (26.5)

Malignancy' 0.84
None 47 (82.5) 199 (83.6)
Leukaemia/lymphoma/localised solid tumour 8 (14.0) 33 (13.9)

Metastatic solid tumour 2(3.5) 6 (2.5)

HIV/AIDS' 1(1.8) 2(0.8)

Renal impairment’ 9 (15.8) 51 (21.4)

Congestive heart failure' 4(7.0) 21 (8.8)
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Myocardial infarct' 2(3.5) 33 (13.9)
COPD' 2(3.5) 9(3.8)
PVD! 0(0.0) 4(1.7)
CVA/TIA 2(3.5) 24 (10.1)
Dementia’ 1(1.8) 9(3.8)
Hemiplegia' 0(0.0) 3(1.3)
2(3.5) 4(17)

Connective tissue disease’
Baseline medications:

Antivirals for viral hepatitis:

Chronic HBV on long-term antivirals 2/11 (18.2) 14/42 (33.3) 0.48
Chronic HCV treated with DAA” 0/11 (0.0) 3/52 (5.8) 1.00
Use of other concurrent medications, > 3 mo use

Insulin 2(3.5) 42 (17.6) 0.01
Sulphonylureas 8 (14.0) 51 (21.4) 0.21
Insulin sensitisers 2(3.5) 24 (10.1) 0.11
Metformin 5(8.8) 45 (18.9) 0.07
DPP4 inhibitors 4(7.0) 2(0.8) 0.01
Antiplatelet 5(8.8) 45 (18.9) 0.067
Aspirin 5(8.8) 38 (16.0) 0.17
Statins 2(3.5) 29 (12.2) 0.06
ACE-I/ARB 4(7.0) 43 (18.1) 0.04
Non-selective beta blockers 8 (14.0) 81 (34.0) 0.003
Selective beta blockers 2(3.5) 22 (9.2) 0.19

!As defined by Charlson’s comorbidity index;

23 patients given 12 wk of sofosbuvir/daclatasvir/ribavirin for hepatitis C virus cirrhosis; direct acting
antiviral only became fully funded in early 2017. NASH: Non-alcoholic steatohepatitis; MELD: Model of end-
stage liver disease; GERD: Gastroesophageal reflux disease; HIV/AIDS: Human immunodeficiency
virus/acquired immune deficiency syndrome; COPD-Chronic obstructive pulmonary disease; PVD:
Peripheral vascular disease; CVA/TIA: Cerebrovascular accident/transient ischemic attack; DPP4:
Dipeptidyl peptidase-4; ACE-I/ ARB: Angiotensin converting enzyme inhibitor/angiotensin II receptor
blocker; DAA: Direct acting antiviral; HE: Hepatic encephalopathy; SBP: Spontaneous bacterial peritonitis;
HCC: Hepatocellular carcinoma; IQR: Interquartile range; PPI: Proton pump inhibitor.

prior to liver decompensation would be a bias. Two additional landmark periods
were used to validate the primary outcome: -3 mo to +3 mo and -3 mo to +9 mo.

PPI doses were defined using the “defined daily dose (DDD),” which is
recommended by the World Health Organization to objectively measure the
prescribed amount of a drug!™!. The cumulative defined daily dose (cDDD) =28 (=1
mo of use) of prescribed medication was chosen, as PPI exposure of 1 mo has been
reported to significantly cause adverse outcomes!™l. For the current study, PPI users
were defined as those with a cDDD 2 28 within the landmark period. Patients with a
past history of PPI use more than 3 mo prior to index admission were excluded from
the study. Non-users were defined as those with cDDD < 28 within the landmark
period, those with no PPI prescribed during the landmark period, or those prescribed
with PPI after the landmark period regardless of the cumulative dosage.

Other relevant medication use at baseline, which could influence primary and
secondary outcomes were also considered. Long-term use of concurrent medication
was defined by more than 3 mo of medication prescribed, and was adjusted for in the
analysis (Supplementary Table 2).

Statistical analysis

Categorical data were presented as frequency (percentage). Numeric data were
presented as mean [standard deviation (SD)] for parametric distribution and median
[interquartile range (IQR)] for non-parametric distribution. The differences in
characteristics between PPI users and non-users were examined using the Chi-Square
test or Fisher’s Exact test for categorical variables, and two-sample t-test or Mann
Whitney U-test for numerical variables, where appropriate.

Propensity score (PS) was first generated using logistic regression to reduce the
selection bias of treatment allocation by balancing the characteristics of patients
between treatment and control groups. The characteristics of patients such as
demographics, aetiology of liver cirrhosis, history of HCC, and previous
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Table 2 Mortality risk of proton pump inhibitor users by landmark periods and cumulative dose
exposure

Periods Number of patients Adjusted HR (95%CI) P value
6-mo landmark: (-3 to +6 mo) Non-user = 57 PPI user = 238 Ref 2.10 (1.20-3.67) 0.009
3-mo landmark: (-3 to +3 mo) Non-user = 71 PPI user = 261 Ref 1.36 (0.90-2.06) 0.143
9-mo landmark: (-3 to +9mo)  Non-user = 42 PPI user = 221 Ref 3.44 (1.50-7.85) 0.003
Variable Dose Exposure Number of patients Adjusted HR (95%CI) P value
6-mo landmark: (-3 to +6 mo)

Non-user 57 Ref

c¢DDD 28-90 18 1.34 (0.48-3.73) 0.579
<¢DDD 91-180 27 2.27 (1.10-5.14) 0.038
c¢DDD > 180 193 2.08 (1.17-3.61) 0.011
3-mo landmark: (-3 to +3 mo)

Non-user 71 Ref

c¢DDD 28-90 24 1.49 (0.74-3.03) 0.266
<¢DDD 91-180 34 2.04 (1.13-3.07) 0.019
c¢DDD > 180 203 1.33 (0.87 - 2.03) 0.188
9-mo landmark : (-3 to + 9 mo)

Non-user 42 Ref

cDDD 28-90 20 4.02 (1.33-12.12) 0.013
c¢DDD 91-180 22 3.38 (1.17 - 9.82) 0.025
c¢DDD > 180 179 3.52 (1.53 - 8.09) 0.003

HR: Hazard ratio (with propensity score adjustment); CI: Confidence interval; cDDD: Cumulative defined
daily dose; PPI: Proton pump inhibitor.

decompensation (ascites, variceal bleed, SBP, HE, hepatorenal syndrome), medical co-
morbidities, baseline MELD score, and baseline medication use
(Supplementary Table 2), which could potentially confound the results on mortality
and hospitalisation risks were adjusted for. For any significant differences in PS
between the two groups, PS was further categorised into four quartiles in the two
groups separately for matching.

After PS adjustment for 43 clinically important confounding variables at baseline,
which could influence mortality and recurrent hepatic decompensation (Table 1), the
effect of PPI use on mortality was assessed using the Cox proportional hazards model.
Further variable landmark periods and subgroup analyses were performed to
determine subgroups with increased risk of mortality. For secondary outcome of
hospital admission for hepatic decompensation, Poisson regression (loglinear) was
used with adjustment for PS (similarly as for primary outcome) and overall survival
or number of days of follow-up. Relative risk and its 95% confidence interval (CI)
were presented. A two-tailed, P value < 0.05 was considered statistically significant.
Statistical analysis was performed with SPSS statistical software, version 19.0 (IBM
Corp., Armonk, NY, United States). Statistical analysis and review were performed by
biomedical statisticians.

RESULTS

A total of 2318 patients with ICD codings for liver cirrhosis at inpatient admissions
were identified. A final cohort of 511 patients was included for landmark analysis
(Figure 1), with 295 patients in the chosen landmark period of 6 mo. A total of 238
patients were PPI users and 57 were non-users; their baseline characteristics are
described in Table 1. There were no significant differences in history of SBP or HE,
between the PPI users and non-users. There was a higher usage of aspirin, anti-
platelet drugs, statins, and non-selective beta blockers in the PPI user group compared
to non-users. The baseline characteristics described were before propensity
adjustment.

Overall risk of mortality
In the 6-mo landmark cohort, 102 of 238 (42.9%) PPI users and 13 of 57 (22.8%) non-
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Figure 1 Consort diagram of landmark analysis. PPI: Proton pump inhibitor.
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users died during the median follow-up period of 551 (IQR: 231-1017) and 584 (289-
1152) d, respectively. Seven PPI users and one non-user underwent liver transplant
during the follow-up period, before cox regression.

PPI users had a higher risk of overall mortality, compared to non-users with
[adjusted HR (aHR) of 2.10, 95%CI (1.20-3.670); P = 0.009] (Table 2 and Figure 2). This
was also observed in the 9-mo landmark cohort with aHR 3.44, (1.50-7.85); P = 0.003.
In the 3-mo landmark cohort, the aHR was 1.36, but this was not statistically
significant (P = 0.143). Longer PPI exposure with cDDD 91-180 was associated with
higher mortality [aHR 2.27, (1.10-5.14); P = 0.038] compared to non-users in the 6-mo
landmark cohort (Table 2). Long-term PPI exposure with cDDD > 180 was also
associated with higher mortality in the 6-mo landmark cohort [aHR 2.08, (1.17-3.61); P
= 0.011] (Table 2) and the 9-mo landmark cohort [aHR 3.52, (1.53-8.09); P = 0.003].

Subgroup and sensitivity analyses for mortality

In the subgroup analyses, PPI users with MELD15 was associated with increased
mortality risk compared to non-users [aHR = 10.30, (1.41-75.58); P = 0.022] (Supple-
mentary Table 3). There was a trend towards significance among patients with viral
hepatitis aetiology [aHR 3.23, (0.99-10.52); P = 0.052], ascites [aHR 1.91, (0.96-3.78); P =
0.063], and those without prior decompensation at baseline [aHR 1.99, (0.98-4.00); P =
0.057] (Supplementary Table 3).
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Figure 2 Survival analysis of PPl users and non-users for the 6-mo landmark period. PPI: Proton pump
inhibitor.

Risk of hospitalisation for hepatic decompensation

The clinical characteristics of 335 PPI users and 116 non-users, for secondary outcome
analysis, are described in Supplementary Table 4. There were 835 and 231 hospital
admissions for PPI users and non-users respectively, for hepatic decompensation
during the follow-up period. PPI users had a higher incidence of hospital admissions
for hepatic decompensation with adjusted relative risk (aRR) of 1.61 [95%CI: 1.30-2.11,
P <0.001] (Table 3). Similar to the survival analysis for primary outcome, there was a
dose-dependent effect of PPI on increased risk of hospitalisations for hepatic
decompensation. Those with cDDD > 180 were more likely to have admissions for
hepatic decompensation [aRR 1.91, (1.49-2.45); P < 0.001], compared to non-users
(Figure 3).

DISCUSSION

In our study of patients with decompensated liver cirrhosis, PPI users had twice the
risk of mortality [aHR 2.10, (1.20-3.67); P = 0.009] compared to non-users after
adjusting for potential biases and confounders using landmark analysis, PS
adjustment, and defined daily doses. We also found that PPI users were 61% more
likely to have hospitalisation for hepatic decompensation than non-users [aRR = 1.61,
(1.30-2.15); P < 0.001]. Longer exposure to PPI with cDDD 91-180 increased mortality
risk [aHR = 2.27, (1.10-5.14); P = 0.038] and long-term PPI use with cDDD > 180 had a
higher risk of admission for hepatic decompensation compared to non-users (P <
0.001).

Previous studies have suggested that PPI use may be associated with a higher risk
of mortality. Dultz et all'l reported PPI use to be an independent predictor of mortality
in patients with compensated and decompensated liver cirrhosis [HR = 2.33,
(1.26-4.29); P = 0.007], but another study performed on hospitalised cirrhotic patients
did not show a difference in survival between PPI users and non-users!"’. Hung ef all'"
studied the effect of inpatient PPI use on survival in cirrhotic patients admitted with
HE and reported a higher 30-d mortality in the PPI group (HR =1.360, (1.208-1.532); P
< 0.001], but not in their separate study of patients with SBP'*. These studies have not
shown consistent results on the association of PPI use and mortality, which could
potentially be related to issues with defining the duration of PPI exposure and the
classification of PPI user status, leading to potential biases. As PPI use is prevalent
particularly in patients with history of stroke or myocardial infarction, the mortality
analysis in this population should be adjusted for underlying cardiovascular disease
and the use of relevant medications. Our study showed that after correcting for these
different potential biases and 43 relevant confounders for mortality, decompensated
cirrhotic patients with PPI use, particularly with prolonged duration, have an
increased risk of mortality.

The use of PPI has been shown to induce gut dysbiosis”**!, which could increase
the risk of hepatic decompensation with HE and SBPY'%.. Our study found that PPI
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Table 3 Hospital admissions for hepatic decompensation for proton pump inhibitor users and

non-users with decompensated liver cirrhosis

Hospital admissions for liver

Number of patients decompensation
Adjusted RR (95%Cl) P value

Entire cohort PPI user = 335 Non-user = 116 1.61 (1.30-2.11) <0.001
Dose exposure
Non-user 116 Ref
c¢DDD 28-90 49 0.65 (0.39-1.08) 0.10
¢DDD 91-180 61 1.08 (0.74-1.59) 0.69
<DDD > 180 225 1.91 (1.49-2.45) <0.001

c¢DDD: Cumulative defined daily dose; RR: Relative risk; CI: Confidence interval; PPI: Proton pump inhibitor.

users with decompensated cirrhosis had a higher risk of portal hypertension-related
decompensations requiring hospital admission. Our study findings support the
evidence from a recent study showing increased all-cause, 1-mo, and 3-mo hospital
readmissions among cirrhotic patients!'.

There are several reasons that could explain higher mortality and increased
occurrence of hepatic events with PPI use in patients with decompensated liver
cirrhosis. First, pathological bacterial translocation increases with the severity of liver
diseasel*!. In decompensated cirrhosis, the secretion of antimicrobial peptides
diminishes, intestinal permeability increases, and small intestinal bacterial
overgrowth accelerates including enhanced transcellular epithelial crossing of viable
bacteria®!, all of which lead to an increased risk of pathologic bacterial translocation.
Second, gastric hydrochloric acid is bactericidal and is a defence mechanism from
ingested microorganisms!”’l. However, PPIs are strong gastric acid suppressants, thus
limiting this defence!*!. Furthermore, in liver cirrhosis, there is reduced hepatic
clearance of PPII"], which thus increases the overall PPI exposure. Last and perhaps
most importantly, PPIs also affect the gut microenvironment by modifying pH in the
stomach and small intestine and is proven to cause gut dysbiosis. Dysbiosis in
particular, can drive inflammasome-deficiency-associated changes through
microbiome derived metabolites, which worsens hepatic inflammation and produces
endotoxins that exacerbate intestinal permeability and inflammation*l. These
potentially explain why PPI use is a known risk factor for bacterial infections, HE, and
SBP. Hence, PPI use, which diminishes the body’s natural defence from
microorganisms and causes dysbiosis, in combination with increased pathological
bacterial translocation in decompensated cirrhosis could increase hepatic
decompensation, infection risk, and ultimately mortality in patients with advanced
liver cirrhosis. In our subgroup analysis, PPI users with MELD > 15 were associated
with a higher mortality risk compared to non-users. This suggests that patients with
advanced cirrhosis are more prone to effects from dysbiosis, infections, and hepatic
decompensation. Further studies are required to see if active cessation of PPI in
advanced cirrhotic patients would improve survival.

In our study, we calculated PPI exposure using cumulative defined daily doses and
used fixed landmark periods to define users, past users and non-users. This method
reduces biases in selecting “users”. In the landmark analysis, PPI use 3 mo prior to
index admission was accounted for because PPI users with cirrhosis had increased 3-
mo hospital readmission rates compared to non-users!'”. Exclusion of the group
already exposed to PPI prior to decompensation would be a confounder and reduces
the true effect of PPI on hepatic decompensation and mortality. Furthermore, there
are significant baseline clinical characteristics, comorbidities, and concurrent
medications that would be associated with hepatic decompensation, cardiovascular
events, and ultimately overall mortality. Therefore, we considered PS adjustment for
these variables (Supplementary Tables 1 and 2).

Our study had several limitations. First, PPI use was measured using physician
prescriptions available in our electronic system. We do not have data on patient
adherence to the PPI prescribed or data from private practitioners. However, only
patients on follow-up at our hospital were included. Prescriptions from and
admission to private hospitals were very minimal. To mitigate indication bias of PPI
use, we included baseline comorbidities such as GERD, esophagitis, peptic ulcer
disease, and those on anti-platelet agents such as aspirin and clopidogrel. We could
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Figure 3 Survival analysis of PPl users and non-users with decompensated liver cirrhosis by cumulative
dose exposure in the 6-mo landmark cohort. PPI: Proton pump inhibitor.

not adjust for PPI use in functional dyspepsia, but this should not require long-term
PPI use. There are several residual confounders that could have impacted mortality
and hepatic decompensation in our study such as obesity!*], sarcopenia*?, and
smoking™l. We adjusted for antibiotic use but did not include rifaximin, a non-
aminoglycoside semi-synthetic antibacterial, as it was only publicly funded in
Singapore towards the end of our study period and hence is not yet widely available.
Our study did not analyse hospital admission for other reasons without hepatic
decompensations such as pneumonia, C. difficile and enteric infections, which are
known associations with PPI usel'*l. However, most episodes of hepatic
decompensation would be triggered as a result of infections and would hence be
captured in our study. We used all-cause mortality as an objective measure of primary
outcome. The exact cause of death was difficult to ascertain in this retrospective
study. For example, when a decompensated patient was admitted for HE and passed
on after developing aspiration pneumonia and SBP, it was unclear if the cause of
death was pneumonia or a liver-related death. Analysing dichotomised outcomes for
liver and non-liver related deaths would then introduce ambiguity and bias. Finally,
our study only analysed episodes of decompensation severe enough for
hospitalisation, but not those with mild decompensated cirrhosis managed as an
outpatient.

In conclusion, PPI use in patients with decompensated liver cirrhosis is associated
with higher mortality and severe hepatic decompensations requiring hospital
admission. Further prospective studies are required to confirm these findings and
determine causality. A cumulative defined daily dose > 90 has a higher risk of
mortality and PPI should be limited to a shorter duration and dosage if needed, or
stopped if there is no indication.

ARTICLE HIGHLIGHTS

Research background

Proton pump inhibitor (PPI) use is associated with an increased risk of mortality but is not well
studied in patients with decompensated liver cirrhosis. The impact and definition of significant
dose exposure are also not known. Although previous studies have looked into this relationship,
there are several unaddressed issues such as PPI users not being well defined, the presence of
many confounding factors, and indications for PPIs not being adjusted for. Also, this particular
patient population of decompensated cirrhotic patients has not been well studied. Our study
investigated if PPI use is independently associated with increased mortality risk in
decompensated liver cirrhosis after adjustment for indications, medications, baseline variables
and co-morbidities, and established the impact of dose exposure on mortality.

Research motivation

PPIs are prescribed widely and for long durations even in patients with liver cirrhosis. If a
convincing relationship with increased mortality risk and dose exposure is established, stopping
or shortening the duration of PPIs when possible should be strongly advocated.

Research objectives

This study confirms our main objective, that PPI usage in decompensated liver cirrhosis patients
is an independent factor associated with an increased risk of mortality. In addition, a longer dose
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exposure of more than 90 cumulative defined daily doses was found to significantly increase this
risk. We hence advocate reviewing PPI use in patients with liver cirrhosis with a view to shorten
or deprescribe when possible.

Research methods

This is a retrospective cohort study using a hospital database. PPI users were defined as those
with more than 28 defined daily doses used within a study landmark period. Users and non-
users were compared after adjusting for 43 variables including baseline characteristics,
comorbidities, PPI indications, and medications.

Research results

A total of 295 patients were included for analysis in the study. PPI users had a higher mortality
compared to non-users and longer PPI use with more than 90 cumulative defined daily doses
was associated with higher mortality. PPI users also had a higher incidence of hospitalisation for
hepatic decompensation.

Research conclusions

The impact of varying PPI dose exposure in decompensated cirrhotics has not been previously
described. This study showed that a cumulative defined daily dose > 90 is associated with higher
mortality in patients with decompensated liver cirrhosis. Patients with decompensated liver
cirrhosis have increased intestinal permeability and decreased hepatic clearance of PPIs, which
predispose to gut dysbiosis and increases the risk of severe hepatic decompensation and
ultimately mortality. Higher dose exposure to PPI worsens this. PPIs can be harmful when given
for long durations in patients with decompensated liver cirrhosis by increasing the risk of further
decompensation and death. Longer PPI dose exposure, in particular more than 90 cumulative
defined daily doses can be harmful in patients with decompensated liver cirrhosis. PPIs inhibit
the bactericidal effect of gastric hydrochloric acid and predispose to gut dysbiosis. When used in
patients with decompensated liver cirrhosis who have decreased hepatic clearance of PPI, there
is increased dose exposure that can potentially cause more harm. PPI users were well defined in
this study by using defined daily doses and a cumulative dose > 28 within a landmark period.
Also, users and non-users were compared after important adjustments such as indication for PPI
use and medication use such as antiplatelets, which were not accounted for in prior studies. PPI
use should be reviewed regularly especially in patients with liver cirrhosis. It should be stopped
when there are no indications. If PPIs are indicated, dosage should be reduced to the lowest
possible dose.

Research perspectives

There were potential confounding factors that could have affected the results. However, this
represents real world data and the current difficulties faced. The differences were also minimised
using statistical methods such as propensity adjustment or matching. Future research should be
conducted to prove the mechanisms on how PPIs modulate gut microbiota causing dysbiosis
and hepatic decompensations and also to determine if PPI withdrawal can reverse mortality risk.
Larger cohort, prospective studies should be performed with a view on proving causality.
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Abstract

BACKGROUND

Carcinoembryonic antigen (CEA) is a commonly used biomarker in colorectal
cancer. However, controversy exists regarding the insufficient prognostic value
of preoperative serum CEA alone in rectal cancer. Here, we combined
preoperative serum CEA and the maximum tumor diameter to correct the CEA
level, which may better reflect the malignancy of rectal cancer.

AIM
To assess the prognostic impact of preoperative CEA /tumor size in rectal cancer.

METHODS

We retrospectively reviewed 696 stage I to 11l rectal cancer patients who
underwent curative tumor resection from 2007 to 2012. These patients were
randomly divided into two cohorts for cross-validation: training cohort and
validation cohort. The training cohort was used to generate an optimal cutoff
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point and the validation cohort was used to further validate the model.
Maximally selected rank statistics were used to identify the optimum cutoff for
CEA/tumor size. The Kaplan-Meier method and log-rank test were used to plot
the survival curve and to compare the survival data. Univariate and multivariate
Cox regression analyses were used to determine the prognostic value of
CEA/tumor size. The primary and secondary outcomes were overall survival
(OS) and disease-free survival (DFS), respectively.

RESULTS

In all, 556 patients who satisfied both the inclusion and exclusion criteria were
included and randomly divided into the training cohort (2/3 of 556, n = 371) and
the validation cohort (1/3 of 556, n = 185). The cutoff was 2.429 ng/mL per cm.
Comparison of the baseline data showed that high CEA /tumor size was
correlated with older age, high TNM stage, the presence of perineural invasion,
high CEA, and high carbohydrate antigen 19-9 (CA 19-9). Kaplan-Meier curves
showed a manifest reduction in 5-year OS (training cohort: 56.7% vs 81.1%, P <
0.001; validation cohort: 58.8% vs 85.6%, P < 0.001) and DFS (training cohort:
52.5% vs 71.9%, P = 0.02; validation cohort: 50.3% vs 79.3%, P = 0.002) in the high
CEA/tumor size group compared with the low CEA/tumor size group.
Univariate and multivariate analyses identified CEA/tumor size as an
independent prognostic factor for OS (training cohort: hazard ratio (HR) = 2.18,
95% confidence interval (CI): 1.28-3.73, P = 0.004; validation cohort: HR = 4.83,
95%Cl: 2.21-10.52, P < 0.001) as well as DFS (training cohort: HR = 1.47, 95%CI:
0.93-2.33, P = 0.096; validation cohort: HR = 2.61, 95%ClI: 1.38-4.95, P = 0.003).

CONCLUSION

Preoperative CEA /tumor size is an independent prognostic factor for patients
with stage I-IIl rectal cancer. Higher CEA/tumor size is associated with worse OS
and DFS.

Key words: Carcinoembryonic antigen; Carcinoembryonic antigen/tumor size; Rectal
cancer; Prognosis; Survival analysis
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Core tip: This is a retrospective study that sought to evaluate the prognostic value of
carcinoembryonic antigen (CEA)/tumor size in rectal cancer, which may better reflect
the tumor malignancy. Maximally selected rank statistics identified an optimal cutoff
point of 2.429 ng/mL per cm for CEA/tumor size. Kaplan-Meier curves showed a
significant reduction in the 5-year overall survival and disease-free survival in the high
CEA/tumor size group. Univariate and multivariate analyses identified CEA/tumor size
as an independent prognostic factor for stage I to III rectal cancer.
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INTRODUCTION

Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and one of
the leading causes of cancer-related mortality worldwidel'l. Although Western
developed countries show a steady or slightly declining trend, the morbidity and
mortality of CRC in developing countries like China are still on the risel?. Unlike
Western countries, the incidence of rectal cancer is higher than that of colon cancer in
China and the prognosis of rectal cancer still needs to be improved"!. Therapy options
for CRC have been developed rapidly in the past decade, but selecting optimal
treatments for individuals remains a great challenge for clinicians due to the lack of
effective markers!"l. In recent years, biomarkers have played an increasingly vital role
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in the detection and management of CRCFl. Among the biomarkers, carcinoembryonic
antigen (CEA) is one of the most common and most convenient preoperative
detecting indexes in patients with colorectal cancer!..

CEA, a large glycoprotein, has been recommended by the American Society of
Clinical Oncology (ASCO) and the European Group on Tumor Markers (EGTM) as a
prognostic biomarker that can be used to determine the prognosis and stage of
CRCE7l. However, controversy still exists regarding the prognostic value of the
absolute preoperative serum CEA level in colorectal cancer. Recent studies have noted
that CEA is insufficiently sensitive to be used alone, and some researchers have
sought new ways to improve its prognostic value by the addition of another factor,
such as CD44v6, carbohydrate antigen (CA) 19-9, neutrophil-to-lymphocyte ratio
(NLR), or peritoneal carcinomatosis index ratio (PCI)l**'!l. Intriguingly, a recent study
indicated that postoperative tissue CEA (t-CEA) rather than serum CEA (s-CEA) is an
independent prognostic factor in stage I to III CRC!"?. This indicated that we should
pay more attention to the local CEA produced by tumor cells rather than the overall
serum CEA level. Considering that detecting the CEA produced and secreted by all
tumor cells is not realistic, using the ratio of CEA to tumor size may somehow reflect
the ability of tumor cells to secrete CEA. Another research group demonstrated that
CEA density is a prognostic factor for percutaneous ablation of pulmonary colorectal
metastases!””l. Using tumor size to adjust and improve the prognostic value of tumor
marker is not uncommon, such as prostate specific antigen density and tumor-
infiltrating CD8+ T-cell density!'*""). Maximum tumor diameter is also a prognostic
indicator for some solid tumors including prostate cancer and colorectal liver
metastases!'*'”). While the volume-adjusted prostate-specific antigen has been widely
studied as a useful marker in prostate cancer!'®'”), whether the combination of CEA
level and tumor size serves as a novel prognostic factor for rectal cancer remains
unresolved.

In this study, we considered both the preoperative serum CEA level and the rectal
tumor size and devised the CEA/tumor size, which represents the CEA level adjusted
by tumor size, to better reflect the malignancy of rectal cancer. We also refined the
insufficient prognostic value of serum CEA. We aimed to apply this new approach to
investigate the prognostic impact of the preoperative CEA/tumor size in patients
with rectal cancer.

MATERIALS AND METHODS

Patients

Patients who were diagnosed with stage I to III rectal cancer and underwent a radical
excision at the Sixth Affiliated Hospital of Sun Yat-Sen University from 2007 to 2012
were studied. This study was approved by the Medical Ethics Committee of the Sixth
Affiliated Hospital of Sun Yat-sen University and did not cause any harm to the
patients. All retrospective data were obtained from a database maintained by the
Sixth Affiliated Hospital of Sun Yat-sen University. The inclusion criteria were as
follows: (1) Histologically confirmed adenocarcinoma; (2) Stage I to III according to
the 8" edition of the American Joint Committee on Cancer (AJCC); and (3) Radical
resection. The following patients were excluded: (1) Those with nonprimary cancers;
(2) Patients who received neoadjuvant chemotherapy and/or radiotherapy; and (3)
Patients with missing data on preoperative CEA or tumor size. Patients who satisfied
both the inclusion and exclusion criteria were randomly divided into two cohorts for
cross-validation: Training cohort and validation cohort. The training cohort was used
to generate an optimal cutoff point and the validation cohort was used to test the
applicability of this cutoff point and the model.

Data collection

The following data were collected using the Electronic Medical Record System: Age,
sex, histological features, TNM stage (AJCC), differentiation degree, presence of
lymphovascular invasion, presence of perineural invasion, preoperative serum CA 19-
9 and CEA levels, maximum tumor diameter, recurrence, and survival time. Follow-
up was conducted every three months during the first year after resection, every six
months during the next two years, and once a year thereafter. Routine physical
examination, serum CEA test, and radiographic examinations including chest
radiography, abdominopelvic computed tomographic scanning, or ultrasonography,
whole-body bone scanning, double-contrast barium enema, and colonoscopy were
performed and recorded six months after resection and yearly thereafter. The follow-
up time ended in June 2016, and the follow-up interval varied from three to ten years.
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Statistical analysis

In our study, we used the maximum diameter in the maximum cross section to
represent the tumor size, which was measured by radiologists and pathologists
(pathological data are preferred). We defined the CEA/tumor size as the ratio of
preoperative CEA level to the maximum tumor diameter. The primary outcome was
overall survival (OS), which was defined as the time in months from surgery to death.
The secondary endpoint was disease-free survival (DFS), which was defined as the
time in months from surgery to disease recurrence, whether radiological or
histological. Maximally selected rank statistics were used to identify the optimal
discriminator value for the CEA/tumor size, which was conducted in the training
cohort. For every potential cutoff point, the absolute value of the standardized log-
rank statistic was computed. The cutoff that provided the best separation of the
survival outcome into two groups, where the standardized statistics reached their
maximum, was selected as the cutoff point. Based on this cutoff, we divided the
validation cohort into two groups: High CEA/tumor size group and low CEA/tumor
size group. The intergroup comparisons of the clinicopathological variables were
performed using the two independent samples t-test or Mann-Whitney U test for
continuous variables, and the chi-square test or two-tailed Fisher’s exact test for
discrete variables. The Kaplan-Meier method and log-rank test were used to plot the
survival curve and to compare the survival data. Univariate analysis of potential risk
factors for each variable was performed using the Cox proportional hazards
regression model. Variables with a P-value < 0.10 in the univariate analysis were
selected to fit the multivariate Cox model. Multivariate analysis using the Cox
proportional hazards regression model was used to identify independent risk factors.
Variable selection methods, including forward, backward, and stepwise algorithms,
as determined by the Akaike information criterion (AIC), were used to construct the
appropriate model. The proportional hazards assumption of the Cox regression
models was tested by Schoenfeld residuals. All tests were bilateral, and P-values <
0.05 were considered statistically significant. All analyses were performed using the R
Language for Statistical Computing (version 3.5.1).

RESULTS

Baseline characteristics

Of the 696 patients diagnosed with rectal cancer who underwent surgical resection
from 2007 to 2012, 11 were not histologically confirmed to have adenocarcinoma, 70
received neoadjuvant chemotherapy and/or radiotherapy, and 59 had missing data.
Excluding these patients left 566 patients who satisfied both the inclusion and
exclusion criteria (Figure 1). These patients were randomly divided into two cohorts:
The training cohort (n = 371, 2/3 of 566) and the validation cohort (1 = 185, 1/3 of
566).

Maximally selected rank statistics were performed to determine the optimal value
with maximal standardized log-rank statistics. For all 371 rectal cancer patients in the
training cohort, the CEA /tumor size of 2.429 ng/mL per cm (P = 0.016) provided the
best separation of the survival outcomes of the two groups (Figure 2). Based on this
cutoff value, 371 patients from the training cohort and 185 patients from the
validation cohort were divided into the high CEA/tumor size group and the low
CEA/ tumor size group, respectively. As shown in Table 1, high CEA/tumor size was
correlated with older age, high TNM stage, the presence of perineural invasion, and
high CEA and CA 19-9 levels in the training cohort. Somewhat differently, in the
validation cohort, patients with a higher CEA /tumor size only tended to have higher
preoperative CEA and CA 19-9 levels. Tumor size, sex, differentiation, and
lymphovascular invasion did not differ significantly between the two groups in both
cohorts.

Kaplan-Meier curves

Kaplan-Meier curves showed a manifest reduction in the 5-year OS (56.7% vs 81.1%, P
< 0.001) and DFS (52.5% vs 71.9%, P = 0.02) in the high CEA/tumor size group
compared with the low CEA/tumor size group in the training cohort (Figures 3A and
4A). The worse outcome of those with high CEA/tumor size was confirmed in the
validation cohort, as those patients exhibited a lower 5-year OS (58.8% vs 85.6%, P <
0.001) and DFS (50.3% wvs 79.3%, P = 0.002) (Figures 3B and 4B).

Univariate and multivariate analyses

According to the univariate analysis, age, TNM stage, differentiation, lymphovascular
invasion, preoperative CEA and CA 19-9 levels, and CEA/tumor size were selected
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Patients underwent rectal
cancer resection surgery
from 2007 to 2012

n =696

Patients not meeting inclusion criteria (7 = 11):
Not adenocarcinoma (7 = 11)

Stage VI (7 = 0)

Not radical resection (7 = 0)

Patients meeting
inclusion criteria
n = 685

Patients not meeting exclusion criteria (7 = 129):
Nonprimary cancers (17 = 0)

Received neoadjuvant chemotherapy (7 = 70)
Missing records (7 = 59)

Patients meeting
exclusion criteria
n =556

Training cohort Validation cohort
n =371 n =185

Figure 1 Flowchart of patient selection.

for the multivariate analysis for OS in both cohorts. As for DFS, the univariate
analysis indicated that advanced TNM stage, the presence of lymphovascular
invasion, high CEA level, and high CEA/tumor size might be associated with a poor
outcome in both cohorts. However, the presence of perineural invasion only showed a
significant association with DFS in the training cohort, while poor differentiation and
high CA 19-9 level were associated with poor DFS only in the validation cohort
(Tables 2 and 3).

To adjust for the influence of potential confounders, the prognostic impact of
CEA/tumor size on OS and DFS was further explored by constructing a multivariate
Cox proportional hazards model. Forward, backward, and stepwise algorithms
determined by the AIC were used to construct the optimum model. All of the above
methods generated identical models, and the results were similar in both cohorts.
According to the multivariate analysis, older age, poor differentiation, advanced TNM
stage, and higher CEA /tumor size were all significantly correlated with a worse OS.
With respect to DFS, the significance of TNM stage, lymphovascular invasion, and
CEA/tumor size was retained in the final model in both cohorts (Table 4). As a result,
CEA/tumor size was significantly associated with OS in both the training cohort
[hazard ratio (HR) = 2.18, 95%CI: 1.28-3.73] and in the validation cohort (HR = 4.83,
95%ClI: 2.21-10.51). However, CEA/tumor size showed a critical association with DFS
in the training cohort (HR = 1.47, 95%Cl: 0.93-2.33) and a significant association in the
validation cohort (HR = 2.61, 95%CI: 1.38-4.95). Plotting the Schoenfeld residuals
against time showed that all the covariates in the Cox proportional hazards model for
OS and DFS met the proportional hazard assumption (P > 0.05, Figures 5 and 6).

DISCUSSION

CEA is reliable for the detection of rectal cancer recurrence and is recommended by
the ASCO and EGTM as a prognostic biomarker during routine follow-up for CRC
after surgical resection”l. Despite many published studies that have demonstrated
the prognostic impact of CEA among CRC patients, no agreement concerning the
cutoff values has been established™-*!l. Moreover, Tong et all'’! found that
postoperative tissue CEA is significantly associated with the prognosis of CRC, and
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Table 1 Association of carcinoembryonic antigen/tumor size with baseline characteristics of rectal cancer patients n (%)

Training cohort (n = 371) Validation cohort (n = 185)

Cases Low High P-value Cases Low High P-value
Age 371 58 (21-89) 65 (32-86) <0.001° 185 61(25-87)  57(35-79) 0.149
Tumor size 371 43 (0.8-13) 43 (0.8-13.5) 0.773 185 45 (1-13) 43 (0.8-10) 0472
Sex 0.419 0.199
Male 218 177 (58) 41 (64) 103 82 (53) 21 (68)
Female 153 130 (42) 23 (36) 82 72 (47) 10 (32)
TNM stage 0.008" 0.350
I 104 9% (31) 8 (12) 48 43 (28) 5 (16)
)| 127 99 (32) 28 (44) 74 61 (40) 13 (42)
I 140 112 (36) 28 (44) 63 50 (32) 13 (42)
Differentiation 0.395 0.826
Poor 60 51 (17) 9 (14) 24 19 (12) 5 (16)
Moderate 209 176 (57) 33 (52) 102 85 (55) 17 (55)
High 102 80 (26) 22 (34) 59 50 (32) 9 (29)
Lymphovascular invasion 0.697 0.683
Negative 338 281 (92) 57 (89) 173 143 (93) 30 (97)
Positive 33 26 (8) 7 (11) 12 11 (7) 1(3)
Perineural invasion 0.039* 0.073
Negative 340 286 (93) 54 (84) 172 146 (95) 26 (84)
Positive 31 21 (7) 10 (16) 13 8 (5) 5 (16)
CEA <0.001° <0.001°
0-5ng/mL 263 262 (85) 1(2) 127 126 (82) 1(3)
>5ng/mL 108 45 (15) 63 (98) 58 28 (18) 30 (97)
CA 199 0.006" 0.027°
0-37 ng/mL 325 276 (90) 49 (77) 158 136 (88) 22 (71)
>37ng/mL 46 31 (10) 15 (23) 27 18 (12) 9 (29)

P < 0.05; CEA: Carcinoembryonic antigen; CA 19-9: Carbohydrate antigen 19-9.

Huo et al™! illustrated that serum CEA density was an independent prognostic factor
in patients with colorectal pulmonary metastasis. CEA, as a classic tumor marker, is
used to evaluate the biological activity of malignancies, but biological activity will
also be affected by tumor quantity. When tumors grow, no matter how clumsily or
aggressively, serum CEA level will increase as the expression of CEA increases in
proliferating adenocarcinoma cells. Therefore, tumor size is a confounding factor that
should be minimized. A new prognostic factor that better reflects the intra-tumor
CEA concentration without omission of the tumor volume will be much more
accurate than a classic serum CEA test. A comprehensive study stated that tumor size,
especially the maximum horizontal tumor diameter, represented a valuable
prognosticator in gastric cancer™!. Another study found a direct relationship between
tumor volume in rectal cancer and overall survival®l. Therefore, we decided to use
CEA/tumor size, which is a simple parameter that could reduce the confounding
effect of tumor size. Taken together, these results indicate that the ratio of serum CEA
to the maximum tumor diameter might be a better marker to assess the tumor’s
biological activity and to refine the insufficient prognostic value of serum CEA for
rectal cancer.

This is the first study to evaluate the prognostic value of CEA /tumor size for stage
I to III rectal cancer. We found that patients with a high CEA/tumor size (over 2.429
ng/mL per cm) had a significantly worse 5-year OS and DFS. Therefore, a correlation
exists between the preoperative CEA/tumor size and the prognosis of rectal cancer
patients after resection. Patients with high CEA/tumor size tended to have a worse
outcome. In our study, no correlation was found between tumor size and survival
outcome. Univariate and multivariate analyses showed that CEA/tumor size was
independently associated with OS and DFS, while absolute serum CEA was not. This
implied that adjusting the confounding effect of tumor size may improve the
prognostic value of CEA. Thus, preoperative CEA/tumor size can be used as an
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Figure 2 Maximally selected rank statistics for carcinoembryonic antigen/tumor size. Maximally selected rank
statistics were used to identify the optimal discriminator value for the carcinoembryonic antigen/tumor size, which was
conducted in the training cohort. For every potential cutoff point, the absolute value of the standardized log-rank
statistic was computed. The cutoff point that provided the best separation of the survival outcome into two groups,
where the standardized statistics reached their maximum, was selected as the cutoff point. CEA: Carcinoembryonic
antigen.

independent prognostic factor for patients with stage I-III rectal cancer.

Notably, this study highlights the important relationship between serum CEA and
tumor volume, which is in agreement with previous studies. With respect to the
prevalence of serum CEA in clinical applications, additional improvement in the
accuracy of estimating 5-year outcomes will benefit more patients. In addition, a
growing tumor with little change in biological activity will exhibit an increased CEA
level and a relatively unchangeable CEA/tumor size. Therefore, CEA/tumor size is
not only more accurate but more stable than serum CEA. In patients with identical
serum CEA levels, it is necessary to make a decision regarding clinical intervention
for patients with smaller maximum tumor diameter. In contrast, a low CEA/tumor
size may indicate less aggressive and malignant tumors.

However, we admit that our study has some inherent limitations. First, maximum
tumor diameter as an indication of tumor volume is not so precise. Huo et al'"”! used
the spherical formula (4 x 1 x radius®)/3 to represent the tumor volume since they
assumed that pulmonary tumors were spherical. Nevertheless, unlike pulmonary
metastases, rectal tumors are not a fixed geometric shape, which means this method is
unreliable®). Alternatively, the careful delineation of the tumor boundary combined
with specific software may provide a more accurate estimation of tumor size.
However, maximum tumor diameter represents a quick and convenient method that
can be used to roughly estimate tumor volume, and as a result, has more prospects for
clinical application. Second, CEA/tumor size cannot be used as part of a routine
follow-up index to dynamically monitor the recurrence and metastasis of rectal cancer
after surgery. Surgical resection will remove the local tumor, and therefore
CEA/tumor size will be unable to be continually calculated. For patients with new-
found relapse and metastasis, the value of CEA/tumor size requires further
investigation. Beyond that, we also noticed a newly published research study
suggesting that postoperative CEA is a better prognostic marker for survival than
preoperative CEA in colon cancer”l. However, postoperative CEA indicates complete
resection of the tumor, while CEA/tumor size is focused on tumor malignancy. Third,
we did not include patients with neoadjuvant chemotherapy and/or radiotherapy
because both of them can influence preoperative CEA and tumor size and may bias
our result. Finally, in both cohorts, CEA/tumor size was included in the final Cox
model for DFS, which means that CEA/tumor size is an essential factor for DFS. But
the P-value was 0.003 in the validation cohort and 0.096 in the training cohort, which
may result from the insufficient sample size or discrepancy between the two cohorts.
Whether CEA/tumor size is really associated with DFS still needs further study.

Preoperative CEA/tumor size is a new method that can be used to predict the
outcomes of patients with stage I-III rectal cancer, which may influence the decision-
making process for a specific treatment regimen and patient counselling. Since both
CEA level and tumor size are routinely measured before surgery, the data of
CEA/tumor size can be obtained by simple calculation. This will facilitate the
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Figure 3 Kaplan-Meier survival curves and risk tables for overall survival. A: Kaplan-Meier survival curves and risk table for overall survival in the training cohort.
The 5-year overall survival (OS) of the high and low carcinoembryonic antigen (CEA)/tumor size groups were 56.7% and 81.1% (P < 0.001), respectively. B: Kaplan-
Meier survival curves and risk table for overall survival in the validation cohort. The 5-year OS of the high and low CEA/tumor size groups were 58.8% and 85.6% (P <
0.001), respectively. The log-rank test was used to calculate the P-value. OS: Overall survival; CEA: Carcinoembryonic antigen.
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application of CEA/tumor size in clinical practice. Compared with CEA, a great
advantage of CEA/tumor size is the ability to figure out those patients with higher
CEA but relatively small tumor size. The result of our study suggests that these easily
neglected tumors may represent higher malignancy and worse outcome. With the
optimization of risk stratification, clinicians can choose individualized treatment
options and the outcome of rectal cancer patients can be improved accordingly.

Of course, some limitations of our study design still need to be discussed. As a
retrospective study, we were not able to obtain high-level clinical evidence. We also
found that some patients did not reach an enough follow-up time, which may
influence the accuracy of our result. Since the estimated cutoff point was relatively
high, the high-risk group and low-risk group accounted for 20% and 80%,
respectively. Although the number of events per variable > 10 in our Cox model, a
larger sample size would be better to obtain more reliable results™®!. Therefore, a
large-scale prospective study and longer follow-up time are needed and we will try
our best to validate our conclusion in future studies. It is also worthwhile for other
researchers to further validate our study with new evidence, as we are looking
forward to a more accurate prognostic factor for rectal cancer.

In summary, patients with a high preoperative CEA/tumor size have a worse
outcome than those with a low CEA/tumor size. Preoperative CEA/tumor size may
play an important role in prognosis and treatment decisions of rectal cancer patients
after surgery.
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Table 2 Univariate analysis of prognostic factors for overall survival

Variable Training cohort (n = 371) Validation cohort (n = 185)
Hazard ratio 95%Cl P-value Hazard ratio 95%Cl P-value

Age 1.02 1.00-1.04 0.024" 1.03 1.00-1.06 0.070
Tumor size 1.04 0.92-1.18 0.506 1.14 0.95-1.37 0.164
Sex (ref = male) 1.43 0.88-2.31 0.145 0.85 0.41-1.77 0.665
TNM' (ref = stage I) 1.74 1.26-2.41 0.001° 193 115322 0.012°
Differentiation’ (ref = poor) 0.58 0.40-0.84 0.004" 0.53 0.30-0.94 0.030"
Lymphovascular invasion (ref = negative) 1.88 0.96-3.68 0.066 311 1.19-8.13 0.021°
Perineural invasion (ref = negative) 1.03 0.41-2.56 0.954 1.29 0.31-5.46 0.729
CEA (ref = CEA <5) 1.81 1.11-2.94 0.017% 272 1.33-5.59 0.006"
CA 19-9 (ref = CA 19-9 < 37) 1.88 1.04-3.39 0.036" 214 0.92-4.99 0.078
CEA/tumor size (ref = low) 2.45 1.46-4.11 0.001" 3.57 1.70-7.52 0.001*

These variables were treated as ordinal categorical data;

P < 0.05. CEA: Carcinoembryonic antigen; CA 19-9: Carbohydrate antigen 19-9; CI: Confidence interval; ref: Reference.

Table 3 Univariate analysis of prognostic factors for disease-free survival

Variable Training cohort (n = 371) Validation cohort (n = 185)
Hazard ratio 95%Cl P-value Hazard ratio 95%Cl P-value

Age 1 0.99-1.02 0.572 1.02 0.99-1.04 0.173
Tumor size 1.01 0.91-1.12 0.828 1.12 0.97-1.30 0.128
Sex (ref = male) 1.26 0.85-1.87 0.247 0.75 0.41-1.37 0.353
TNM! (ref = stage I) 19 145250  <0.001° 16 107239  0.023°
Differentiation’ (ref = poor) 0.78 0.58-1.06 0.113 0.6 0.38-0.95 0.031*
Lymphovascular invasion (ref = negative) 2.44 1.45-4.12 0.001° 2.63 1.11-6.22 0.028"
Perineural invasion (ref = negative) 217 1.23-3.82 0.008" 1.98 0.78-5.03 0.151
CEA (ref = CEA <5) 1.55 1.03-2.32 0.034" 1.9 1.05-3.41 0.033*
CA 19-9 (ref = CA 19-9 < 37) 1.43 0.85-2.42 0177 1.96 0.97-3.96 0.061
CEA/tumor size (ref = low) 1.72 1.10-2.71 0.018" 2.58 1.37-4.85 0.003*

These variables were treated as ordinal categorical data;

4P < 0.05. CEA: Carcinoembryonic antigen; CA 19-9: Carbohydrate antigen 19-9; CI: Confidence interval; ref: Reference.

Table 4 Multivariate analysis of prognostic factors for overall survival and disease-free survival

Training cohort (n = 371)

Validation cohort (n = 185)

0s Hazard radio 95%Cl P-value Hazard radio 95%Cl P-value
Age 1.02 1.00-1.04 0.023" 1.05 1.02-1.09 0.003"
TNM' (ref = stage I) 1.47 1.04-2.07 0.031" 1.84 1.04-3.24 0.035"
Differentiation’ (ref = poor) 0.57 0.39-0.85 0.006" 0.50 0.28-0.90 0.021%
CEA/tumor size (ref = low) 218 1.28-3.73 0.004" 4.83 2.21-10.52 <0.001*
DFS

TNM' (ref = stage I) 1.75 1.32-2.32 <0.001" 143 0.94-2.17 0.091
Lymphovascular invasion (ref = negative) 1.85 1.08-3.16 0.024" 2.45 1.00-6.03 0.05
CEA/tumor size (ref = low) 1.47 0.93-2.33 0.096 2.61 1.38-4.95 0.003"

IThese variables were treated as ordinal categorical data;

P < 0.05. CEA: Carcinoembryonic antigen; CI: Confidence interval; ref: Reference; OS: Overall survival; DFS: Disease-free survival.
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Figure 4 Kaplan-Meier survival curves and risk tables for disease-free survival. A: Kaplan-Meier survival curves and risk table for disease-free survival (DFS) in
the training cohort. The 5-year DFS of the high and low CEA/tumor size groups were 52.5% and 71.9% (P = 0.02), respectively. B: Kaplan-Meier survival curves and
risk table for DFS in the validation cohort. The 5-year DFS of the high and low CEA/tumor size groups were 50.3% vs 79.3% (P = 0.002), respectively. The log-rank
test was used to calculate the P-value. DFS: Disease-free survival; CEA: Carcinoembryonic antigen.
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Figure 5 Proportional hazards assumption test for overall survival by plotting the Schoenfeld residuals against time in the training cohort (A, C, E, and G)
and the validation cohort (B, D, F, and H). The X-axis represents the survival time, while the Beta values referring to age, TNM stage, differentiation, and
carcinoembryonic antigen/tumor size are shown on the Y-axis. The constant mean of residuals across time confirms that the proportional hazard assumption holds for
these covariate with all of the P-values > 0.05. CEA: Carcinoembryonic antigen.
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Figure 6 Proportional hazards assumption test for disease-free survival by plotting the Schoenfeld residuals against time in the training cohort (A, C, and
E) and the validation cohort (B, D, and F). The X-axis represents the survival time, while the Beta values referring to TNM stage, lymphovascular invasion, and
carcinoembryonic antigen/tumor size are shown on the Y-axis. The constant mean of residuals across time confirms that the proportional hazard assumption holds for
these covariate with all of the P-values > 0.05. CEA: Carcinoembryonic antigen.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and one of the
leading causes of cancer-related mortality worldwide. Therapy options for CRC have been
developed rapidly in the past decade, but selecting optimal treatments for individuals remains a
great challenge for clinicians due to the lack of effective markers.

Research motivation

Controversy exists regarding the insufficient prognostic value of preoperative serum CEA alone,
which is a widely used biomarker in rectal cancer. Recent studies have found that local CEA may
play a more important role in the prognosis of CRC than overall serum CEA. Some studies have
tried to add another factor like tumor size to improve the prognostic value of biomarker, such as
prostate specific antigen density and tumor-infiltrating CD8+ T-cell density. Here, we combined
preoperative serum CEA and the maximum tumor diameter to correct the CEA level, which may
better reflect the malignancy of rectal cancer and improve the risk stratification system.

Research objectives
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We aimed to investigate the prognostic impact of the preoperative CEA/tumor size in patients
with rectal cancer, which may influence the decision-making process for a specific treatment
regimen and patient counselling.

Research methods

We retrospectively reviewed 696 stage I to III rectal cancer patients who underwent curative
tumor resection from 2007 to 2012. These patients were randomly divided into two cohorts for
cross-validation: Training cohort and validation cohort. The training cohort was used to generate
an optimal cutoff point and the validation cohort was used to further validate the model.
Maximally selected rank statistics were used to identify the optimum cutoff for CEA/tumor size.
The Kaplan-Meier method and log-rank test were used to plot the survival curve and to compare
the survival data. Univariate and multivariate Cox regression analyses were used to determine
the prognostic value of CEA/tumor size. The primary and secondary outcomes were overall
survival (OS) and disease-free survival (DFS), respectively.

Research results

In all, 556 patients who satisfied both the inclusion and exclusion criteria were included and
randomly divided into a training cohort (2/3 of 556, n = 371) and a validation cohort (1/3 of 556,
n = 185). The cutoff was 2.429 ng/mL per cm. Comparison of the baseline data showed that high
CEA/tumor size was correlated with older age, high TNM stage, presence of perineural
invasion, high CEA, and high carbohydrate antigen 19-9 (CA 19-9). Kaplan-Meier curves showed
a manifest reduction in 5-year OS (training cohort: 56.7% vs 81.1%, P < 0.001; validation cohort:
58.8% vs 85.6%, P <0.001) and DFS (training cohort: 52.5% vs 71.9%, P = 0.02; validation cohort:
50.3% vs 79.3%, P = 0.002) in the high CEA/tumor size group compared with the low
CEA/tumor size group. Univariate and multivariate analyses identified CEA/tumor size as an
independent prognostic factor for OS (training cohort: hazard ratio (HR) = 2.18 95% confidence
interval (CI): 1.28-3.73, P = 0.004; validation cohort: HR = 4.83, 95%CI: 2.21-10.52, P < 0.001) as
well as DFS (training cohort: HR = 1.47, 95% CI: 0.93-2.33, P = 0.096; validation cohort: HR: 2.61,
95%CI =1.38-4.95, P = 0.003).

Research conclusions

This is the first study to evaluate the prognostic value of CEA/tumor size for stage I to III rectal
cancer. We found that patients with high CEA/tumor size tended to have a worse outcome.
Adjusting the confounding effect of tumor size can improve the prognostic value of CEA.
Compared with CEA, another great advantage of CEA/tumor size is the ability to figure out
those patients with higher CEA but relatively small tumor size. The results of our study suggest
that these easily neglected tumors may represent higher malignancy and worse outcome, which
may challenge the conventional risk stratification system. Since both CEA level and tumor size
are routinely measured before surgery, the data of CEA/tumor size can be obtained by simple
calculation. Therefore, CEA/tumor size can be easily applied in clinical practice.

Research perspectives

As a retrospective study, we were not able to obtain high-level clinical evidence, but the current
retrospective study will provide an important basis for us to carry out a prospective study. A
large-scale prospective study and longer follow-up time are needed in future study.

REFERENCES

1 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global Cancer Statistics 2018:
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA
Cancer J Clin 2018; 68: 394-424 [PMID: 30207593 DOI: 10.3322/caac.21492]

2 Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global patterns and trends in
colorectal cancer incidence and mortality. Guz 2017; 66: 683-691 [PMID: 26818619 DOI:
10.1136/gutjnl-2015-310912]

3 Deng Y. Rectal Cancer in Asian vs. Western Countries: Why the Variation in Incidence? Curr Treat
Options Oncol 2017; 18: 64 [PMID: 28948490 DOL: 10.1007/s11864-017-0500-2]
4 Dienstmann R, Salazar R, Tabernero J. Personalizing colon cancer adjuvant therapy: selecting optimal

treatments for individual patients. J Clin Oncol 2015; 33: 1787-1796 [PMID: 25918287 DOI:
10.1200/JC0O.2014.60.0213]

5 Duffy MJ, Lamerz R, Haglund C, Nicolini A, Kalousova M, Holubec L, Sturgeon C. Tumor markers in
colorectal cancer, gastric cancer and gastrointestinal stromal cancers: European group on tumor markers
2014 guidelines update. Int J Cancer 2014; 134: 2513-2522 [PMID: 23852704 DOI: 10.1002/ijc.28384]

6 Stiksma J, Grootendorst DC, van der Linden PW. CA 19-9 as a marker in addition to CEA to monitor
colorectal cancer. Clin Colorectal Cancer 2014; 13: 239-244 [PMID: 25442815 DOI:
10.1016/j.clcc.2014.09.004]

7 Locker GY, Hamilton S, Harris J, Jessup JM, Kemeny N, Macdonald JS, Somerfield MR, Hayes DF, Bast
RC; ASCO. ASCO 2006 update of recommendations for the use of tumor markers in gastrointestinal
cancer. J Clin Oncol 2006; 24: 5313-5327 [PMID: 17060676 DOI: 10.1200/JC0.2006.08.2644]

8 Nicholson BD, Shinkins B, Pathiraja I, Roberts NW, James TJ, Mallett S, Perera R, Primrose JN, Mant D.
Blood CEA levels for detecting recurrent colorectal cancer. Cochrane Database Syst Rev 2015; CD011134
[PMID: 26661580 DOI: 10.1002/14651858.CDO11134.pub2]

9 Chen L, Jiang B, Wang Z, Liu M, Yang H, Xing J, Zhang C, Yao Z, Zhang N, Cui M, Su X. Combined
preoperative CEA and CD44v6 improves prognostic value in patients with stage I and stage II colorectal
cancer. Clin Transl Oncol 2014; 16: 285-292 [PMID: 23860725 DOI: 10.1007/s12094-013-1069-2]

10  Zhan X, Sun X, Hong Y, Wang Y, Ding K. Combined Detection of Preoperative Neutrophil-to-

Baishidengs WJG | https://www.wjgnet.com 4957 September 7, 2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/26818619
https://dx.doi.org/10.1136/gutjnl-2015-310912
http://www.ncbi.nlm.nih.gov/pubmed/28948490
https://dx.doi.org/10.1007/s11864-017-0500-2
http://www.ncbi.nlm.nih.gov/pubmed/25918287
https://dx.doi.org/10.1200/JCO.2014.60.0213
http://www.ncbi.nlm.nih.gov/pubmed/23852704
https://dx.doi.org/10.1002/ijc.28384
http://www.ncbi.nlm.nih.gov/pubmed/25442815
https://dx.doi.org/10.1016/j.clcc.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17060676
https://dx.doi.org/10.1200/JCO.2006.08.2644
http://www.ncbi.nlm.nih.gov/pubmed/26661580
https://dx.doi.org/10.1002/14651858.CD011134.pub2
http://www.ncbi.nlm.nih.gov/pubmed/23860725
https://dx.doi.org/10.1007/s12094-013-1069-2

Cai D et al. CEA/tumor size in rectal cancer

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

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

Lymphocyte Ratio and CEA as an Independent Prognostic Factor in Nonmetastatic Patients Undergoing
Colorectal Cancer Resection Is Superior to NLR or CEA Alone. Biomed Res Int 2017; 2017: 3809464
[PMID: 28685148 DOI: 10.1155/2017/3809464]

Kozman MA, Fisher OM, Rebolledo BJ, Parikh R, Valle SJ, Arrowaili A, Alzahrani N, Liauw W, Morris
DL. CEA to peritoneal carcinomatosis index (PCI) ratio is prognostic in patients with colorectal cancer
peritoneal carcinomatosis undergoing cytoreduction surgery and intraperitoneal chemotherapy: A
retrospective cohort study. J Surg Oncol 2018; 117: 725-736 [PMID: 29266235 DOI: 10.1002/js0.24911]
Tong G, Xu W, Zhang G, Liu J, Zheng Z, Chen Y, Niu P, Xu X. The role of tissue and serum
carcinoembryonic antigen in stages I to III of colorectal cancer-A retrospective cohort study. Cancer Med
2018; 7: 5327-5338 [PMID: 30302946 DOI: 10.1002/cam4.1814]

Huo YR, Glenn D, Liauw W, Power M, Zhao J, Morris DL. Evaluation of carcinoembryonic antigen
(CEA) density as a prognostic factor for percutaneous ablation of pulmonary colorectal metastases. Eur
Radiol 2017;27: 128-137 [PMID: 27165139 DOL: 10.1007/s00330-016-4352-0]

Aminsharifi A, Howard L, Wu'Y, De Hoedt A, Bailey C, Freedland SJ, Polascik TJ. Prostate Specific
Antigen Density as a Predictor of Clinically Significant Prostate Cancer When the Prostate Specific
Antigen is in the Diagnostic Gray Zone: Defining the Optimum Cutoff Point Stratified by Race and Body
Mass Index. J Urol 2018; 200: 758-766 [PMID: 29758219 DOI: 10.1016/j.juro.2018.05.016]

Shimizu S, Hiratsuka H, Koike K, Tsuchihashi K, Sonoda T, Ogi K, Miyakawa A, Kobayashi J, Kaneko
T, Igarashi T, Hasegawa T, Miyazaki A. Tumor-infiltrating CD8<sup>+</sup> T-cell density is an
independent prognostic marker for oral squamous cell carcinoma. Cancer Med 2019; 8: 80-93 [PMID:
30600646 DOI: 10.1002/cam4.1889]

Eichelberger LE, Koch MO, Eble JN, Ulbright TM, Juliar BE, Cheng L. Maximum tumor diameter is an
independent predictor of prostate-specific antigen recurrence in prostate cancer. Mod Pathol 2005; 18:
886-890 [PMID: 15803186 DOI: 10.1038/modpathol.3800405]

Yoshimoto T, Morine Y, Imura S, Tkemoto T, Iwahashi S, Saito YU, Yamada S, Ishikawa D, Teraoku H,
Yoshikawa M, Higashijima J, Takasu C, Shimada M. Maximum Diameter and Number of Tumors as a
New Prognostic Indicator of Colorectal Liver Metastases. In Vivo 2017; 31: 419-423 [PMID: 28438872
DOI: 10.21873/invivo.11076]

Tanaka N, Fujimoto K, Chihara Y, Torimoto M, Hirao Y, Konishi N, Saito I. Prostatic volume and
volume-adjusted prostate-specific antigen as predictive parameters for prostate cancer patients with
intermediate PSA levels. Prostate Cancer Prostatic Dis 2007; 10: 274-278 [PMID: 17339878 DOI:
10.1038/sj.pcan.4500957]

Peng Y, Shen D, Liao S, Turkbey B, Rais-Bahrami S, Wood B, Karademir I, Antic T, Yousef A, Jiang Y,
Pinto PA, Choyke PL, Oto A. MRI-based prostate volume-adjusted prostate-specific antigen in the
diagnosis of prostate cancer. J Magn Reson Imaging 2015; 42: 1733-1739 [PMID: 25946664 DOI:
10.1002/jmri.24944]

Becerra AZ, Probst CP, Tejani MA, Aquina CT, Gonzalez MG, Hensley BJ, Noyes K, Monson JR,
Fleming FJ. Evaluating the Prognostic Role of Elevated Preoperative Carcinoembryonic Antigen Levels in
Colon Cancer Patients: Results from the National Cancer Database. Ann Surg Oncol 2016; 23: 1554-1561
[PMID: 26759308 DOI: 10.1245/s10434-015-5014-1]

Huh JW, Oh BR, Kim HR, Kim YJ. Preoperative carcinoembryonic antigen level as an independent
prognostic factor in potentially curative colon cancer. J Surg Oncol 2010; 101: 396-400 [PMID: 20119979
DOLI: 10.1002/js0.21495]

Park 1J, Choi GS, Lim KH, Kang BM, Jun SH. Serum carcinoembryonic antigen monitoring after
curative resection for colorectal cancer: clinical significance of the preoperative level. Ann Surg Oncol
2009; 16: 3087-3093 [PMID: 19629600 DOI: 10.1245/s10434-009-0625-7]

Peng Y, Wang L, Gu J. Elevated preoperative carcinoembryonic antigen (CEA) and Ki67 is predictor of
decreased survival in ITA stage colon cancer. World J Surg 2013; 37: 208-213 [PMID: 23052808 DOI:
10.1007/s00268-012-1814-7]

Thirunavukarasu P, Sukumar S, Sathaiah M, Mahan M, Pragatheeshwar KD, Pingpank JF, Zeh H,
Bartels CJ, Lee KK, Bartlett DL. C-stage in colon cancer: implications of carcinoembryonic antigen
biomarker in staging, prognosis, and management. J Nat!/ Cancer Inst 2011; 103: 689-697 [PMID:
21421861 DOI: 10.1093/jnci/djr078]

Jun KH, Jung H, Baek JM, Chin HM, Park WB. Does tumor size have an impact on gastric cancer? A
single institute experience. Langenbecks Arch Surg 2009; 394: 631-635 [PMID: 18791731 DOI:
10.1007/s00423-008-0417-0]

Tayyab M, Razack A, Sharma A, Gunn J, Hartley JE. Correlation of rectal tumor volumes with
oncological outcomes for low rectal cancers: does tumor size matter? Surg Today 2015; 45: 826-833
[PMID: 25377268 DOI: 10.1007/s00595-014-1068-0]

Konishi T, Shimada Y, Hsu M, Tufts L, Jimenez-Rodriguez R, Cercek A, Yaeger R, Saltz L, Smith JJ,
Nash GM, Guillem JG, Paty PB, Garcia-Aguilar J, Gonen M, Weiser MR. Association of Preoperative and
Postoperative Serum Carcinoembryonic Antigen and Colon Cancer Outcome. JAMA Oncol 2018; 4: 309-
315 [PMID: 29270608 DOI: 10.1001/jamaoncol.2017.4420]

Austin PC, Allignol A, Fine JP. The number of primary events per variable affects estimation of the
subdistribution hazard competing risks model. J Clin Epidemiol 2017; 83: 75-84 [PMID: 28088594 DOI:
10.1016/j.jclinepi.2016.11.017]

4958 September 7, 2019 | Volume 25 | Issue33 |


http://www.ncbi.nlm.nih.gov/pubmed/28685148
https://dx.doi.org/10.1155/2017/3809464
http://www.ncbi.nlm.nih.gov/pubmed/29266235
https://dx.doi.org/10.1002/jso.24911
http://www.ncbi.nlm.nih.gov/pubmed/30302946
https://dx.doi.org/10.1002/cam4.1814
http://www.ncbi.nlm.nih.gov/pubmed/27165139
https://dx.doi.org/10.1007/s00330-016-4352-0
http://www.ncbi.nlm.nih.gov/pubmed/29758219
https://dx.doi.org/10.1016/j.juro.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/30600646
https://dx.doi.org/10.1002/cam4.1889
http://www.ncbi.nlm.nih.gov/pubmed/15803186
https://dx.doi.org/10.1038/modpathol.3800405
http://www.ncbi.nlm.nih.gov/pubmed/28438872
https://dx.doi.org/10.21873/invivo.11076
http://www.ncbi.nlm.nih.gov/pubmed/17339878
https://dx.doi.org/10.1038/sj.pcan.4500957
http://www.ncbi.nlm.nih.gov/pubmed/25946664
https://dx.doi.org/10.1002/jmri.24944
http://www.ncbi.nlm.nih.gov/pubmed/26759308
https://dx.doi.org/10.1245/s10434-015-5014-1
http://www.ncbi.nlm.nih.gov/pubmed/20119979
https://dx.doi.org/10.1002/jso.21495
http://www.ncbi.nlm.nih.gov/pubmed/19629600
https://dx.doi.org/10.1245/s10434-009-0625-z
http://www.ncbi.nlm.nih.gov/pubmed/23052808
https://dx.doi.org/10.1007/s00268-012-1814-7
http://www.ncbi.nlm.nih.gov/pubmed/21421861
https://dx.doi.org/10.1093/jnci/djr078
http://www.ncbi.nlm.nih.gov/pubmed/18791731
https://dx.doi.org/10.1007/s00423-008-0417-0
http://www.ncbi.nlm.nih.gov/pubmed/25377268
https://dx.doi.org/10.1007/s00595-014-1068-0
http://www.ncbi.nlm.nih.gov/pubmed/29270608
https://dx.doi.org/10.1001/jamaoncol.2017.4420
http://www.ncbi.nlm.nih.gov/pubmed/28088594
https://dx.doi.org/10.1016/j.jclinepi.2016.11.017

w\J

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

DOI: 10.3748 / wjg.v25.i33.4959

World Journal of
Gastroenterology

World | Gastroenterol 2019 September 7; 25(33): 4959-4969

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

Retrospective Study

ORIGINAL ARTICLE

Value of controlled attenuation parameter in fibrosis prediction in
nonalcoholic steatohepatitis

Jung Il Lee, Hyun Woong Lee, Kwan Sik Lee

ORCID number: Jung Il Lee
(0000-0002-0142-1398); Hyun Woong
Lee (0000-0002-6958-3035); Kwan
Sik Lee (0000-0002-3672-1198).

Author contributions: All authors
helped to perform research; Lee ]I
and Lee KS drafted the concept,
design the study; Lee HW collected
the data and wrote the manuscript;
Lee JI and Lee HW analyzed the
data.

Supported by Basic Science
Research Program through the
National Research Foundation of
Korea (NRF) funded by the
Ministry of Science, ICT and
Future Planning (NRF-
2016R1A2B4015192).

Institutional review board
statement: This study was
reviewed and approved by the
Institutional review board of
Gangnam Severance Hospital
(Permit No: 3-2019-0010).

Informed consent statement:
Written informed consent of the
patients was exempted by the
institutional review board since the
researchers only accessed the
database for the analysis purposes
and the personal information was
blinded by coding.

Conflict-of-interest statement: Jung
I Lee has served as a speaker for
Echosens; the other authors have
nothing to disclose.

Data sharing statement: No
additional data are available.

Open-Access: This article is an
open-access article which was
selected by an in-house editor and

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

Jung Il Lee, Hyun Woong Lee, Kwan Sik Lee, Department of Internal Medicine, Gangnam
Severance Hospital, Yonsei University College of Medicine, Seoul 06273, South Korea

Corresponding author: Jung Il Lee, MD, PhD, Associate Professor, Department of Internal
Medicine, Gangnam Severance Hospital, Yonsei University College of Medicine, 211 Eonju-
ro, Gangnam-gu, Seoul 06273, South Korea. mdflorence@yuhs.ac

Telephone: +82-2-20194365

Fax: +82-2-34633882

Abstract

BACKGROUND

Liver stiffness measurement (LSM) tends to overestimate fibrosis stage in
nonalcoholic fatty liver disease (NAFLD). Controlled attenuation parameter
(CAP), provided by LSM device, has been introduced for noninvasive
quantification of hepatic steatosis.

AIM
To determine the role of CAP values in predicting liver fibrosis stage by LSM in
nonalcoholic steatohepatitis (NASH).

METHODS

One hundred eighty-four patients with biopsy proven NASH had LSM and CAP
evaluated at baseline. Among them, 130 patients had 1-year follow up LSM and
analyzed for the changes of LSM after pioglitazone or ursodeoxycholic acid
(UDCA) treatment.

RESULTS

In Kleiner fibrosis stage FO-1, LSM values increased at higher CAP tertile (P =
0.001), and in F2, at middle and higher tertiles (P = 0.027). No difference across
CAP tertiles was noticed in F3-4 (P = 0.752). Receiver operating characteristic
curve for LSM cutoff in diagnosis of F > 2 identified 8.05 kPa for lower CAP
tertile, 9.35 kPa for middle, and 10.55 kPa for high tertile. When changes in
proportion of significant fibrosis (F > 2) were assessed among pioglitazone and
UDCA treated patients considering CAP values, pioglitazone treated patients
demonstrated decrease in proportion of high LSM.

CONCLUSION
In patient with NAFLD, interpretation of LSM in association with CAP scores
may provide helpful information sparing unnecessary liver biopsy.
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Core tip: Liver stiffness measurement (LSM) is said to be exaggerated in nonalcoholic
fatty liver disease (NAFLD). We investigated the role of controlled attenuation
parameter (CAP), a means of measuring steatosis noninvasively, in predicting liver
fibrosis by LSM in 184 biopsy proven nonalcoholic steatohepatitis patients. The
optimum LSM cutoff for Kleiner fibrosis stage (F) > 2 reflecting CAP values showed
higher cutoff with increased CAP tertile (LSM, 8.05 kPa for lower CAP tertile, 9.35 kPa
for middle, 10.45 kPa for high CAP tertile). Therefore, we suggest that interpretation of
LSM in patients with NAFLD should take CAP scores into account in order to avoid
unnecessary liver biopsy.

Citation: Lee JI, Lee HW, Lee KS. Value of controlled attenuation parameter in fibrosis
prediction in nonalcoholic steatohepatitis. World J Gastroenterol 2019; 25(33): 4959-4969
URL: https://www.wjgnet.com/1007-9327/full/v25/i33/4959.htm
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease around worldwide. The spectrum of NAFLD ranges from simple steatosis
without evidence of liver injury to nonalcoholic steatohepatitis (NASH) with or
without liver fibrosis!l. Although the natural history of NAFLD requires further
investigation, studies demonstrate that the severity of liver fibrosis is the most
important determinant of mortality and morbidity in patients with NAFLDP.
Patients with significant liver fibrosis [Kleiner classification fibrosis stage (F) 2 2]
showed decreased survival compared to those with no or minimal fibrosis (FO-1)!“l.
NAFLD may progress from simple steatosis to NASH with fibrosis, and estimation of
severity of liver fibrosis is critical not only for the initial workup but also for follow-
uphl

Although liver biopsy is considered the gold standard for assessing the severity of
fibrosis!®, it is an invasive procedure that might not be practical to perform
sequentially. Instead, the liver stiffness measurement (LSM), obtained by transient
elastograpy (TE) is a useful noninvasive means of assessing liver fibrosis. LSM values
are well correlated with the biopsy determined severity of fibrosis’l. However, the
diagnostic performance of LSM is known to be affected by obesity and the severity of
steatosis, which are closely associated with NAFLD, resulting in overestimation of the
LSM in patients with NAFLD!""-"?l. Recently, FibroScan, a type of TE, has been
equipped with controlled attenuation parameter (CAP), software to enable
noninvasive quantification of hepatic steatosis. The CAP value was strongly
correlated with the histologically assessed percentage of liver fat in patients with
NAFLD, but is susceptible to interference by liver fibrosis!”l. However, CAP may
enhance the accuracy of TE measured LSM in patients with NAFLD!"!. We evaluated
the role of the CAP value in predicting the liver fibrosis stage based on LSM in
patients with biopsy proven NASH.

MATERIALS AND METHODS

Study design

This retrospective study involved patients with biopsy proven NASH evaluated at
Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul, Republic
of Korea. Liver biopsy was performed to confirm the diagnosis of NASH in patients
with ultrasound findings of fatty liver and persistent (> 6 mo) elevation of the alanine
aminotransferase (ALT) or aspartate aminotransferase (AST) level without excessive
alcohol consumption (30 g/day in men and 20 g/day in women). Patients in whom
liver stiffness was evaluated within 1 mo before the liver biopsy were included in the
analysis. The exclusion criteria were as follows: (1) Liver disease of other or mixed
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etiology (such as hepatitis B infection, hepatitis C infection, alcohol abuse,
autoimmune liver disease, Wilson’s disease, or drug-induced liver disease); (2) LSM
evaluated while the AST or ALT level was more than fivefold the upper limit of
normal (ULN); (3) Hepatocellular carcinoma; (4) Advanced liver cirrhosis (Child-
Turcotte-Pugh B and C); (5) Previous treatment with steatosis-inducing drugs such as
tamoxifen, aromatase inhibitor, valproic acid, amiodarone or corticosteroid; (6)
Human immunodeficiency virus infection; (7) Active intravenous drug addiction or
use of cannabis; and (8) Insufficient clinical data.

This study was performed in accordance with the ethical guidelines of the 1975
Declaration of Helsinki and was approved by the Institutional Review Board (IRB) of
Gangnam Severance Hospital (permit no: 3-2019-0010). The requirement for written
informed consent was exempted by the IRB since the database was accessed only for
analysis purposes and the patients’ personal information was anonymized by coding.

Clinical assessment

Demographic, clinical and anthropometric data were collected at the time of liver
biopsy. Hypertension was defined as use of antihypertensive medication and type 2
diabetes mellitus was considered present if the fasting glucose level was =126 mg/dL
or antidiabetic agents were being used. Body mass index (BMI) was calculated as
body weight in kilogram divided by the square of height in meters, and a BMI > 25
kg/m? was considered to indicate obesity based on the criteria used in the Asian-
Pacific region!"l.

Liver stiffness measurement

TE was performed using a FibroScan (Echosens, Paris, France), medical device, with a
standard probe. Only LS values with at least 10 valid measurements, a success rate of
at least 60%, and an interquartile range-to-median ratio of < 30% were considered
reliable, as suggested by previous studies!"*""l. In addition, patients in whom LS was
measured while the AST or ALT > 5 x ULN was present, were excluded from the
analysis due to possible exaggerated LSM values as previous studies
demonstrated™®'\. The baseline LSM was obtained within 1 month before liver biopsy.
The follow-up LSM was performed after 12 mo of NASH treatment with daily dose of
15 mg pioglitazone, peroxisome proliferator-activated receptor (PPAR)-y agonist, or
300 mg/ day ursodeoxycholic acid (UDCA) following liver biopsy.

Histologic assessment

A single liver-dedicated expert pathologist, blinded to the patients’ identity,
performed the histologic analysis. A > 15-mm-long biopsy specimen or the presence
of at least 10 complete portal tracts was considered adequate for the analysis™*. NASH
was diagnosed according to the NASH Clinical Research Network System, and was
defined as the presence of > 5% hepatic steatosis and inflammation with hepatocyte
injury such as ballooning with or without fibrosis®!.

Statistical analysis

All statistical tests were performed using IBM SPSS Statistics 22.0 (IBM, Armonk, NY,
United States). Continuous variables are expressed as means * standard deviation
(SD) or medians (range). The area under the receiver-operating characteristic (ROC)
curve was calculated to reflect the overall accuracy of LSM for diagnosing significant
fibrosis (F2-4). Categorical variables were compared by using two-sided yx*-test (or
Fisher’s exact test, or McNemar test, as appropriate) and continuous variables by
independent or Mann-Whitney test as appropriate. A paired f test was performed to
evaluate changes in LSM. A two-sided P value of < 0.05 was considered indicative of
statistical significance.

RESULTS

Patients

From January 2010 to December 2017, 325 patients underwent liver biopsy and LSM
assessed due to suspicion of NASH. Among them, 184 patients met the inclusion and
exclusion criteria and were thus included in the analysis. The baseline characteristics
of the 184 patients with NASH are listed in Table 1.

Assessment of steatosis using CAP

Among the 184 patients with biopsy proven NASH, the distribution of the
histologically assessed steatosis grade (S) was as follows: S1, n = 44 (2.9%); S2, n = 81
(44.0%); S3, n =59 (32.1%) (Figure 1). The CAP scores were significantly different
between S1 and S2-S3 (P < 0.001). However, no significant difference was detected
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Table 1 Demographic, clinical, biochemical and histological characteristics of 184 patients with

nonalcoholic steatohepatitis

Variable NAFLD (n = 184)
Age (yr) 446 +14.5
Male gender 127 (69.0%)
Body mass index, median (range, kg/m?) 29.3 (19.8-44.5)
Body mass index > 25 kg/m> 156 (84.8%)
Diabetes 69 (37.5%)
Hypertension 54 (29.3%)
Hyperlipidemia 75 (40.8%)
Fasting glucose (mg/dL) 117.9£32.9
HDL cholesterol (md/dL) 47.1+11.8
Triglycerides (mg/dL) 193.8 £127.5
LDL cholesterol (mg/dL) 131.7£31.3
Alanine aminotransferase (U/L) 92.4 +68.1
Aspartate aminotransferase (U/L) 67.3 £39.2
Gamma glutamyltransferase (U/L) 741 +86.7
Platelet (x 1000/ mm®) 244.8 +58.6
Albumin (g/dL) 45+0.3
Liver stiffness (kPa) 109+49
Stiffness IQR (kPa) 1.8+33
CAP (dB/m) 320.9+£37.1
Lower tertile 223-310
Middle tertile 311-339
Higher tertile 340-400
CAPIQR (dB/m) 247+£95
Histology at biopsy

Steatosis grade

1 (5%-33%) 44 (23.9%)
2 (34%-66%) 81 (44.0%)
3 (>66%) 59 (32.1%)
Stage of fibrosis (Kleiner)

0 20 (10.9%)
1 84 (45.7%)
2 53 (28.8%)
3 21 (11.4%)
4 6 (3.3%)

Data are expressed as the mean # standard deviation, median (range) or number (%). HDL: High-density
lipoprotein; LDL: Low-density lipoprotein; CAP: Controlled attenuation parameter; IQR: Interquartile range;
NAFLD: Nonalcoholic fatty liver disease.

between S2 and S3 (P = 0.075). The ROC curve showed the optimum CAP cutoff for >
52 was 313.5 dB/m [area under the curve (AUC), 0.736; sensitivity, 72.9%; specificity,
63.6%]. On the other hands, the accuracy dropped to an AUC of 0.656 for S3, with a
cutoff of 323.5 dB/m (sensitivity 64.4%; specificity 55.2%).

Factors associated with LSM

LSM significantly increased with the histologically detected fibrosis stage (F0, 7.5 +
2.1;F1,98+27;F2,11.8+4.9; F3,15.4 £ 6.9; and F4, 20.3 + 8.8 kPa) (P < 0.001). The
ROC curve showed that the optimum LSM cutoff for > F2 was 8.95 kPa (AUC, 0.730;
sensitivity, 72.5%; specificity, 65.4%). According to univariate and multivariate
analyses, the CAP values and pathologically detected fibrosis stage was significantly
associated with LSM (Table 2).

Although there were significant differences in CAP scores between S1 and S2-S3, no
cutoff could differentiate S3 from S2. S2 and S3 accounted for the majority of the
patients (76.1%, 140/184). Furthermore, in a multivariate analysis, the CAP value, but
not the pathologically detected steatosis grade, was associated with LSM. Therefore,
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Figure 1 Distribution of controlled attenuation parameter scores according to histologically assessed
steatosis grades (S). CAP: Controlled attenuation parameter.

the variations in the LSM value for each stage of liver fibrosis was evaluated
according to arbitrary CAP tertiles (lower, 223-310; middle, 311-339; high 340-400
dB/m) (Figure 2). For FO-1, LSM values significantly increased at high CAP tertile (P =
0.001) (Figure 2A). For F2, LSM values were higher for the middle and high CAP
tertiles (P = 0.027) (Figure 2B). However, the LSM values did not differ significantly
according to CAP tertile in patients with NASH and advanced fibrosis (F3-4) (P =
0.752) (Figure 2C).

When cutoff of 8.95 kPa was used to diagnose significant fibrosis (F 2 2), positive
predictive values in lower, middle and high CAP tertiles was 21/31 (67.7%), 19/32
(59.4%) and 23/49 (46.9%), respectively. False positive rates increased with increasing
CAP tertile (Figure 3A). However, when different cutoffs were used for each CAP
tertile, differences in false positive rates among different CAP tertile were reduced
and the false positive rate in high CAP tertile decreased (Figure 3B). ROC curves
showed that the optimum LSM cutoff for diagnosis of F > 2 was 8.05 kPa (AUC, 0.682;
sensitivity, 73.5%; specificity 51.7%) for the lower CAP tertile, LSM of 9.35 kPa (AUC,
0.843; sensitivity, 90.5%; specificity 71.8%) for the middle CAP tertile, and LSM of
10.55 kPa (AUC 0.682; sensitivity, 76.0%; specificity 52.8%) for high CAP tertile.

Effect of PPAR-y agonist on follow up LSM

Among the 184 patients with biopsy proven NASH, 130 patients had LS measured 1
year after liver biopsy and were treated with PPAR-y agonist (pioglitazone) 15
mg/day (n = 80) or UDCA 300 mg/day (n = 50). Regarding the baseline
characteristics, there was no significant difference in BMI, LS value or CAP score
between the two groups (Table 3). However, the pioglitazone group had higher rates
of DM and hypertension (P = 0.048, P = 0.049, respectively).

The patients treated with pioglitazone demonstrated a decreased LSM value after
1- year of treatment (P < 0.001), when that in UDCA-treated patients did not change
significantly (P = 0.068) (Figure 4). The CAP values did not show significant changes
after treatment with pioglitazone (318.2 + 37.9 vs 313.2 + 41.5 dB/m, P = 0.197) or
UDCA (319.3 + 37.1 vs 309.2 £ 38.2 dB/m, P = 0.057). Changes in the proportion of
patients with LSM suggesting significant fibrosis (F > 2) were assessed separately in
the pioglitazone and UDCA groups according to the LSM cutoffs for each CAP tertile,
that were obtained from the analysis with 184 patients. Among the patient with lower
CAP tertile (223-309 dB/m), those treated with pioglitazone showed a decreased
proportion of high LSM values (F > 2) but the proportion of high LSM values did not
change significantly among the patients treated with UDCA (Figure 4A). Similar
results were noted in patients with middle (310-332 dB/m) and high CAP tertile (333-
400 dB/m) (Figure 4B and C).

DISCUSSION

This study of 184 patients with biopsy proven NASH demonstrated that high CAP
scores are associated with increased LSM values at the same fibrosis stage, resulting in
overestimation of liver fibrosis. Lower positive predictive values were noted in
patients in the high CAP tertile, particularly those with F0-2. Therefore, higher LSM
cutoffs might be useful for identifying significant fibrosis in patients with NAFLD and
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Table 2 Univariate and multivariate analysis of factors associated with liver stiffness

measurements as continuous variable in 184 patients with nonalcoholic steatohepatitis by linear
regression analysis

Univariate analysis Multivariate analysis
Variable B SE P B SE P
Age (yr) 0.053 0.025 0.037% 0.017 0.022 0.451
Male gender 0.957 0.792 0.228
BMI (kg/m?) -0.032 0.083 0.700
CAP (dB/m) 0.022 0.010 0.026" 0.041 0.009 <0.001°
LSIQR (kPa) 0.329 0.109 0.003" 0.294 0.022 0.451
Histology at biopsy
Steatosis -0.895 0.490 0.069 -0.532 0.445 0.233
Lobular inflammation 1.134 0.082 0.152 0.776
1.366 0.650 0.008" 0.638 0.532 0.131
Ballooning 2.769 0.509 <0.001" 2.665 0.421 <0.001°
Fibrosis 0.331 0.344
P < 0.05;

bp < 0.01. SE: Standard error; BMI: Body mass index; CAP: Controlled attenuated parameter; LS IQR: Liver
stiffness interquartile range.

high CAP values. Although a “high CAP cutoff value” had yet to be defined, the
cutoff for the high CAP tertile in this study was 330-340 dB/m.

Two prospective cohort studies on the natural history of NAFLD proposed that the
severity of liver fibrosis is the most important predictor of liver-related complications
as well as survival in patients with NAFLDPl. In addition, recent studies suggested
that only the severity of fibrosis is an important prognostic factor for NAFLD, and is
independent of NASH and the severity of inflammation!**’l. These studies
investigated the prognostic value of the baseline liver fibrosis stage, and one also
assessed the progression of liver fibrosis in patients with NAFLDLL Therefore, when
sequential liver biopsy is not practical, accurate prediction of fibrosis stage using
noninvasive methods is important. To reduce the effect of hepatic steatosis, as
indicated by CAP scores, on the prediction of fibrosis based on LSM, we calculated
the cutoff values for significant fibrosis in according to CAP tertile. We applied
arbitrary CAP tertiles since the CAP score did not accurately differentiate S2 from S3
which accounted for the majority of the patients. Also, CAP reportedly cannot
differentiate adjacent grades of steatosis with high precision®. As a noninvasive
means of steatosis measurement, magnetic resonance imaging (MRI)-proton density
fat traction (PDFF) is reported to be more accurate for predicting hepatic steatosis
compared to CAP”. Magnetic resonance elastography (MRE) has the highest
diagnostic accuracy for staging fibrosis in patients with NAFLD. However, both MRI-
PDFF and MRE are MRI-based tools that require more space and more costly than
FibroScan with CAP™!.

Cutoff values according to CAP tertile were applied to estimate the effect of
pioglitazone and UDCA on the LSM values at the 1-year follow up. Treatment with
pioglitazone reduced LSM-estimated proportion of significant fibrosis. However, the
CAP score did not change significantly after pioglitazone or UDCA administration. In
recent NAFLD practice guidance, pioglitazone and 800 IU/day vitamin E are
recommended to improve liver histology in patients with NASH™!. The 184 patients
from which the LSM cutoff values for significant fibrosis were estimated included 130
patients treated with pioglitazone or UDCA. Although pioglitazone improved the
LSM value, the utility of this result is limited by several factors. Ironically, the
accuracy of LSM cutoff determined based on the CAP score cannot be validated
without follow-up biopsy after pioglitazone or UDCA treatment in patients with
NASH. Therefore, studies involving paired liver biopsies are needed, until more
reliable LSM standards for NAFLD are established. Secondly, being a retrospective,
observational study, the baseline demographic parameters of the pioglitazone and
UDCA-treated groups were not matched. Patients treated with pioglitazone were
more likely to be diabetic and hypertensive which are important elements of
metabolic syndrome. Among NAFLD patients with fibrosis progression, 80% were
diabetic, suggesting that diabetes promotes the progression of NASH!. Although it
involved a larger number of patients with diabetes, our study showed that
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Figure 2 Distribution of liver stiffness values within the same Kleiner fibrosis stages (F0-4) in different controlled attenuation parameter tertiles. A: FO-1; B:
F2; C: F3-4. CAP: Controlled attenuation parameter.

pioglitazone resulted in a reduced proportion of patients with high LSM values
compared to UDCA. However, the sample size was too small to reach a definite
conclusion. Finally, unlike previous investigations of the effect of pioglitazone on
NASH, the patients in this study received low dose of pioglitazone (15 mg/day). Two
randomized studies of the effect of pioglitazone on NASH prescribed pioglitazone 30
mg or 45 mg daily to patients with NASH”*]. The mean BMIs of the patients in these
previous studies were about 33-35 kg/m?, compare to 29.2 + 4.5 kg/m? in this study,
and the lower dose of pioglitazone may have been effective due to the lower BMI of
our patients. Further studies investigating smaller doses of pioglitazone on patients
with NASH are needed to verify our results.

In conclusion, LSM in patients with NASH may overestimate the liver fibrosis
stage, particularly in those with high CAP values. Interpretation of LSM results taking
into consideration the simultaneously measured CAP scores may prevent the
performance of unnecessary liver biopsy in patients with NAFLD.

Baishidengs WJG | https://www.wjgnet.com 4965 September 7, 2019 | Volume 25 | Issue33 |



Lee J1 et al. CAP in liver stiffness of NASH

Table 3 Demographic, clinical, biochemical and histological characteristics of patients with nonalcoholic steatohepatitis under either

pioglitazone or ursodeoxycholic acid

Variable Pioglitazone group (n = 80) UDCA group (n = 50) P value
Age (yr) 47.6 £14.5 449+145 0.303
Male gender 60 (75.0%) 30 (60.0) 0.071
Body mass index 2 25 kg/m> 66 (82.5%) 41 (82.0%) 0.942
Diabetes 38 (47.5%) 15 (30.0) 0.048°
Hypertension 29 (36.2%) 10 (20.0%) 0.049°
Hyperlipidemia 36 (45.0%) 26 (52.0%) 0.437
Fasting glucose (mg/dL) 121.3 £34.5 112.5 £24.1 0.090
HDL cholesterol (md/dL) 47.9£10.0 47.7 £14.1 0.923
Triglycerides (mg/dL) 199.5 +147.7 185.9 +105.2 0.590
LDL cholesterol (mg/dL) 130.5 £29.4 136.4 +£34.8 0.435
Alanine aminotransferase (U/L) 103.0 £ 76.1 74.6 +48.7 0.011°
Aspartate aminotransferase (U/L) 70.2 +£40.5 65.7 +42.8 0.554
Gamma glutamyltransferase (U/L) 63.9+61.3 623 +41.8 0.856
Platelet (x 1000/ mm®) 229.8 £54.8 2532+54.4 0.019°
Albumin (g/dL) 45+03 45+03 0.866
Liver stiffness (kPa) 11.7+48 105+5.4 0.183
Stiffness IQR (kPa) 22+47 14+09 0.387
CAP (dB/m) 318.2+37.9 319.3+37.1 0.873
CAPIQR (dB/m) 252+9.0 23.0+10.1 0.216
Fibrosis score (Kleiner) 0.017°
FO 2 (2.5%) 9 (18.0%)

F1 41 (51.2%) 21 (42.0%)

F2 24 (30.0%) 15 (30.0%)

F3-4 13 (16.3%) 5 (10.0%)

Data are expressed as the mean * standard deviation or median (range) or number (%),
4P < 0.05. UDCA: Ursodeoxycholic acid; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; CAP: Controlled attenuation parameter; IQR:
Interquartile range.
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Figure 3 False-positive rates when evaluating liver fibrosis stages by liver stiffness measurements. A: The cutoff of 8.95 kPa for detecting Kleiner fibrosis
stage (F) = 2 was applied in all controlled attenuation parameter (CAP) tertiles; B: Different cutoffs were applied according to CAP tertiles. CAP: Controlled attenuation
parameter; LSM: Liver stiffness measurements.
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ARTICLE HIGHLIGHTS

Research background

In nonalcoholic fatty liver disease (NAFLD), studies demonstrate that the severity of liver
fibrosis is the most important determinant of the disease prognosis. Although liver biopsy is
considered the gold standard for identifying fibrosis stage, it is an invasive procedure, and liver
stiffness measurement (LSM) is widely preformed as a noninvasive means. However, LSM tends
to overestimate fibrosis stage in NAFLD.

Research motivation
Controlled attenuation parameter (CAP), provided by LSM device, has been introduced for
noninvasive quantification of hepatic steatosis. It also has been suggested that CAP may

contribute in enhancing the accuracy of transient elastography measured LSM in patients with
NAFLD.

Research objectives
Our aim was to determine the role of CAP values in predicting liver fibrosis stages by LSM.

Research methods

This retrospective study involves 184 patients with biopsy proven nonalcoholic steatohepatitis
(NASH), seen at a tertiary hospital in Seoul, Republic of Korea between 2010 and 2017. These
patients had LSM and CAP evaluated within one month before the liver biopsy. Liver stiffness
and CAP scores were measured by the FibroScan (Echosens, Paris, France), a medical device,
using a standard probe. The patients in whom liver stiffness was measured when aspartate
aminotransferase or alanine aminotransferase level was more than fivefold the upper limit of
normal were excluded from the analysis due to the possibility of exacerbated LSM values. From
184 patients, 130 patients had 1-year follow-up LSM and analyzed for the changes of LSM after
pioglitazone or ursodeoxycholic acid (UDCA) treatment.

Research results

Among 184 NASH patients with liver biopsy, histologically assessed steatosis grade (S) was
distributed as follows: S1, n = 44 (2.9%); S2, n = 81 (44.0%); S3, n = 59 (32.1%). CAP scores were
significantly different between S1 and 52-S3 (P < 0.001). However, no significant difference was
found between S2 and S3 (P = 0.075). LSM significantly increased in accordance with the liver
biopsy detected fibrosis stage (P < 0.001). After multivariate analysis, CAP value along with
pathologically detected fibrosis stages was identified as a significant factor associated with LSM.
Since our assessment showed that no reliable cutoff was demonstrated to differentiate S3 from S2
and 76.1% (140/184) of our study patients were either S2 or S3, variations of LSM within the
same stage of liver fibrosis was evaluated according to the arbitrary CAP tertiles (lower 223-310,
middle 311-339, high 340-400 dB/m). In Kleiner fibrosis stage FO - 1, LSM values increased at
high CAP tertile (P = 0.001), and in F2, at middle and high tertile (P = 0.027). No difference was
noticed in F3-4 (P = 0.752) according to CAP tertile. Receiver operating characteristic curves for
LSM cutoff in diagnosis of F 2 2 identified 8.05 kPa for lower CAP tertile, 9.35 kPa for middle,
and 10.55 kPa for high tertile. The patients treated with pioglitozone demonstrated decreased
LSM values after 1 year of the treatment (P < 0.001), when that in UDCA treated patients did not
show significant changes (P = 0.068). CAP values did not show significant changes after
pioglitazone (P = 0.197) or UDCA treatment (P = 0.057). When changes in proportion of
significant fibrosis (F 2 2) were assessed among pioglitazone or UDCA treated patients reflecting
CAP values, pioglitazone treated patients demonstrated decrease in proportion of high LSM.

Research conclusions
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In conclusion, LSM in NASH may overestimate the liver fibrosis stage particularly in patients
with high CAP values. Interpretation of LSM considering simultaneously measured CAP scores
may provide more helpful information preventing unnecessary liver biopsy in patients with
NAFLD.

Research perspectives

In patients with NAFLD with high CAP scores, LSM cutoff that leads to liver biopsy may need to
be set higher than in those with other chronic liver diseases. Validation studies for more precise
LSM cutoffs should be performed incorporating larger number of patients with biopsy proven
NAFLD. With more reliable LSM cutoffs for noninvasive diagnosis of liver fibrosis in NAFLD,
clinical studies evaluating efficacies of treatment would be more widely preformed in NAFLD.
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Abstract

BACKGROUND

Obstructive colorectal cancer (OCC) is always accompanied by severe
complications, and the optimal strategy for patients with OCC remains
undetermined. Different from emergency surgery (ES), self-expandable metal
stents (SEMS) as a bridge to surgery (BTS), could increase the likelihood of
primary anastomosis. However, the stent failure and related complications might
give rise to a high recurrence rate. Few studies have focused on the indications
for either method, and the relationship between preoperative inflammation
indexes and the prognosis of OCC is still underestimated.

AIM
To explore the indications for ES and BTS in OCCs based on preoperative
inflammation indexes.

METHODS

One hundred and twenty-eight patients who underwent ES or BTS from 2008 to
2015 were enrolled. Receiver operating characteristic (ROC) curve analysis was
used to define the optimal preoperative inflammation index and its cutoff point.
Kaplan-Meier analyses and Cox proportional hazards models were applied to
assess the association between the preoperative inflammation indexes and the
survival outcomes [overall survival (OS) and disease-free survival (DFS)].
Stratification analysis was performed to identify the subgroups that would
benefit from ES or BTS.

RESULTS
OS and DFS were comparable between the ES and BTS groups (P > 0.05). ROC
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curve analysis showed derived neutrophil-to-lymphocyte ratio (ANLR) as the
optimal biomarker for the prediction of DFS in ES (P < 0.05). Lymphocyte-to-
monocyte ratio (LMR) was recommended for BTS with regard to OS and DFS (P
< 0.05). dNLR was related to stoma construction (P = 0.001), pneumonia (P =
0.054), and DFS (P = 0.009) in ES. LMR was closely related to lymph node
invasion (LVI) (P = 0.009), OS (P = 0.020), and DFS (P = 0.046) in the BTS group.
dNLR was an independent risk factor for ES in both OS (P = 0.032) and DFS (P =
0.016). LMR affected OS (P = 0.053) and DFS (P = 0.052) in the BTS group. LMR
could differentiate the OS between the ES and BTS groups (P < 0.05).

CONCLUSION

Preoperative dNLR and LMR could predict OS and DFS in patients undergoing
ES and BTS, respectively. For OCC, as the potential benefit group, patients with a
low LMR might be preferred for BTS via SEMS insertion.

Key words: Inflammation indexes; Emergency surgery; Self-expanding metal stent
insertion as a bridge to surgery; Obstructive colorectal cancers

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: As a supplement to recent guidelines, this manuscript demonstrates that
lymphocyte-to-monocyte ratio could effectively differentiates the survival outcome
between self-expanding metal stenting and emergency surgery in patients with
obstructive colon cancer. Self-expanding metal stents might be preferred to the “potential
benefit group” that with a low preoperative lymphocyte-to-monocyte ratio (<1.67).
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INTRODUCTION

Although several studies have been implemented in the screening for colorectal
cancer, approximately 8%-29% of patients are diagnosed with obstructive colorectal
cancer (OCC) as the first symptom!". Emergency surgery (ES) with or without stoma
construction and self-expandable metal stent (SEMS) insertion as a bridge to surgery
(BTS) are the current methods for OCCFl. A BTS is preferred for symptomatic OCC
due to effective decompression, better preoperative nutritional preparation, an
improvement in the immunological reaction, and a lower incidence of stoma
creation!*”l. However, the enhancement of tumor dissemination and early recurrence
reported by some studies hinder the usage of a self-expandable metal stent in OCC"1.
Despite this, there is still no common consensus. Several predictive models on the
prognostic outcome of OCC, including ASA, age, Duck’s stage, and prognostic
nutritional index, have been established!®”], but few focus on the inflammation
index!",

The inflammatory response plays a dual role in the development of a tumor. On
one hand, a chronic inflammatory response triggers the local accumulation of
monocytes, platelets, and neutrophils, which secrete cytokines and inflammatory
factors to induce tumor angiogenesis and metastasis. On the other hand, increasing
monocytes and lymphatic cells would enhance the resistance against tumor
invasion!"l. Increasing evidence shows that an elevated neutrophil-to-lymphocyte
ratio (NLR) is closely related to a poor prognosis in ovarian cancer, cholangiocarci-
noma, and elective colorectal cancer (CRC)!"*"l. The overexpression of circulating
derived NLR, an effective biomarker for the diagnosis of early pancreatic cancer!’”,
was accompanied by increasing distal organ invasion in metastatic CRCI'?.. An
elevated preoperative lymphocyte-to-monocyte ratio (LMR), as a superior existing
biomarker, was positively correlated with the survival outcomes of patients with
resectable CRC and presented better overall survivall'”l. Other inflammatory indexes,
such as the platelet-to-lymphocyte ratio (PLR)!" and systemic immune inflammation
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index (SI)!"?, have also been studied in the exploration of optimal predictive models
for tumor recurrence.

Different from the acute inflammatory response in patients undergoing ES, the
alleviation of bowel obstruction after successful SEMS insertion in patients
undergoing BTS would elicit a better immunological reaction and nutritional support,
which might change the predictive factors for prognosis between the two groups.
Preoperative inflammation indexes might favor patient selection and the
establishment of a valid predictive model for the prognosis of OCC. In this study, we
compared different inflammation indexes and other clinicopathological factors to
evaluate the potential indications for ES and BTS for OCC.

MATERIALS AND METHODS

Patient population

All patients (n = 128) who underwent surgery for OCC at the Department of
Emergency Surgery of Fujian Medical University Union Hospital from January 2008
to October 2015 were included in this study. Data from the patients” records were
retrospectively collected and evaluated. The Institutional Review Board of Fujian
Medical Union Hospital approved the study protocol. All patients provided informed
consent for surgery. Patients were divided into an ES group and a BTS group based
on the grade of bowel obstruction and families” choices. For incomplete obstruction,
ES was preferred as the first choice. For complete obstruction, once patients who
refused to accept SEMS insertion or failed in SEMS insertion, they would accept ES
with intraoperative decompression.

Classification criteria

Patients who manifested with bowel obstruction were enrolled in this study. All
diagnoses of OCC were confirmed by both emergency abdominal computed
tomography (CT) and a pathological examination. The exclusion criteria were as
follows: (1) Patients who rejected surgery or were diagnosed with acute peritonitis or
perforation; (2) Patients with severe infection, hematological diseases, or an
immunological deficit; and (3) Patients who received preoperative adjuvant
chemotherapy, radiotherapy, or immunotherapy.

Surgical protocols

For left-side OCC, we performed intraoperative lavage or manual decompression for
better bowel preparation, and these protocols have been previously depicted. For
right-side OCC, radical dissection with one-stage anastomosis was performed.

SEMS with BTS

Stent insertion was performed by an endoscopist who had experienced over 400
endoscopic retrograde cholangiopancreatography (ERCP) procedures. Bridge to
elective surgery was performed, once the stent was so successfully inserted that the
intestinal obstruction completely relieved. Otherwise, ES was immediately performed.

Definition of variants

The neutrophil, lymphocyte, monocyte, and platelet counts from the peripheral blood
tests and the inflammation indexes dependent on these factors were performed before
surgery (e.g., NLR, dNLR, LMR, PLR, and SII) and stent insertion (e.g., NLR-pre,
dNLR-pre, LMR-pre, PLR-pre, and SlI-pre). The methods for the calculation of NLR,
dNLR, LMR, and PLR have been described in previous studies!”l. The SII was
calculated as (platelet count x neutrophil count)/lymphocyte count!'”l. The cutoff
point and the area under the curve (AUC) value of each inflammation index for the
prediction of OS and DFS were determined with X-tile 3.6.1 software (Yale University,
New Haven, CT, United States)*".. According to the cutoff point, patients were
divided into low-ratio and high-ratio groups for further analysis.

According to the American Joint Committee on Cancer (AJCC) Cancer Staging
Manual (7th edition)], we classified the tumor pathological stage. Comorbidities
were defined as hypertension, diabetes mellitus, and single and multiple organ
dysfunction. The degree of obstructive symptoms was divided into five grades,
termed as The ColoRectal Obstruction Scoring System (CROSS)*. According to the
Clavien-Dindo classification system!**1, we classified the perioperative complications
into five grades.

Statistical analysis
Qualitative variables were compared by the y? test or Fisher’s exact test, and
quantitative variables were compared via t-tests. Through Kaplan-Meier analysis, the
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3-year OS and 3-year DFS were calculated. A Cox proportional hazards regression
model was built to identify the independent risk factors for 3-year DFS and 3-year OS.
Stratification analysis was used to compare the differences between subgroups. All P-
values less than 0.05 were considered statistically significant. All statistical analyses
and graphs were generated using SPSS 23.0 software.

RESULTS

Baseline characteristics

There were 128 patients enrolled in this study, who were divided into an ES group (n
=90) and a BTS group (n = 38), with similar age and sex ratios between the groups (P
> 0.05). The average tumor size was 6.88 * 2.68 cm in the BTS group, with a higher
proportion of tumors located on the left side of the colon (73.70% vs 41.10%, P =
0.005), and was much larger than the tumor size in the ES group (5.76 £ 2.12 cm, P =
0.015). Moreover, the obstructive symptoms were more severe in the BTS group than
in the ES group (Grade 0-I, 97.40% vs 68.50%, P = 0.001), as presented in Table 1. The
remaining characteristic factors, including BMI, abdominal surgery history,
comorbidities, ASA grade, pTNM stage, histological features, and the ratio of
chemotherapy were similar between the ES and BTS groups (P > 0.05).

Outcome comparison between the ES and BTS groups

The blood loss in the BTS group was lower than that in the ES group (133.68 + 95.76
mL vs 177.30 + 134.37 mL, P = 0.072), with similar gastrointestinal recovery and
postoperative complications (P > 0.05) (Table 2). Analogical survival outcomes
including 3-year OS (30.10 £ 9.64 mo vs 29.41 + 11.33 mo, P = 0.732) and 3-year DFS
(27.59 £ 12.19 mo vs 27.48 12.17 mo, P = 0.969) were compared between the ES and
BTS groups, and are plotted in Figure 1.

Predictive values and cutoff points of different inflammation indexes

A decreasing tendency was observed for WBC (8.56 x 10° + 3.44 x 10°), NLR (4.88
3.02), and SII (1235.74 + 849.53) in the BTS group after SEMS insertion, compared with
the WBC (7.57 x 10° + 2.61 x 10°), NLR (6.05 * 3.03), and SII (1712.60 + 1157. 32) before
SEMS insertion (P < 0.05), as presented in Table 1. Different inflammation indexes
were analyzed between the ES and BTS groups. As a result, ANLR was preferred as a
prognostic biomarker for the ES group since it had the highest AUC for 3-year OS
(0.679, 95%CI: 0.551-0.808) and 3-year DFS (0.679, 95%ClI: 0.551-0.808); the cutoff point
value was 1.57. Conversely, based on the highest AUC for 3-year OS (0.611, 95%CI:
0.424-0.798) and 3-year DFS (0.571, 95%CI: 0.366-0.776), the LMR was recommended
as a prognostic biomarker for the BTS group, with 1.67 as its cutoff point. These data
are depicted in Table 3 and plotted in Figure 2.

Clinical evaluation of different inflammation indexes

In Table 4, patients were divided into high-ratio and low-ratio grades based on the
dNLR in the ES group and the LMR in the BTS group. A high-ratio grade of dNLR (=
1.57) was closely related to a higher proportion of tumors located on the left side of
the colon and rectum (P = 0.007), and a higher incidence of stoma construction (P =
0.001) and postoperative pneumonia (P = 0.054), with a lower 3-year DFS (dNLR >
1.57: 23.10 + 13.85 mo vs ANLR < 1.57: 31.45 + 9.35 mo, P = 0.009) in the ES group.
Separately, a high-ratio grade of the LMR (= 1.67) in the BTS group showed more
advanced lymphovascular metastasis (P = 0.072) and lymph node invasion (P = 0.009),
with a lower 3-year OS (LMR 2 1.67: 25.26 + 13.88 mo vs LMR < 1.67: 33.78 + 5.35 mo,
P =0.020) and 3-year DFS (LMR = 1.67: 22.67 + 14.02 mo vs LMR < 1.67: 31.50 + 8.89
mo, P = 0.046). The dNLR was the only independent risk factor in the ES group both
for 3-year OS (HR = 2.34, 95%CI: 1.08-5.07, P = 0.032) and 3-year DFS (HR = 3.02,
95%CI: 1.23-7.42, P = 0.016). In contrast, the status of LVI (HR = 3.52, 95%CI: 1.03-
12.02, P = 0.045) and the LMR (HR = 4.57, 95%Cl: 0.98-21.38, P = 0.053) significantly
affected the 3-year OS in the BTS group. Only the LMR was an independent risk factor
for 3-year DFS (HR = 3.11, 95%ClI: 1.13-8.54, P = 0.052) in the BTS group, as shown in
Tables 5 and 6 and Figure 2.

Selective choices based on inflammatory biomarkers

By stratification analysis of 3-year OS and 3-year DFS in different grades of dNLR and
LMR, we revealed that only the LMR obviously differentiated the oncological and
survival outcomes between the ES and BTS groups. A lower LMR (<1.67), as a
protective factor, indicated a lower rate of death (HR = 0.40, 95%CI: 0.18-0.92, P =
0.031) and tumor recurrence (HR = 0.42, 95%ClI: 0.17-1.07, P = 0.068) in the BTS group.
Conversely, a higher LMR (21.67), as a risk factor, showed a higher proportion of
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Table 1 Comparison of clinicopathological characteristics between emergency surgery and
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bridge to surgery groups
Characteristic ES group (n=90) BTS group (n = 38) P-value
Age (yr) 61.58 +14.84 63.21 +13.55 0.561
Female/Male, (%) 31 (34.40)/59 (65.60) 15 (39.50)/23 (60.50) 0.588
Size, (cm) 576 +2.12 6.88 +2.68 0.015
BMI, (kg/m?) 21.76 +2.42 22.20+3.20 0.411
Cross score, (%) 0.001
0 21 (23.60) 21 (55.30)
1 40 (44.90) 16 (42.10)
2 17 (19.10) 1 (2.60)
3 10 (11.20) 0 (0.00)
4 1 (0.80) 0 (0.00)
ASH (+)/(-), (%) 17 (18.90)/73 (81.10) 10 (26.30)/28 (73.70) 0.347
Comorbidities (+)/(-), (%) 37 (41.10)/53 (58.90) 21 (55.30)/17 (44.70) 0.142
ASA grade, (%) 0.299
1 2 (2.20) 3 (7.90)
I 63 (70.00) 28 (73.70)
> 111 25 (27.80) 7 (18.40)
Location, (%) 0.005
Right-side colon 13 (14.40) 1 (2.60)
Transverse colon 30 (33.30) 5 (13.20)
Left-side colon 37 (41.10) 28 (73.70)
Rectum 10 (11.10) 4 (10.50)
PTNM stage, (%) 0.186
I 4 (4.40) 0 (0.00)
I 23 (25.60) 9 (23.70)
111 44 (48.90) 25 (65.80)
v 19 (21.10) 4 (10.50)
T stage, (%) 0.186
T1 4 (4.40) 0 (0.00)
T2 23 (25.60) 9 (23.70)
ji8) 44 (48.90) 25 (65.80)
T4 19 (21.10) 4 (10.50)
N stage, (%) 0471
NO 31 (34.40) 9 (23.70)
N1 35 (38.90) 18 (47.40)
N2 24 (26.70) 11 (28.90)
M stage, (%) 0.292
MO 71 (78.9) 33 (86.8)
M1 19 (21.1) 5(13.2)
Histological features, (%) 0.308
Well differentiated 3 (2.30) 0 (0.00)
Moderately differentiated 61 (67.80) 30 (78.90)
Poorly differentiated 26 (28.90) 8 (21.10)
LVI (+)/ (), (%) 15 (16.70)/75 (83.30) 14(36.80)/24(63.20) 0.013
WBC, (10"9) 8.99+£5.10 7.57 £2.61 0.042
NLR, (ratio) 711+6.72 4.88 +£3.02 0.012
dNLR, (ratio) 1.66 +0.41 1.67 £0.27 0.756
PLR, (ratio) 245.61 +144.17 229.98 +122.38 0.562
LMR, (ratio) 2.84 +2.43 2.34+1.19 0.127
S, (ratio) 1969.03 + 2316.10 1235.74 + 849.53 0.011
WBC-pre, (10"9) 9.18 £5.13 8.56 +3.44 0.434
NLR-pre, (ratio) 7.62+6.97 6.05 +3.03 0.084
dNLR-pre, (ratio) 1.65 +0.41 1.68 +0.45 0.652
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PLR-pre, (ratio) 263.98 +161.96 270.89 +171.35 0.830
LMR-pre, (ratio) 2774232 238+1.66 0354
SII-pre, (ratio) 2186.46 + 2474.96 1712.60 + 1157.32 0.149
CEA, (ng/mL) 30.19 +120.54 17.88 +27.47 0541
Chemotherapy (+)/(-), (%) 62 (68.90)/28 (31.10) 20 (52.60)/18 (47.40) 0.080

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; ASH: Abdominal surgery history; WBC: White
blood cells; dNLR: Derived neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SII: Systemic
immune inflammation index; LMR: Lymphocyte-to-monocyte ratio; Cross: Colorectal obstruction scoring
system; LVI: Lymphovascular invasion. P < 0.05 was considered statistically significant.

death (HR = 4.32, 95%CI: 1.27-14.82, P = 0.019) and tumor recurrence (HR = 2.72,
95%CI: 0.97-7.65, P = 0.058) in the BTS group; these data are presented in Table 7 and
Figure 3.

DISCUSSION

OCC is always accompanied by a severe local and systemic inflammatory response;
some reasons, including the overgrowth of intestinal bacteria, their translocation
through the distended colonic wall, and, moreover, septic shock, have been
recognized. In this study, we found that the cutoff point for the NLR of 19.30 was
much higher than that in elective CRC!'**], supporting the existing severe systemic
inflammation. Although ES and BTS via SEMS insertion have been widely performed,
there is still not an objective indication for either. Weighing the balance between
oncological outcomes and better preoperative nutritional support with the alleviation
of systemic inflammation, BTS via SEMS insertion is only recommended for
symptomatic and high surgical risk groups, especially left-side OCC, by the ESGE and
World Society of Emergency Surgery (WSES)!'"L. In this study, analogous with a
previous study™™!, the BTS group had a higher proportion of LVI (36.80%), though
similar 3-year OS and 3-year DFS were observed between the ES and BTS groups. A
decreasing tendency in the WBC, NLR, and SII levels was observed after SEMS
insertion, which might explain the reason why different inflammation indexes were
concluded from the ES (ANLR) and BTS (LMR) groups in our study.

Since 1970, a decreasing peripheral lymphocyte count has been recorded in
advanced colon cancer™!, and the inflammation index has been investigated in several
kinds of cancer, as it is cost-effective and convenient. The dysbiosis and outgrowth of
intestinal microbial species, as a result of acute bowel obstruction and distention,
triggers systemic inflammation, leading to the accumulation of neutrophils and
monocytes that secrete cytokines and chemokines with the induction of reactive
oxygen species (ROS) and reactive nitrogen intermediates (RNI), which might
aggravate colonic injury and DNA damagel''l. OCC almost coexists with
immunosuppression, which causes a deficiency in adaptive immunologic cells such as
T lymphocytes and B lymphocytes, which play important roles in immune
surveillance and pathogen depletion!”). The mechanical stress of SEMS and chronic
ablation to the colonic wall enhances local platelet adhesion and the mediation of
tumor invasion into lymphovascular vessels!*], which was supported in the current
study by a higher proportion of LVI in the BTS group. In this study, we compared
different inflammation indexes, including the NLR, dNLR, PLR, LMR and SII, with
the CEA level in terms of the predictive value for the prognosis between the ES and
BTS groups. Finally, the dNLR was defined as the most efficient index in the ES
group; a high dNLR (= 1.57) was closely related to low survival benefits, a high
incidence of stoma construction, and postoperative pneumonia. Dissimilarly, the LMR
was defined as the most efficient index in the BTS group; a high LMR (= 1.67) was
closely related to low survival benefits and a high incidence of LVI and lymph node
invasion.

The reason why different predictive models for the ES and BTS groups were
observed in OCC is still unknown. This might be owing to the hypothesis that, as a
result of bacterial outgrowth and translocation, OCC always has a severe systemic
inflammatory response and immunological deficit, and for patients with a high
surgical risk, a BTS via SEMS insertion is preferred. In this study, we found that the
BTS group had more severe obstructive symptoms and a bigger tumor size than the
ES group. Sufficient alleviation of bowel distention and preoperative nutritional
support would improve systemic inflammation and enhance the immunological
reaction in the BTS group. However, the mechanical stress of the metal stent might
aggravate the local inflammatory response”~"! and enhance tumor invasion. In our
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Figure 1 Long-term survival analysis between emergency surgery and bridge to surgery groups. Disease-free survival (DFS, A) and overall survival (OS, B)
after surgery seemed similar between the bridge to surgery (BTS) and emergency surgery (ES) groups.

study, with the dramatic decrease of the systemic inflammatory response in the BTS
group, the dNLR could not determine the benefit group for ES or BTS. Only the LMR
could serve as an objective biomarker for the indication for OCC. A low LMR (< 1.67)
was correlated with a low incidence of death and tumor recurrence in the BTS group.
Conversely, a high LMR (= 1.67) showed a high proportion of death and tumor
recurrence in the BTS group, and was preferred for ES.

There were some limitations existing in this study. First, this was a retrospective
study in a single center; thus, we will initiate a prospective, multicenter study to
confirm our findings. Second, the sample size was not so large that more patients are
needed in future research. Furthermore, this study just analyzed the ratio of immune
cell populations in the peripheral blood, instead of systematic immune responses
including the production of cytokines or expression of PD-1 or CTLA-4. More efforts
should be made on the investigation of immune responses occurring in the systemic
circulation or tumor.

In conclusion, this study suggests a similar survival and oncological benefits for
BTS and ES in patients with OCC. Even though different inflammation indexes for
prediction of the prognosis were observed between the ES and BTS groups, they
could serve as effective biomarkers. The dNLR was closely related to the prognosis in
the ES group, while the LMR was closely related to the prognosis in the BTS group.
Specifically, as the potential benefit group, patients with a low LMR might be
preferred for BTS via SEMS insertion.
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Table 2 Comparison of short-term and long-term outcomes between emergency surgery and bridge to surgery groups

Characteristic ES group (n =90) BTS group (n = 38) P-value
Surgical time, (min) 217.89 + 60.69 204.64 + 66.13 0.275
Blood loss, (mL) 177.30 + 134.37 133.68 + 95.76 0.072
Number of LNs 19.51+9.47 21.45 +8.29 0.276
Time to flatus, (d) 3.88+1.65 3.61+1.15 0.359
Time to semi-fluid, (d) 8.62+3.22 8.64+3.96 0.738
Total hospital-stay, (d) 2217 £12.48 22.34+£7.78 0.936
Stoma construction, 1 (%) 20 (22.20) 8 (21.10) 0.884
CD classification system, 1 (%) 0.547
Grade 0 (0.00) 2 (2.20)

Grade II 44 (48.90) 16 (42.10)

Grade III 13 (14.40) 5 (13.20)

Grade IV 9 (10.00) 2 (5.30)

Grade V 1 (2.60) 1(1.10)

Pneumonia, n (%) 18 (20.00) 8 (21.10) 0.892
Incision infection, 1 (%) 16 (17.80) 5 (13.20) 0.519
ICU intervention, n (%) 8 (8.90) 1 (2.60) 0.192
Leakage, n (%) 3 (3.30) 1 (2.60) 0.658
Sepsis, 1 (%) 3 (3.30) 1 (2.60) 0.658
SAE, 1 (%) 23 (25.60) 8 (21.10) 0.587
30 d-mortality, 1 (%) 1 (1.10) 1 (2.60) 0.507
36-0S time, (mo) 30.10 £ 9.64 29.41 £11.33 0.732
36-DFS time, (mo) 27.59 +12.19 27.48 +12.17 0.969

LN: Lymph node; SEMS: Self-expanding metal stents; BTS: Bridge to surgery; SAE: Severe adverse effects. P < 0.05 was considered statistically significant.

Table 3 Receiver operating characteristic curve analysis of long-term survival of emergency surgery and bridge to surgery groups

3-year 0S 3-year DFS
Group Characteristic
Cutoff point AUC 95%Cl Cutoff point AUC 95%Cl
ES NLR 193 0.582 0.446-0.718 193 0.565 0.407-0.723
dNLR 2.02 0.679 0.551-0.808 157 0.696 0.554-0.837
PLR 155 0.550 0.414-0.686 317 0.549 0.392-0.707
sit 3645 0.587 0.454-0.721 3645 0.564 0.403-0.726
CEA 6.7 0.591 0.458-0.724 112 0.604 0.442-0.766
BTS LMR 1.67 0.611 0.424-0.798 1.67 0.571 0.366-0.776
CEA 7.6 0.549 0.350-0.747 55 0.552 0.348-0.756

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; AUC: Area under the receiver operating characteristic curve; dNLR: Derived neutrophil-to-
lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SII: Systemic immune inflammation index; LMR: Lymphocyte-to-monocyte ratio; OS: Overall
survival; DFS: Disease-free survival; CEA: Carcino-embryonic antigen. P < 0.05 was considered statistically significant.

Reishidenge WJG | https://www.wjgnet.com 4977 September 7,2019 | Volume 25 | Issue33 |



Chen XQ et al. Inflammation biomarkers of obstructive colorectal cancers

Table 4 Comparison of clinicopathological features between high-ratio and low-ratio grades in both emergency surgery and bridge to

surgery groups

ES group (n = 86)

BTS group (n = 38)

Characteristic
dNLR 2 1.57 dNLR < 1.57 P-value LMR=21.67 LMR <1.67 P-value

Cross score, (%) 0.738 0.378

0 11 (27.5) 10 (21.7) 10 (50.0) 11 (61.1)

1 16 (40.0) 22 (47.8) 10 (50.0) 6 (33.3)

2 8(20.0) 8 (17.4) 0 (0.0 1(5.6)

3 4 (10.0) 6 (13.0)

4 1(2.5) 0(0.0)

ASH (+)/ (), (%) 6 (15.0)/34 (85.0) 10 (21.7)/36 (78.3) 4(20.0)/16 (80.0) 6(33.3)/12 (66.7)

Comorbidities (+)/(-), (%) 20 (50.0)/20 (50.0) 17 (37.0)/29 (63.0) 9 (45.0)/11 (55.0) 12 (66.7/)/6 (33.3)

ASA grade, (%) 0.320 0.623

I 0 (0.0 1(1.6) 1 (5.0) 2 (11.1)

I 13 (56.5) 47 (74.6) 16 (80.0) 12 (66.7)

2111 10 (43.5) 15 (23.8) 3 (15.0) 4(22.2)

Location, (%) 0.007 0.523

Right-side colon 2 (5.0) 11 (23.9) 1 (5.0 0 (0.00)

Transverse colon 10 (25.0) 19 (41.3) 3 (15.0) 2 (11.1)

Left-side colon 21 (52.5) 13 (28.3) 13 (65.0) 15 (83.3)

Rectum 7 (17.5) 3 (6.5) 3 (15.0) 1(5.6)

pTNM stage, (%) 0.141 0.592

I 0 (0.0 4(8.7) -

I 12 (30.0) 10 (21.7) 4 (20.0) 5 (27.8)

1 17 (42.5) 24 (52.2) 13 (65.0) 12 (66.7)

v 11 (27.5) 8 (17.4) 3 (15.0) 1(5.6)

T stage, (%) 0.141 0.592

T1 0 (0.0 4(8.7) -

T2 12 (30.0) 10 (21.7) 4 (20.0) 5 (27.8)

T3 17 (42.5) 24 (52.2) 13 (65.0) 12 (66.7)

T4 11 (27.5) 8 (17.4) 3 (15.0) 1(5.6)

N stage, (%) 0.648 0.009

NO 16 (40.0) 14 (30.4) 4 (20.0) 5 (27.8)

N1 14 (35.0) 19 (41.3) 6 (30.0) 12 (66.7)

N2 10 (25.0) 13 (28.3) 10 (50.0) 1(5.6)

M stage, (%) 0.260 0.552

MO 29 (72.5) 38 (82.6) 17 (85.0) 16 (88.9)

M1 11 (27.5) 8 (17.4) 3 (15.0) 2 (11.1)

Histological features, (%) 0.605 0411

Well differentiated 1(2.5) 2 (4.3) -

Moderately differentiated 30 (75.0) 30 (65.2) 15 (75.0) 15 (83.3)

Poorly differentiated 9 (22.5) 14 (30.4) 5 (25.0) 3 (16.7)

LVI(+)/ (), (%) 9 (22.5)/31 (77.5) 6 (13.0)/40 (87.0) 0.249 10 (50.0)/10 (50.0) 4(22.2)/14 (77.8) 0.076

Stoma construction, (%) 0.000 0.589

Stoma 17 (42.5) 3 (6.5) 4 (20.0) 4(22.2)

None 23(57.5) 43 (93.5) 16 (80.0) 14 (77.8)

Pneumonia, (+)/(-), (%) 12 (30.0)/28 (70.0) 6 (13.0)/40 (87.0) 0.054 2 (10.0)/18(90.0) 6(33.3)/12 (66.7) 0.086

Incision infection, (+)/(-), (%) 8 (20.0)/32 (80.0) 8 (17.4)/38 (82.6) 0.486 2(10.0)/18 (90.0) 3(16.7)/15 (83.3) 0.448

ICU intervention, (+)/(-), (%) 5(12.5)/35 (87.5) 3 (6.5)/43 (93.5) 0.281 1 (5.0)/19 (95.0) 0(0.0)/18 (100.0) 0.526

Leakage, (+)/(-), (%) 1(2.5)/39 (97.5) 2 (4.3)/44 (95.7) 0.553 0(0.0)/20 (100.0) 1(5.6)/17 (94.4) 0.474

Sepsis, (+)/(-), (%) 1(2.5)/39 (97.5) 2 (4.3)/44 (95.7) 0.553 0 (0.0)/20 (100.0) 1(5.6)/17 (94.4) 0.474

SAE, (+)/(-), (%) 10 (25.0)/30 (75.0) 11 (23.9)/35 (76.1) 0.907 5(25.0)/15 (75.0) 3(16.7)/15 (83.3) 0.411

30-day mortality, 1 (%) 1(2.5)/39 (97.5) 0(0.0)/46 (100.0) 0.465 1 (5.0)/19 (95.0) 0(0.0)/18 (100.0) 0.526

36-0S time, (months) 28.05+10.28 31.61+9.16 0.106 25.26 +13.88 33.78 £5.35 0.020
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36-DFS time, (months) 23.10 +£13.85 31.45 +9.35 0.009 22,67 +14.02 31.50 + 8.89 0.046

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; Cross: Colorectal obstruction scoring system; ASH: Abdominal surgery history; dNLR: Derived
neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SII: Systemic immune inflammation index; LMR: Lymphocyte-to-monocyte ratio; LVI:
Lymphovascular invasion; OS: Overall survival; DFS: Disease-free survival; ICU: Intense care unit; SAE: Severe adverse effects. P < 0.05 was considered
statistically significant.

Table 5 Univariate and multivariate analyses of risk factors for survival outcomes in both emergency surgery and bridge to surgery

groups

ES group (n = 90) BTS group (n = 38)

3-year overall survival
Univariate Multivariate Univariate Multivariate

Characteristic HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

CEA (25ng/mLos <5ng/mL) 148 (0.70-3.11)  0.303 253 (0.68-9.35)  0.165

ASA (Grade 2 Il vs Grade <Il) ~ 1.50 (0.72-3.11)  0.277 1.64 (0.45-5.96)  0.454

pT stage (pT3-4 vs pT1-2) 1.66 (0.72-3.83)  0.238 417 (1.09-15.95)  0.037

PN stage (pN+ vs pNO) 1.05 (0.51-219)  0.887 5.02 (0.65-38.66)  0.122

LVI (+) vs LVI (-) 1.30 (0.53-3.15)  0.568 3.78 (1.23-11.64)  0.020 3.52(1.03-12.02)  0.045

NLR >19.3 vs NLR < 19.3 298 (1.27-6.97)  0.012

dNLR 2 1.57 vs dNLR < 1.57 240 (1.12-5.13)  0.024 234 (1.08-5.07)  0.032

PLR 2155 vs PLR < 155 1.83 (0.70-4.79)  0.217

SII > 3645 vs SII < 3645 1.61(0.71-3.61)  0.252

LMR > 1.67 vs LMR < 1.67 409 (1.12-14.87)  0.033 457 (0.98-21.38)  0.053

Chemotherapy (+) vs (-) 0.74 (0.36-1.51)  0.402 143 (0.47-4.38) 0529

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; dNLR: Derived neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SII: Systemic
immune inflammation index; LMR: Lymphocyte-to-monocyte ratio; LVI: Lymphovascular invasion. P < 0.05 was considered significant.

Table 6 Univariate and multivariate analyses of risk factors for oncological outcomes in both emergency surgery and bridge to surgery

groups

ES group (n = 56) BTS group (n = 32)

3-year disease-free survival
Univariate Multivariate Univariate Multivariate

Characteristic HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

CEA (25ng/mLvs<5ng/mL) 171 (0.74-395)  0.209 2,67 (0.72-9.90)  0.141

ASA (Grade 2 1l vs Grade < I1I) ~ 0.890 (0.36-2.23)  0.803 149 (041-543) 0542

pT stage (pT3-4 vs pT1-2) 226 (0.85-6.02)  0.104 248 (0.55-11.18)  0.239

pN stage (pN+ vs pN0) 148 (0.64-3.43) 0361 248 (0.55-11.18)  0.239

LVI (+) vs LVI (-) 292 (1.25-6.81)  0.013 1.97 (0.66-5.88)  0.224

NLR 219.3 vs NLR < 19.3 2.76 (1.02-7.45)  0.046

dNLR > 1.57 vs ANLR < 1.57 2.85(1.17-6.95)  0.021 3.02(1.23-7.42)  0.016

PLR > 317 vs PLR < 317 155 (0.66-3.67)  0.314

SII > 3645 vs SII < 3645 2,04 (0.86-4.83)  0.104

LMR > 1.67 vs LMR < 1.67 254 (0.83-7.80)  0.091 3.11(1.13-8.54)  0.052

Chemotherapy (+) vs (-) 095 (0.41-2.19)  0.8% 144 (047-4.41) 0523

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; dNLR: Derived neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SII: Systemic
immune inflammation index; LMR: Lymphocyte-to-monocyte ratio; LVI: Lymphovascular invasion. Chemotherapy (+), accept chemotherapy lately.
Chemotherapy (-), refuse to chemotherapy lately. P < 0.05 was considered significant.
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Table 7 Stratification analysis of oncological and survival outcomes between high-ratio and low-ratio grades in both emergency surgery

and bridge to surgery groups

3-year 0OS 3-year DFS
Characteristic

HR (95%Cl) P-value HR (95%Cl) P-value
ES (dNLR < 1.57) Reference - Reference -
BTS (dNLR < 1.57) 0.51 (0.18-1.39) 0.185 0.42 (0.13-1.34) 0.144
ES (dNLR 2> 1.57) Reference - Reference -
BTS (dNLR > 1.57) 1.87 (0.79-4.43) 0155 1.79 (0.77-4.20) 0178
ES (LMR < 1.67) Reference - Reference -
BTS (LMR < 1.67) 434 (1.27-14.82) 0.019 2.72 (0.97-7.65) 0.058
ES (LMR 2 1.67) Reference - Reference -
BTS (LMR 2 1.67) 0.40 (0.18-0.92) 0.031 0.42 (0.17-1.07) 0.068

SEMS: Self-expanding metal stents; BTS: Bridge to surgery; dNLR: Derived neutrophil-to-lymphocyte ratio; OS: Overall survival; DFS: Disease-free
survival; LMR: Lymphocyte-to-monocyte ratio. P < 0.05 was considered statistically significant.
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Figure 2 Receiver operating characteristic curve and long-term survival analysis of emergency surgery and bridge to surgery group. Derived neutrophil-to-
lymphocyte ratio (dNLR) is preferred as a prognostic biomarker for the emergency surgery (ES) group with the highest area under receiver operating characteristic
curve (AUC) for 3-year overall survival (OS) (0.679, 95%Cl: 0.551-0.808) (A) and 3-year disease-free survival (DFS) (0.679, 95%ClI: 0.551-0.808) (B), with a cutoff
point value of 1.57. High-ratio grade of dNLR (= 1.57) was closely related to lower 3-year DFS (= 1.57 vs <1.57, 23.10 + 13.85 mo vs 31.45 £ 9.35 mo, P = 0.009) in
the ES group (D), but not with 3-year OS (C). Lymphocyte-to-monocyte ratio (LMR) was preferred as a prognostic biomarker for bridge to surgery (BTS) group with the
highest AUC for 3-year OS (0.611, 95%Cl: 0.424-0.798) (E) and 3-year DFS (0.571, 95%Cl: 0.366-0.776) (F), with a cutoff point value of 1.67. High-ratio grade of
LMR (= 1.67) was closely related to lower 3-year OS (= 1.67 vs <1.67, 23.10 + 13.85 mo vs 33.78 £ 5.35 mo, P = 0.020) (G) and 3-year DFS (= 1.67 vs < 1.67, 22.67

+ 14.02 mo vs 31.50 + 8.89 mo, P = 0.046) in the BTS group (H).
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Figure 3 Analysis of 3-year overall survival and 3-year disease-free survival, by different lymphocyte-to-monocyte ratios between emergency surgery and
bridge to surgery groups.P < 0.05 (log-rank test). Low lymphocyte-to-monocyte ratio (LMR) (LMR < 1.67) indicated higher rates of 3-year OS (A) (HR = 0.40,
95%Cl: 0.18-0.92, P = 0.031) and 3-year disease-free survival (DFS) (C) (HR = 0.42, 95%Cl: 0.17-1.07, P = 0.068) in the bridge to surgery (BTS) group. Conversely,
high LMR (LMR = 1.67) showed lower proportions of 3-year OS (B) (HR =4.32, 95%Cl: 1.27-14.82, P = 0.019) and 3-year DFS (D) (HR = 2.72, 95%Cl: 0.97-7.65, P =

0.058) in the BTS group.
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ARTICLE HIGHLIGHTS

Research background

Obstructive colorectal cancer (OCC) presenting with acute abdominal symptoms is always
accompanied by severe complications, and the optimal strategy for patients with OCCs remains
undetermined. Emergency surgery (ES) and self-expandable metal stents (SEMS) as a bridge to
surgery (BTS) were the major treatments for OCCs, however, the indications remain debated.
According to different status of immunology and nutrition, predictive factors for prognosis
might be different between the two groups. Preoperative inflammation indexes might favor
patient selection in terms of the prognosis of OCC.

Research motivation
Weighing the waxes and wanes of ES and BTS, both acute and chronic inflammation responses
should be accounted for the selection of optimal patients.

Research objectives
This study was designed to build an inflammatory model for the surgical indications for ES and
BTS in OCC.

Research methods

This was a retrospective study in which 128 patients who underwent surgery for OCC at the
Department of Emergency Surgery of Fujian Medical University Union Hospital from January
2008 to October 2015 were included in this study. Patients were divided into an ES group and a
BTS group according to the surgeon’ advises and patients’ selection. Inflammation indexes were
fully evaluated in this study.

Research results
Comparable survival outcomes were observed between the ES and BTS groups. Receiver
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operating characteristic curve analysis showed dNLR as the optimal biomarker for the prediction
of DFS in ES, by contrast, LMR was recommended for BTS with regard to OS and DFS. dNLR
was related to stoma construction, postoperative pneumonia, and DFS in the ES group. LMR was
closely related to lymph nodes invasion, OS, and DFS in the BTS group. LMR could differentiate
OS between the ES and BTS groups. A low LMR (< 1.67) was correlated with a low incidence of
death and tumor recurrence in the BTS group.

Research conclusions

As a supplement for the latest ESGE guidelines, the indications for the use of SEMSs in OCC
might elaborate to patients with low preoperative LMR, who would benefit from BTS via SEMS
insertion.
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Abstract

BACKGROUND

Hepatitis B virus (HBV) DNA polymerase mutations usually occur to long term
use of nucleos(t)ide analogues (NAs), but they can occur spontaneously in
treatment-naive chronic hepatitis B (CHB) patients. The naturally occurring HBV
DNA polymerase mutations might complicate antiviral therapy with NAs,
leading to the generation of drug-resistant viral mutants and disease progression.
The most common substitutions are known to be YMDD-motif mutations, but
their prevalence and the influence on antiviral therapy is unclear.

AIM

To investigate prevalence of the naturally occurring rtM204I mutations in
treatment-naive CHB genotype C2 patients and their influence on antiviral
therapy.

METHODS

A total of 410 treatment-naive CHB patients infected with HBV genotype C2
strains were enrolled in this retrospective study. Among the 410 patients, 232
were treated with NAs for at least 12 mo. Significant fibrosis was defined as
fibrosis-4 index > 3.25 or aspartate aminotransferase to platelet ratio index > 1.5.
Complete viral response (CVR) during NAs was defined as undetectable serum
HBV DNA (<24 IU/mL). The rtM204I variants were analyzed by a newly
developed locked nucleotide probe (LNA probe) based real-time PCR (LNA-RT-
PCR) method.
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RESULTS

The LNA-RT-PCR could discriminate rtM204I mutant-type (17 patients, 4.2%)
from rtM204 wild-type (386 patients, 95.8%) in 403 of 410 patients (98.3%
sensitivity). Multivariate analysis showed that naturally occurring rtM2041
variants were more frequently detected in patients with significant fibrosis [odd-
ratio (OR) 3.397, 95% confidence-interval (CI) 1.119-10.319, P = 0.031]. Of 232
patients receiving NAs, multivariate analysis revealed that achievement of CVR
was reversely associated with naturally occurring rtM2041 variants prior to NAs
treatment (OR 0.014, 95%CI 0.002-0.096, P < 0.001). Almost patients receiving
tenofovir achieved CVR at 12 mo of tenofovir, irrespective of pre-existence of
naturally occurring rtM2041 mutations (CVR rates: patients with rtM2041, 100%;
patients without rtM2041, 96.6%), whereas, pre-existence of naturally-occurring
rtM204I-mutations prior to NAs significantly affects CVR rates in patients
receiving entecavir (at 12 mo: Patients with rtM204I, 16.7%; patients without
rtM204I, 95.6%, P < 0.001).

CONCLUSION

The newly developed LNA-RT-PCR method could detect naturally occurring
rtM204I mutations with high-sensitivity. Theses mutations were more frequent in
patients with liver fibrosis. Tenofovir is a more suitable treatment than entecavir
for CHB patients carrying the naturally occurring rtM204I mutations.

Key words: Chronic hepatitis B; Entecavir; Hepatitis B virus; Liver fibrosis; Mutation;
Tenofovir

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Hepatitis B virus (HBV) DNA polymerase mutations have been known to be
prevalent in treatment-naive chronic hepatitis B (CHB) patients infected with HBV
genotype C2 strains. The newly developed locked nucleotide probe based real-time PCR
method could discriminate the naturally-occurring rtM2041 mutations from wild type
with high sensitivity in treatment-naive patients. Multivariate analyses showed that the
naturally-occurring rtM2041 variants were more frequently pre-existed in patients with
liver fibrosis, and the pre-existence of the naturally-occurring rtM2041 variants were
significantly associated with incomplete viral response to nucleos(t)ide analogues.
Tenofovir is a more suitable nucleos(t)ide analogues than entecavir for treatment-naive
CHB patients carrying the naturally occurring rtM2041 mutations.

Citation: Choe WH, Kim K, Lee SY, Choi YM, Kwon SY, Kim JH, Kim BJ. Tenofovir is a
more suitable treatment than entecavir for chronic hepatitis B patients carrying naturally
occurring 1tM2041 mutations. World J Gastroenterol 2019; 25(33): 4985-4998

URL: https://www.wjgnet.com/1007-9327/full/v25/i33/4985.htm

DOI: https://dx.doi.org/10.3748/wjg.v25.133.4985

INTRODUCTION

Hepatitis B virus (HBV) infection is a global health issue because of its worldwide
distribution and is a potential leading cause of adverse outcomes, including liver
cirrhosis (LC), hepatic decompensation, and hepatocellular carcinoma (HCC)!~l.
Nucleos(t)ide analogues (NAs) are recommended by international guidelines for
suppressing HBV replication and have been shown to decrease the rate of
complications™l. While NAs are well tolerated and effective in suppressing viral
replication, long-term treatment with oral antiviral drugs can lead to the emergence of
drug resistance mutationsl®. For instance, rtM2041 is a classic mutation reducing
susceptibility to mono-therapy by NAs with low genetic barriers, such as lamivudine
(LAM), telbivudine (L-dT) and clevudine (CLV)L

HBV is an enveloped, partially double stranded DNA virus containing a genome
that is approximately 3.2 kb in length and contains 4 overlapping open reading frames
encoding the polymerase, core, surface antigen, and X protein’. The polymerase gene
includes four domains, the terminal protein, spacer, ribonuclease H, and reverse
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transcriptase (RT) regions. The RT region replicates the HBV genome through its
DNA polymerase activity using RNA intermediates as a template. Since the RT lacks
proofreading activity during viral replication, the error rate of HBV genome synthesis
has been found to be 107 per nucleotide, which is 10-fold higher than those of other
DNA viruses’l. The high rate of mutations in the HBV genome complicates antiviral
therapy with NAs, leading to the generation of drug-resistant viral strains and disease
progression!’l.

Previous studies have reported the existence of HBV DNA polymerase mutations
in chronic hepatitis B (CHB) individuals prior to NA treatment; however, the
prevalence varies from 0 to 30%!"-""l. This wide range might may be due to several
factors including different study designs, regions, ethnicities, mutation detection
methods, sample sizes, efc.”'*'l. Because of the high replication rate of HBV, viral
mutations, including mixed wild-type and mutant populations in a single host, are
commonly seen, but a low sensitivity assay could not enable the discrimination
between wild and mutant types.

The purpose of this study was to determine the prevalence and clinical
characteristics of naturally occurring rtM2041 mutations in treatment-naive patients
infected with HBV genotype C2 strains by using a newly developed locked nucleotide
probe (LNA probe) based real time PCR (LNA-RT-PCR) method, which can detect
subspecies at 5% of the circulating HBV population.

MATERIALS AND METHODS
Primer and LNA probe design and real-time PCR

We designed two different LNA probes for the specific simultaneous detection in a
single reaction of wild type (WT) and rtM204I variant of HBV. We used LC PDS
(version 2.0) software for the probe design and referred to the design guidelines of
LNA manufacturer (Integrated DNA technologies). We attached two different
reporter dyes, FAM to probe for rtM204I variant, and Hex to probe for WT,
respectively, to differentially identify rtM204I variant and WT HBV DNA. The primer
and probe specificity for detection of rtM2041I variant was further analyzed using
Primer-Blast at NCBI (http:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/) and the
Oligo software version 6.5. There were no PCR products formed by Primer-blast with
the designed primer sequences in Homo sapiens, bacteria, and viruses other than
HBV. Probe sequences were exclusively found in the amplicon sequence analyzed by
the Oligo software with an HBV DNA sequence. The sequences of primers and LNA
probes are shown in Figure 1 and Table 1. The LNA probes were purchased from
Integrated DNA technologies, and primers from Macrogen.

A LightCycler Version 96 system (Roche) was used for LNA probe-based real-time
PCR, and two channels were used for the experiment. Optimal reaction mixture was
established for the sensitive and specific detection of target sequences. A 10-pL
reaction mixture was prepared for each sample as follows: 1 pl PCR reaction buffer for
Taq (Bioneer E-3150 buffer), 4.25 mM MgCl2, 0.425 mM deoxynucleoside triphosphate
mixture (Takara), 0.3 pM forward primer, 1 pM reverse primer, 0.25 ptM LNA FAM
probe (rtM204I variant), 0.25 pM LNA Hex probe (rtM204I variant), 0.6 U Hot Start
Taq (Bioneer E-3150), 1 mg/mL bovine serum albumin (Ambion, Lifetechnologies), 2
pL template DNA, and PCR-grade water (Roche). The cycling conditions were 300 s at
95 °C and 15 cycles of 10 s at 95 °C, 15 s at 58 °C, and 40 s at 75 °C, followed by 32
cycles of 10 s at 95 °C, 15 s at 47 °C (single acquisition of fluorescence signals), 15 s at
62 °C, and 40 s at 75 °C at a ramping speed of 1.1 °C/s. Melting curve analysis was
subsequently continued without any pause by use of cycling for 10 s at 95 °C and 60 s
at 43 °C, and the temperature was then increased from 43 °C to 85 °C at a temperature
transition rate of 0.17 °C/s, during which the fluorescence signal was continuously
acquired by three readings per degrees Celsius. All the following LNA real-time PCR
experiments were done in quadruplicate with positive control DNAs and mixtures of
WT and rtM204I at a variety of ratios and concentrations as aforementioned. The
experiments were all repeated to examine inter-assay reliability.

Application of LNA real-time PCR to clinical samples

DNAs of a total of 410 human sera were tested for the identification of WT and
rtM2041 variant of HBV RT gene by LNA real-time PCR in duplicate. Tm, melting
peak height, and quantification cycle (Cq) produced by WT- and rtM204I -targeting
LNA probes with a sample DNA were measured. Identification of WT and rtM2041
variant was determined by comparing their Tm s obtained from their specific channel
(FAM for rtM204I, HEX for WT) with their diagnostic Tm ranges obtained from
standard assays. Positive identification of WT and rtM204I variant was recorded only
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Table 1 Primers and LNA probes developed for identification of hepatitis B virus wild type (YMDD) and rtM204l variants (YIDD) by real-

time PCR
Primer/probe Sequence (5"-3') 1 Tm (°C)? Target Channel
Primers (product: 127 bp)
Forward TGGGCCTCAGTCCGTTTCT 65.4 HBV RT gene
Reverse TGTACAGACTTGGCCCCCAAWAC 65.2-66.1 HBV RT gene
LNA Probes
YMDD 5' HEX-TAT+A+T+G+G+AT+GAT- 3' IB®FQ 58 YMDD (wild type) HEX
YIDD 5'6-FAM-TAT+A+T+T+G+AT+GAT- 3' IB®FQ 53 YIDD FAM

1LNA nucleotides are written +A, +C, +T or +G;
Primer melting temperature was calculated by using LC PDS software V 2.0 and probe melting temperature by https:/ /www.exiqon.com/1s/pages
/exiqgontmpredictiontool.aspx. Tm: Melting temperature; RT: Reverse transcriptase; HBV: Hepatitis B virus.

when distinct melting peak formation with their diagnostic Tm is recognized.

Throughout the real-time PCR assay, two rtM204I positive controls with high
copies (2400000) and low copies (2400), two rtM204I positive controls with high copies
(2400000) and low copies (2400), and two non-template controls were included in each
run to monitor validity of Cqs, Tm s, and cross-contamination for inter-assays.
Comparison of LNA real-time PCR and direct sequencing for identification of rtM2041
variant and WT DNA.

Study patients

Data were collected retrospectively from a total of 410 treatment-naive HBV patients
who were followed in the Digestive Disease Center of Konkuk University Hospital,
Korea, between March 2011 and February 2014. All of the patients were diagnosed
with CHB and confirmed to have not taken any NAs or interferon. The inclusion
criteria for the CBH patients included hepatitis B surface antigen (HBsAg) positive for
more than 6 months and HBV-DNA viral loads were detectable, while the exclusion
criteria included hepatitis C virus or human immunodeficiency virus coinfection,
autoimmune liver disease, and alcohol or drug abuse. Prior to antiviral treatments,
sera were collected from patients for analyses of the pre-existence of antiviral variants
prior to NAs. This study was approved by the Institutional Review Board of Konkuk
University Hospital.

Clinical and laboratory parameters
In all cases, demographic, clinical, biochemical and virologic data were collected. A
diagnosis of LC was made clinically when a patient had at least two of the following
three criteria: cirrhotic configuration of the liver (nodular liver surface or caudate lobe
hypertrophy) and/ or splenomegaly confirmed on imaging studies, thrombocytopenia
(< 100000 platelets/mm?®), or the presence of varices detected by esophago-
gastroduodenoscopy. Liver fibrosis was assessed using noninvasive biomarkers to
calculate two composite scores The Fibrosis-4 index (FIB-4) score was calculated using
age, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and platelet
count in the following formula: FIB-4 = [age (years) x AST (IU/L)] / [platelets (10°/L)
x ALT (IU/L)]. The AST to platelet ratio index (APRI) score was calculated using AST
and platelet counts in the following formula: APRI = [AST level (IU/L) / AST upper
limit of normal (IU/L) / platelet count (109/L)] x 100. Significant fibrosis of liver was
defined as FIB-4 > 3.25 or APRI > 1.5!'. The diagnosis of HCC was made based on
histological evidence or typical radiological findings (the presence of arterial phase
enhancement and portal venous phase wash-out of a nodule 1 cm or more in size)!'"l.
A complete viral response (CVR) was regarded as HBV-DNA levels being lower
than detectable levels (24 IU/mL) at 12 mo of antiviral therapy, and incomplete
(suboptimal) responders were defined as individuals having detectable HBV-DNA
levels after at least 12 mo of treatment!'l.

Statistical analysis

Data were mainly expressed as the mean and standard deviation (SD). Fisher's exact
test was used to compare categorical variables. One-way ANOVA and Duncan's
multiple comparison tests were used to compare continuous variables among the
groups, and Student's t-test was for the analysis between the groups. Logistic
regression analyses were performed to identify the independent factors for the
presence of naturally occurring rtM204I mutations, or antiviral responsiveness. The
Statistical Package for Social Science (SPSS Inc., Chicago, IL, United States), version
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520 530 540 550

Consensus  ATGGGAGTGGGCCTCAGTCCGTTTCTCCTGGCTCAGTTTACTAGT
Translaton M G VvV G L S P F L L A Q FT S

YIDD variant  ATGGGAGTGGGCCTCAGTCCGTTTCTCCTGGCTCAGTTTACTAGT
WT (YMDD)  ATGGGAGTGGGCCTCAGTCCGTTTCTCCTGGCTCAGTTTACTAGT

560 570 580 590 600

Consensus  GCCATTTGTTCAGTGGTTCGYAGGGCTTTCCCCCACTGTTTGGCT
Translation A I C S V V R R A F P H C L A
YIDD variant  GCCATTTGTTCAGTGGTTCGCAGGGCTTTCCCCCACTGTTTGGCT
WT (YMDD)  GCCATTTGTTCAGTGGTTCGTAGGGCTTTCCCCCACTGTTTGGCT

610 620 630 640

Consensus  TTCAGTTATATKGATGATGTGGTATTGGGGGCCAAGTCTGTACAA
Translation F SY MIDD V V L G A K S V Q

YIDD variant  TTCAGTTATATTGATGATGTGGTATTGGGGGCCAAGTCTGTACAA
WT (YMDD) TTCAGTTATATGGATGATGTGGTATTGGGGGCCAAGTCTGTACAA

Figure 1 Primer and LNA-probe positions designed for the detection of hepatitis B virus rtM2041 (YIDD)
variant and rtM204 (YMDD) wild type. Arrows indicate the primer positions. Underlines indicate the probe positions.
The numbers designate the nucleotide position on the hepatitis B virus reverse transcriptase gene sequence.
Boldface bases denote the different bases. The box represents the codon and amino acid sequences of the rtM204
(YMDD) wild type and rtM204I (YIDD) variant. This single nucleotide difference is the basis of their discriminative
identification by LNA probes in this study. The amino acid sequence is shown as the one-letter amino acid symbols.
WT: Wild type.

15.0 was used for all analyses.

RESULTS

Determination of diagnostic Tm range for the identification of WT and rtM204]
variants by LNA real-time PCR

Identification of WT and rtM2041 variants was performed by LNA real-time PCR
melting curve analysis by the observation of melting peak formation and specific Tm
measurements in the specified channels (Figure 2, Table 2). LNA real-time PCR with
samples of rtM204I positive control DNAs (n = 48) in amounts ranging from 24 to
2400000 copies resulted in a 100% positive detection rate and 100% specificity
showing a distinct melting peak formation at the FAM channel in all of the rtM2041
control DNA samples with Tms ranging from 51.3 to 52.2 °C (mean, 51.7 £ 0.2 °C) but
no significant melting peak formation at the HEX channel (WT detection channel).
LNA real-time PCR with samples of WT control DNAs (n = 48) in amounts ranging
from 24 to 2400000 copies resulted in a 95.8% positive detection rate and 100%
specificity showing a distinct melting peak formation at the HEX channel in all of the
WT control DNA samples with Tms ranging from 61.9 to 63.3 °C (mean, 62.6 + 0.4 °C)
but no significant melting peak formation at the FAM channel (rtM2041 detection
channel). Two WT control DNA samples that had the lowest copy numbers were not
detected. This suggests high sensitivity and specificity of our newly developed LNA
RT-PCR assay.

Application of LNA real-time PCR to clinical samples

Of 410 clinical samples tested in duplicate by our LNA real-time PCR method, 403
samples (98.3%) were positively identified as WT and/or rtM204I variants, with two
samples found to be mixed with presumably unknown variants with non-typable
Tms. Of the seven unidentified samples, two samples were amplified but non-typable
due to their non-diagnostic melting temperatures (50.4 °C, 57.9 °C) at the HEX
channel and five samples did not show any positive signals. Thus, only four samples
among all clinical samples tested carried non-typable Tms in this study.

Among the positively identified samples, all of the samples produced a distinct
melting peak or peaks with a Tm or Tms being in the diagnostic Tm range for WT or
rtM2041. Among all clinical samples, seventeen samples (4.1%) were identified as
carrying rtM204I variants and among these samples, nine samples were rtM2041
variant exclusively and eight samples were rtM204I variant coexistent with WT.
Among these, in four samples, rtM204] was dominant over WT; in one sample,
codominant; in three samples, WT was dominant over rtM204I (Table 3). Overall,
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Table 2 Measurement of melting tempe

ratures of hepatitis B virus wild type (YMDD) and rtM204I variants (YIDD) by LNA real-time PCR

Sample (copies, number of samples n)

Measured Tm (°C) at channel

FAM HEX
Min  Max Mea.n_ * SD(number of Min  Max Mea.n. * SD(number of
positives) positives)

YIDD positive control DNA (24-2400000, 7 = 48) 513 522 51.7+02(48,100%) 9 ©® @
WT positive control DNA (24-2400000, 1 = 48) ® © © 619 633 62.6+0.4 (46,95.8%)
YIDD and WT standard mixtures (24-2400000, n =280) 50.1 52.6 51.5+0.3 (280, 100%) 619 640 63.0+0.4(280,100%)
YIDD and WT standard mixtures (24, n = 56) 499 519 51.2+0.5(45,80.3%) 60.9 638 63.0+0.5 (44, 78.6%)
YIDD of clinical samples in duplicate (82-180000, n = 49.6 519 51.3+0.5 ) -) -)
17)
YMDD of clinical samples in duplicate (65-13000000,  (-) -) ) 61.1 640 628+0.3
=397)

The variants were identified by direct sequencing of PCR products. (-) indicates no significant melting temperature; SD: standard deviation; Trm: Melting

temperature.

thirteen samples carried the rtM204I variant predominantly and one sample co-
dominantly with WT. The majority of the clinical samples were WT.

Three of the four samples that showed Tms out of the WT-diagnostic Tm range
were sequenced by direct sequencing of their PCR products. The one sample with a
Tm of 50.4 °C was identified as a YVDD variant with a GTG codon and the other
sample with a Tm of 57.9 °C was YMDD but had a TAC codon for the Y amino acid.
The third sample that showed three melting peaks was revealed to have an additional
codon for isoleucine of rtM2041. The results of direct PCR sequencing of thirty clinical
samples randomly chosen among positively identified samples by LNA real-time PCR
had results identical to those of our LNA real-time PCR assay, proving its reliability
for screening for pre-existing rtM204I variants from treatment naive CHB patients
(Figure 3).

Baseline characteristics of enrolled 403 CHB patients typed by LNA real-time PCR
Four hundred and three treatment-naive patients with chronic HBV infection that
could be typed by LNA real-time PCR comprising 244 men and 159 women with a
mean age of 43.9 + 12.5 years were included. Baseline characteristics were shown in
Table 4. Two hundred thirty-eight (59.1%) patients had HBeAg-positive CHB and 165
(40.9%) patients had HBeAg-negative CHB. Eighty-seven patients had LC, and fifty-
one patients had HCC. One hundred fifty-seven had significant fibrosis (defined as
FIB-4 score > 3.25, or APRI score > 1.5). Of the 403 treatment-naive patients, 232
patients were treated with NAs over a period of 1 year. One-hundred ninety-two
patients were treated with agents that had a high genetic barrier to resistance (95
patients were treated with tenofovir, and 97 patients were tread with entecavir), and
40 patients were treated with low genetic barrier agents [9, 19, and 12 patients were
treated with LAM, adefovir (ADV), and LAM-ADV combination, respectively]. As it
is well known that HBV genotype C is the universal type in almost all Korean chronic
carriers, HBV genotyping is not routinely carried out in Korea. In our study, HBV
genotyping was performed for 40 patients and all (100%) had genotype C2 strains.

Association between pre-existence of rtM204I variants and patient characteristics
The pre-existing rtM2041 variants prior to NAs were detected in 17 of 403 treatment-
naive CHB patients (4.2%). The pre-existing rtM2041 variants were more frequently
detected in subjects with higher FIB-4 scores. These variants were more often detected
in subjects with significant fibrosis, LC, and HCC (Table 4). Among the clinical factors
(age, sex, HBeAg status, HBV-DNA titers, HBsAg quantitative levels, AST, ALT, total
bilirubin, albumin, prothrombin time, platelet counts, presence of significant fibrosis,
LC or HCC), univariate analysis showed that pre-existing rtM204I variants were more
frequently detected in patients with significant fibrosis, or patients with HCC. Logistic
multivariate analysis showed that pre-existing rtM2041 variants were significantly
more frequent in patients with significant fibrosis (odd ratio 3.397, 95% confidence
interval 1.119-10.319, P = 0.031) (Table 5).

Association between the pre-existence of rtM204l variants and antiviral
responsiveness
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Figure 2 LNA real-time PCR for identification of hepatitis B virus rtM204I (YIDD) variant and rtM204 (YMDD) wild type. Amplification curves were shown on the
left, melting peaks on the right. With YIDD variant DNA templates (A), YIDD specific signals at FAM channel (solid) were detected showing their dominant
amplifications with minimal cross signals of amplification generated by a weak YMDD probe cross hybridization and distinct melting temperatures different from those
of YMDD DNA with no significant cross signals on melting. For WT DNA templates (B), YMDD specific signals at HEX 6 channel (dashed) were detected showing their
exclusive amplifications and distinct T, s different from those of YIDD with no cross signals. WT: Wild type.
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Two hundred and thirty-two patients were treated with oral NAs over a period of 12
mo, and their antiviral responsiveness to NAS was evaluated. One hundred and
ninety-nine patients achieved a CVR at 12 months of anti-HBV therapy, whereas
thirty-three patients had suboptimal (incomplete) responses. Logistic multivariate
regression analysis revealed that achievement of CVR was reversely associated with
higher HBV-DNA titers, treatment with low genetic barrier drugs, and, infection with
pre-existing rtM204I variants prior to NAs (odds ratio 0.014, 95% confidence interval
0.002-0.096, P < 0.001; Table 6). Figure 4 shows the mean changes in the HBV-DNA
level at each point. The decrease in HBV-DNA was significantly less prominent in
patients infected with pre-existing rtM204I variants than in patients infected without
pre-existing rtM2041 variants, at 3, 6, 9, and 12 mo of antiviral treatments (all P < 0.05).

Among 95 patients treated with tenofovir, all seven patients with pre-existing
rtM204I variants (7/7, 100%) as well as almost patients without pre-existing rtM2041
variants (85/88, 96.6%) achieved CVR at 12 mo of tenofovir. Among 97 patients
treated with entecavir, only one of six patients with pre-existing rtM2041 variants
(1/6,16.7%) achieved CVR at 12 mo of entecavir, whereas almost patients without
pre-existing rtM2041 variants (87/91, 95.6%) achieved CVR at 12 mo entecavir (87/91,
95.6%). Among 40 patients treated with low genetic barriers, one of four patients with
pre-existing rtM2041 variants (1/4, 25.0%) and half of patients without pre-existing
rtM2041 variants (18/36, 50.0%) achieved CVR at 12 mo of low genetic barriers.

Table 7 shows the mean changes in the HBV-DNA levels and cumulative
probabilities of CVR in 17 patients with pre-existing rtM204I variants. The cumulative
probability of CVR at 12 mo of tenofovir was significantly higher than those of
entecavir and low genetic barriers (the Fisher’s exact test: tenofovir vs entecavir, P =
0.005; tenofovir vs low genetic barrier, P = 0.024).

DISCUSSION

Although antiviral resistance mutations occur secondarily to long term use of NAs,
they can occur spontaneously in NAs-naive patients. Since the HBV genome lacks a
proofreading function on the RT region of the DNA polymerase, mutations can
naturally occur due to random incorrect substitution of nucleos(t)ides. The most
common substitutions are methionine at amino acid position 204 to either isoleucine
(rtM204I, YIDD mutations) or valine (rtM204V, YVDD mutations)!"**l. Many studies
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Table 3 Rates of positive detection of hepatitis B virus wild type (YMDD) and rtM204 variant

(YIDD) in 410 samples by LNA real-time PCR

Type of detection No. of samples Percentage
Clinical samples 410 100%
Identified 403 98.3%
YIDD 17 41%
YIDD exclusively 9 22%
YIDD + YMDD 3 0.7%
YIDD + YMDD + YIDD with ATA codon' 1 0.2%
YIDD + YMDD 1 0.5%
YIDD + YMDD 3 0.7%
YMDD 394 96.3%
YMDD exclusively 385 93.9%
YMDD + unknown variant 1 0.2%
Unidentified 7 1.7%
Non-target T, 2 0.5%
HEX 50.4 °C; YVDD' 1 0.2%
HEX 57.9 °C; YMDD with Y of TAC codon’ 1 0.2%
No positive signal b 1.2%

Bold type indicates dominant form.
The variants were identified by direct sequencing of PCR products. Tm: Melting temperature.

have revealed that YMDD-motif mutations can emerge naturally in treatment-naive
CHB patients, but their reported prevalence vary greatly (0% to approximately 30%)
or are even contradictory!'*'"l,

Our group recently analyzed the RT region of the HBV polymerase by full-length
HBV RT sequences in NAs-naive CHB patients, and we found that approximately
60% of them had antiviral resistant variants with substitutions at T184, M204, L180, or
L80 prior to NAs therapy!'“l. Among these variants, spontaneous rtM2041/V variants
were detected in approximately 1.5% of NAs-native patients, and the rtM204I variant
was the dominant type. Additionally, they were more frequently detected in patients
with HCC than in patients without HCC. Thus, in this research, we focused on the
spontaneous rtM204I variants, and they were evaluated using an LNA-RT-PCR
method, which is a more sensitive method than sequence analysis. We also tripled the
sample number of NAs-naive patients with various phases of CHB genotype C
infection.

In this study, we have confirmed that spontaneous rtM2041 mutations exist in NAs-
naive patients with CHB genotype C infection, and their prevalence is approximately
4%. Spontaneous M204I mutations were more frequently detected in patients with
higher scores on the FIB-4 index, which is considered to be a noninvasive marker of
liver fibrosis, and multivariate analysis showed that pre-existing M204I mutations
were more frequently detected in patients with significant fibrosis!*'l. These data
suggest that spontaneous rtM2041 variants might be risk factors for the progression of
liver fibrosis. Although the mechanism is unclear, a possible reason for the significant
association between spontaneous rtM204I variants and liver fibrosis might also be
related to HBV genotype C. Many studies have demonstrated that naturally occurring
mutations, such as variants in the pre-S region, are associated with LC and HCC
development in CHB patients, especially those infected with genotype C*>*’l. Hence,
this study suggested that progression of fibrosis might be related to spontaneous
occurrence of rtM204I mutations prior to NAs, as well as infection with naturally
occurring pre-S variants, in treatment-naive patients infected with HBV genotype C2
strains.

Another finding of this study is that spontaneous rtM204I variants could affect
antiviral responsiveness in treatment-naive patients when they are treated with NAs.
Our data showed that CVR rate to antiviral therapy was significantly lower in
patients infected with spontaneous rtM2041 variants. Indeed, rtM204I variants are the
predominant mutations causing resistance to NAs with low genetic barriers, such as
LAM, L-dT, and CLV**. These variants can also reduce the susceptibility to entecavir
therapy and induce entecavir resistance”!. This study also revealed that all seven
patients carrying pre-existing rtM204] mutations achieved CVR to tenofovir, which
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Figure 3 Confirmation of LNA real-time PCR identification results of hepatitis B virus rtM204| (YIDD) variant
and rtM204 (YMDD) wild type by direct sequencing. Nucleotide bases are shown in the parenthesis. Lower case
letters represent the base in a lower amount relative to the dominant variant. Bold indicates the target amino acid and
bases.

can effectively suppress not only WT HBV strains but also rtM204I variants. In
contrast, only one of six patients carrying pre-existing rtM204I mutations achieved
CVR at 12 mo of entecavir treatment, and one of four patients achieved CVR at 12 mo
of low genetic barrier agents. Therefore, tenofovir is the preferred treatment since its
higher barrier to resistance provides the best chance for successful long-term therapy
in treatment-naive patients carrying spontaneous rtM204I variants.

Recently, a Korean population-based cohort study demonstrated that tenofovir
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Table 4 Baseline characteristics of 403 treatment-naive patients with chronic hepatitis B

Characteristics Pre-existing rtM2041 n = 17 Wild type rtM204 n = 386 P value
Gender (M/F) 14/3 230/156 0.060
Age (yr) 488+9.3 437 +12.6 0.101
HBeAg (positive/negative) 10/7 228/158 0.984
HBV-DNA (log;, IU/mL) 6.33 £ 0.66 6.06 £1.77 0.519
qHBsAg (log 1, IU/mL) 3.43£0.30 3.59£0.70 0.334
AST (IU/L) 104.7 +40.9 78.7 £65.2 0.103
ALT (IU/L) 77.8 £29.4 85.4 +84.1 0.709
Total bilirubin (mg/dL) 0.93 £0.33 0.88 £ 0.60 0.743
Albumin (g/dL) 4.02+043 4.14+0.52 0.338
Prothrombin time (INR) 1.07+£0.10 1.02+0.16 0.246
Platelet count (x 10>/ mm?) 155.7 + 55.6 181.4 + 64.4 0.106
FIB-4 4.38+2.33 2914292 0.041
APRI 1.94 +£0.98 1.34+1.35 0.068
Significant fibrosis' (presence/absence) 12/5 145/241 0.006
Liver cirrhosis (presence/absence) 7/10 80 / 306 0.045
HCC (presence/absence) 5/12 46 / 340 0.034

ISignificant fibrosis was defined as aspartate aminotransferase to platelet ratio index > 1.5 or fibrosis-4 index > 3.25. ALT: Alanine aminotransferase; APRI:
Aspartate aminotransferase to platelet ratio index; AST: Aspartate aminotransferase; FIB-4: Fibrosis-4 Index; HCC: Hepatocellular carcinoma; INR:
International normalized ratio; gHBsAg: Quantitative hepatitis B surface antigen levels; HBV: Hepatitis B virus.

treatment was associated with a significantly lower risk of HCC compared with
entecavir treatment™l. This result might be related to the fact that tenofovir therapy
can more effectively suppress HBV-DNA compared to entecavir therapy and
consequently decrease the risk of LC progression or HCC development in Korean
patients infected with HBV genotype C strains, some of whom have spontaneous
rtM2041 variants.

In conclusion, the LNA-RT-PCR method can detect pre-existing rtM2041 variants
with high sensitivity in NAs-naive CHB patients. rtM204I mutations can occur
spontaneously with a rate of approximately 4% in treatment-naive patients infected
with HBV genotype C2. The rtM204I variants more frequently pre-existed in patients
with significant fibrosis, and the pre-existence of rtM204I variants was associated with
incomplete responses to NAs. Therefore, the detection of pre-existing rtM2041
variants with the newly developed LNA-RT-PCR method could play a relevant role in
the clinical management of NA-naive patients with CHB genotype C2 infection.
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Table 5 Independent factors for pre-existing rtM204l variants in treatment-naive chronic hepatitis B patients

Pre-existing rtM2041 (n=  Wild type rtM204 (n=  Univariate Multivariate
17) 386) OR  95%Cl Pvalue OR  95%Cl Pvalue
Gender (male) 14 (82.4%) 230 (59.6%) 3165 (0.895-11.197) 0.074
Age, yr 488+93 43.7 £12.6 1.033  (0.993-1.074) 0.105
HBeAg status (positive) 10 (58.8%) 228 (59.1%) 0.990 (0.369-2.656) 0.984
HBV-DNA, log;, TU/mL 6.33 £0.66 6.06 £1.77 1.098 (0.827-1.458) 0.519
qHBsAg, log;, IU/mL 3.43 £ 0.30 3.59 £ 0.70 0.555 (0.336-0.916)  0.021
AST, IU/L 104.7 +40.9 78.7 £ 65.2 1.005 (0.999-1.011) 0.109
ALT, IU/L 77.8 £29.4 85.4 £84.1 0.999 (0.992-1.005) 0.709
Total bilirubin, mg/dL  0.93 +0.33 0.88 £ 0.60 1.140 (0.522-2.487) 0.742
Albumin, g/dL 4.02+£0.43 414 +0.52 0.655 (0.275-1.559) 0.339
Prothrombin time, INR  1.07 £ 0.10 1.02 £ 0.16 4.625 (0.339-63.020) 0.250
Platelet count, x 155.7 +55.6 1814+ 64.4 0.993 (0.985-1.001) 0.108
10°/mm?®
Significant fibrosis' 12 (70.6%) 145 (37.6%) 3989 (1.377-11553) 0.011 3397 (1.119-10.319) 0.031
Liver cirrhosis 7 (41.2%) 80 (20.7%) 2.677 (0.988-7.255) 0.053
HCC 5(29.4%) 46 (11.9%) 3.080 (1.038-9.139) 0.043 1.961 (0.626-6.143) 0.248

ISignificant fibrosis was defined as aspartate aminotransferase to platelet ratio index > 1.5 or fibrosis-4 index > 3.25. ALT: Alanine aminotransferase; APRI:
Aspartate aminotransferase to platelet ratio index; AST: Aspartate aminotransferase; FIB-4: Fibrosis-4 Index; HCC: Hepatocellular carcinoma; INR:
International normalized ratio; gHBsAg: Quantitative hepatitis B surface antigen levels; HBV: Hepatitis B virus.

Table 6 Independent factors for complete response at 12 mo of antiviral therapy in 232 patients who were treated with nucleos(t)ide

analogues

Complete response (1= Incomplete response (n= Univariate Multivariate
199) 33) OR  95%Cl Pvalue OR  95%Cl P value
Gender (male) 130 (65.3%) 20 (60.6%) 1225 (0.575-2.610) 0.600
Age, yr 473119 43.6+109 1028 (0.996-1.062) 0.087
HBeAg status 106 (53.3%) 30 (90.9%) 0114 (0.034-0386) <0.001 0438 (0.086-2.226) 0320
(positive)
HBV-DNA, log,, 5.97 +1.40 7.69+1.13 0402 (0.290-0.559) <0001 0185 (0.083-0.412) < 0.001
IU/mL
qHBsAg, log;, TU/mL  3.46 +0.57 3.89+0.74 0270 (0.134-0.544) <0.001 1492 (0501-4447) 0473
AST, IU/L 946+ 695 83.0£472 1003 (0.997-1.009) 0.361
ALT, IU/L 1035+927 91.6+575 1002 (0.997-1.006) 0.474
Total bilirubin, mg/dL 0.95 + 0.57 0.76 030 2201 (0.964-5.024) 0.061
Albumin, g/dL 406053 4144044 0743 (0351-1573) 0438
Prothrombin time, INR 1.05 0.16 1.01£0.10 8323  (0.444- 0.156
155.931)
Platelet count, x 164.6 + 63.8 1826 +53.0 0995 (0.990-1.001) 0.128
10°/mm®
Significant fibrosis 105 (52.8%) 13 (39.4%) 1718 (0.810-3.644) 0.158
LUirer et 58 (29.1%) 6 (182%) 1851 (0.726-4.720) 0.197
HCC 33 (16.6%) 3(9.1%) 1988  (0.573-6899) 0.279
High genetic barrier 180 (90.5%) 12 (36.4%) 16579 (7.069-38.882) <0.001 82.076 (14.945- <0.001
450.760)
Pre-existing rtM2041 9 (4.5%) 8 (24.2%) 0148 (0.052-0419) <0001 0014 (0.0020.09) < 0.001

ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; INR: International normalized ratio; qHBsAg: Quantitative hepatitis B surface antigen
levels; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma.
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Table 7 Treatment responses during nucleos(t)ide analogues in patients with pre-existing rtM204I variants

Outcome Tenofovir (n=7) Entecavir (n = 6) Low genetic barriers' (n = 4) P value

Reduction of HBV-DNA (log;, IU/mL), mean + SD

Mo 3 -3.22+0.74 -2.12+0.53 -2.22 +0.40° 0.011
Mo 6 -3.97 +0.75 -2.71 +0.43° -2.92+0.51° 0.005
Mo 9 -4.44 %0.70 -3.33 +0.48° -3.28 +0.35 0.004
Mo 12 -4.75 +0.59 -3.65 + 0.43 -3.52 + 0.60° 0.003

Complete virologic response, cumulative incidence

Mo 12 100% 16.7%" 25%" 0.021

1The low genetic barriers include lamivudine, adefovir, or combination of lamivudine and adefovir;
’The same number of superscripted indicates non-specific difference between groups. The continuous variables were tested by one-way ANOVA among
groups, and categorical variables were tested by Fisher’s exact test. SD: standard deviation; HBV: Hepatitis B virus.
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Figure 4 Changes in mean log values of the serum hepatitis B virus DNA levels from baseline during nucleos(t)ide analogues treatment. A: The decrease in
hepatitis B virus (HBV) DNA was significantly less prominent in patients infected with naturally occurring rtM2041 variants than in patients without pre-existing rtM2041
variants at 3, 6, 9, 12, 15 mo of nucleos(t)ide analogues (all P < 0.05); B: There was no differences in HBV-DNA declines during tenofovir therapy between patients
with and without naturally occurring rtM2041 variants; C: The decrease in HBV DNA was significantly less prominent in patients infected with naturally occurring
rtM204| variants than in patients without pre-existing tM204 variants at 3, 6, 9, 12, 15 mo of entecavir (all P < 0.05); D: The decrease in HBV DNA was significantly
less prominent in patients infected with naturally occurring rtM204! variants than in patients without pre-existing rtM204| variants at 3, 6, 9, 12, 15 mo of low genetic
barriers (all P < 0.05). Student's t-test was used for the statistical analysis at each time point. HBV: Hepatitis B virus.

ARTICLE HIGHLIGHTS

Research background

Hepatitis B virus (HBV) DNA polymerase mutations usually occur to long term use of
nucleos(t)ide analogues (NAs), but they can occur spontaneously in treatment-naive chronic
hepatitis B (CHB) patients. The naturally occurring HBV-DNA polymerase mutations might
complicate antiviral therapy with NAs, leading to the generation of drug-resistant viral mutants
and disease progression. The most common substitutions are known to be YMDD-motif
mutations, but their prevalence and the influence on antiviral therapy is unclear.

Research motivation
HBV DNA polymerase mutations have been known to be prevalent in treatment-naive CHB
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patients infected with HBV genotype C2 strains. But there is still controversy regarding
prevalence of the naturally occurring rtM2041 mutations prior to antiviral treatments. Moreover,
the clinical characteristics of the naturally occurring rtM204I mutations have not been fully
elucidated.

Research objectives

The objective of this study was to determine the prevalence and clinical characteristics of
naturally occurring rtM204I mutations in treatment-naive patients infected with HBV genotype
C2 strains by using a newly developed locked nucleotide probe (LNA probe) based real time
PCR (LNA-RT-PCR) method, which can detect subspecies at 5% of the circulating HBV
population.

Research methods

The retrospective study enrolled a total of 410 treatment-naive CHB patients infected with HBV
genotype C2 strains. Among the 410 patients, 232 were treated with NAs for at least 12 mo.
Significant fibrosis was defined as fibrosis-4 index > 3.25 or aspartate aminotransferase to
platelet ratio index > 1.5. Complete viral response (CVR) during NAs was defined as
undetectable serum HBV DNA (< 24 IU/mL). The rtM204I variants were analyzed by a newly
developed LNA RT-PCR method.

Research results

The LNA-RT-PCR could discriminate rtM204] mutant-type (17 patients, 4.2%) from rtM204 wild-
type (386 patients, 95.8%) in 403 of 410 patients (98.3% sensitivity). Multivariate analysis showed
that naturally occurring rtM2041 variants were more frequently detected in patients with
significant fibrosis [odd-ratio (OR) 3.397, 95% confidence-interval (CI) 1.119-10.319, P = 0.031]. Of
232 patients receiving NAs, multivariate analysis revealed that achievement of CVR was
reversely associated with naturally occurring rtM2041 variants prior to NAs treatment (OR 0.014,
95%CI 0.002-0.096, P < 0.001). Almost patients receiving tenofovir achieved CVR at 12 mo of
tenofovir, irrespective of pre-existence of naturally occurring rtM204] mutations (CVR rates:
patients with rtM2041, 100%; patients without rtM204I, 96.6%), whereas, pre-existence of
naturally-occurring rtM204I-mutations prior to NAs significantly affects CVR rates in patients
receiving entecavir (at 12 mo: Patients with rtM204I, 16.7%; patients without rtM204I, 95.6%, P <
0.001).

Research conclusions

The newly developed LNA-RT-PCR method can detect pre-existing rtM204I variants with high
sensitivity in NAs-naive CHB patients. rtM204] mutations can occur spontaneously with a rate of
approximately 4% in treatment-naive patients infected with HBV genotype C2. The rtM2041
variants more frequently pre-existed in patients with significant fibrosis, and the pre-existence of
rtM204I variants was associated with incomplete responses to NAs. Tenofovir is a more suitable
treatment than entecavir for CHB patients carrying the naturally occurring rtM204I mutations.

Research perspectives

The detection of pre-existing rtM204I variants with the newly developed LNA-RT-PCR method
could play a relevant role in the clinical management of NA-naive patients with CHB genotype
C2 infection. Further prospective studies should be performed to verify our conclusions.
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Abstract

BACKGROUND

Diarrhea is a major infectious cause of childhood morbidity and mortality
worldwide. In clinical trials, Lactobacillus rhamnosus GG ATCC 53013 (LGG) has
been used to treat diarrhea. However, recent randomized controlled trials (RCTs)
found no evidence of a beneficial effect of LGG treatment.

AIM
To evaluate the efficacy of LGG in treating acute diarrhea in children.

METHODS

The EMBASE, MEDLINE, PubMed, Web of Science databases, and the Cochrane
Central Register of Controlled Trials were searched up to April 2019 for meta-
analyses and RCTs. The Cochrane Review Manager was used to analyze the
relevant data.

RESULTS

Nineteen RCTs met the inclusion criteria and showed that compared with the
control group, LGG administration notably reduced the diarrhea duration [mean
difference (MD) -24.02 h, 95% confidence interval (CI) (-36.58, -11.45)]. More
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effective results were detected at a high dose = 10" CFU per day [MD -22.56 h,
95%ClI (-36.41, -8.72)] vs a lower dose. A similar reduction was found in Asian
and European patients [MD -24.42 h, 95%CI (-47.01, -1.82); MD -32.02 h, 95%ClI (-
49.26, -14.79), respectively]. A reduced duration of diarrhea was confirmed in
LGG participants with diarrhea for less than 3 d at enrollment [MD -15.83 h,
95%CI (-20.68, -10.98)]. High-dose LGG effectively reduced the duration of
rotavirus-induced diarrhea [MD -31.05 h, 95%CI (-50.31, -11.80)] and the stool
number per day [MD -1.08, 95%ClI (-1.87, -0.28)].

CONCLUSION

High-dose LGG therapy reduces the duration of diarrhea and the stool number
per day. Intervention at the early stage is recommended. Future trials are
expected to verify the effectiveness of LGG treatment.

Key words:Lactobacillus rhamnosus GG; Acute diarrhea; Children; Rotavirus; Probiotics;
Systematic review; Meta-analysis

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The treatment effectiveness of Lactobacillus rhamnosus GG (LGG) for acute
diarrhea in children was assessed in our study. LGG was confirmed to effectively reduce
the duration of diarrhea and the stool number per day. LGG was particularly efficacious
in patients treated at a dose > 10 CFU/day, those treated at an early stage of illness, and
those diagnosed with rotavirus-positive diarrhea.

Citation: Li YT, Xu H, Ye JZ, Wu WR, Shi D, Fang DQ, Liu Y, Li LJ. Efficacy of
Lactobacillus rhamnosus GG in treatment of acute pediatric diarrhea: A systematic review
with meta-analysis. World J Gastroenterol 2019; 25(33): 4999-5016

URL: https://www.wjgnet.com/1007-9327/full/v25/i33/4999.htm

DOI: https://dx.doi.org/10.3748/wjg.v25.133.4999

INTRODUCTION

The World Health Organization and United Nations International Children's
Emergency Fund define diarrhea as more than three loose or watery stools during a
24-h period. A duration of 14 days is the proposed criterion for acute diarrhea or
persistent diarrhea. Diarrhea is a major infectious cause of childhood morbidity and
mortality worldwide, especially in developing countries!'l. As the second most
common cause of death among children under 5 years of agel”, the frequency of acute
diarrhea in one year is approximately two to three episodes per child". Previous data
showed that the incidence of diarrhea was 6 to 12 episodes in 12 months per child in
developing countries.

The goals of treatment are prevention or resolution of dehydration and reduction of
the diarrhea duration and infectious period!!. Oral rehydration, gut motility
inhibitors, and antibiotics are used to treat acute gastroenteritis!“l. Oral rehydration
contributes to a reduced likelihood of dehydration but has no appreciable effects on
bowel movements or the duration of diarrhea and is not utilized to its full extent®.
Antibiotics should be considered if pathogenic bacteria are detected. Smectite and
zinc remain under-utilized as adjuvant therapies®’l.

Probiotic supplements have gained considerable popularity in the global market
and are predicted to generate 64 billion United States dollars in revenue by 20231,
Probiotics have health benefits for hosts!”! and have been evaluated in the treatment of
diarrhea, and multiple mechanisms of diarrhea improvement have been identified.
Probiotics modulate the host immune response!’’l. Furthermore, colonic bacterial
metabolites such as short-chain fatty acids increase colonic Na and fluid absorption
through a cyclic adenosine monophosphate-independent mechanism®!. In clinical
trials, the well-known probiotics Saccharomyces boulardii, Lactobacillus reuteri DSM
17938, and Lactobacillus rhamnosus GG ATCC 53013 (LGG) have been used to treat
diarrhea™l. Previously, rotavirus-induced diarrhea was considered an adaptation
disease associated with LGG treatment!"'. Wolvers D revealed that the probiotic dose
mediated the effectiveness of treatment, and 10'°-10"" CFU per day was

5000 September 7,2019 | Volume 25 | Issue33 |


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Li YT et al. Lactobacillus GG for acute diarrhea

recommended!’’l. In addition, a greater effect was observed in the early stage of
illness, and a poorer effect on invasive bacterial diarrhea versus watery diarrhea was
observed. LGG treatment has been endorsed by leading experts!”'*l. However, most
recent randomized controlled trials (RCTs) conducted by Schnadower et al*! yielded
no evidence of a beneficial effect of LGG treatment. Therefore, we conducted a meta-
analysis to evaluate the available validated data and update existing knowledge and
thus provide guidance to patients.

MATERIALS AND METHODS

Literature search

Relevant studies published before April 2019 were retrieved from the EMBASE,
MEDLINE, PubMed, Web of Science databases, and the Cochrane Central Register of
Controlled Trials (CENTRAL, the Cochrane Library). The search strategy was
conducted with medical subject headings and the search terms “diarrhoea, diarrhea,
diarrh*, gastroenteritis, probiotic*, Lactobacillus rhamnosus GG, Lactobacillus GG, and
LGG”. No language restrictions were applied. Additional studies were identified by
manually searching review articles.

Study selection

Nineteen RCTs describing LGG interventions for acute diarrhea were included. The
PRISMA statement and the guidelines from the Cochrane Collaboration were
followed for this evidence-based medicine study!*'"l. The participants were children
aged less than 18 years. The dose of LGG was provided in various forms at different
times. Antibiotic-associated diarrhea and persistent diarrhea were excluded. Other
applications of LGG, such as preventive strategies, were not included. Some particular
article types without complete data were excluded, such as abstracts and letters. We
also excluded studies using mixtures of more than one probiotic strain. The primary
outcomes were directly related to the development of persistent diarrhea, including
the duration of diarrhea and diarrhea lasting > 3 and > 4 d. Secondary outcomes
included the hospital stay duration, stool frequency, and improvement in stool
consistency and vomiting.

Data extraction

Two investigators (Li YT and Xu H) independently identified eligible articles and
extracted applicable data following the inclusion critgria. Quality control was assessed
by another reviewer (Wu WR). The data set included the baseline characteristics of the
participants, the duration of diarrhea, the hospital stay duration, the time to
improvement in stool consistency, the mean number of stools per day during diarrhea
episodes, the proportion of patients with vomiting, the duration of vomiting, stool
frequency on days 2 and 3 after treatment, and the gumber of patients with diarrhea
lasting > 3 or 4 d. Cochrane Review Manager (Version 5.1. Copenhagen: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2011) and STATA version 12.0
(StataCorp LP, College Station, TX, United States) were used for data analyses. Any
discrepancies were resolved by discussion.

Risk of bias

All included trials were evaluated following the Cochrane Collaboration’s risk of bias
tool. Seven domains were examined to identify the bias risk: selection bias, including
random sequence generation and allocation concealment, performance bias, including
blinding of participants and personnel, detection bias, including blinding of outcome
assessments, attrition bias, including incomplete outcome data, reporting bias,
including selective reporting, and other bias. Adequate allocation concealment was
implemented to ensure blinding of the participants and investigators to avoid
influences on the measures. Randomization was performed based on confirmed
allocation concealment. Unclear allocation concealment was noted when no method
was mentioned. The integrity of the data was evaluated, including the proportion of
excluded participants (http:/ /www.cochrane-handbook.org).

Statistical analysis

The Cochrane Review Manager was used to analyze the relevant data. The mean
differences (MDs) in continuous data under LGG or placebo treatment were
measured. Dichotomous results are pooled and presented as risk ratios. Additionally,
95% confidence intervals (Cls) are reported for all types of outcomes. I and ¥* values
were calculated to quantify and reflect heterogeneity. A P-value < 0.05 indicates that
heterogeneity should not be ignored; thus, a random-effects model was used. A fixed-
effects model was employed when no statistically significant inconsistency was
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detected. Publication bias was assessed by funnel plot asymmetry!'*l. Sensitivity
analyses were conducted to detect the robustness of results by assessing
randomization, missing data, blinding, and allocation concealment. Each individual
study was systematically removed from the meta-analysis, and the effect was
recalculated and estimated from the remaining studies (Supporting information
Figure S1). Regression analysis was conducted, and the relationships between the
duration of diarrhea and other covariates, including publication year, participant age,
the duration of diarrhea before study enrollment, and the LGG dosage, were
examined. Subgroup analyses were performed to diminish significant inconsistency.
Preplanned subgroup analyses were performed according to the following clinical
characteristics and results from sensitivity or regression analysis: (1) The dosage of
LGG per day. A dosage of 10" CFU/day was observed to be a critical element of
effective treatment in the study by Szajewska ef all"’]. In addition, a larger dose was
suggested in other studies!"*’); (2) The etiology of diarrhea. Diarrhea mortality and
severe diarrhea were most frequently caused by rotavirus in children]. Compared to
control children, several rotavirus-positive children with watery stools in a probiotic
group were reported to exhibit a marked reduction in diarrhea symptoms after 24 h*?.
A meta-analysis performed by Szajewska et al*! in 2007 concluded that the duration
of rotavirus-induced diarrhea was significantly attenuated by LGG supplementation;
(3) The site of treatment (inpatient vs outpatient); (4) Vaccination status; (5)
Geography of the clinical trials. The location of the study affected the sanitary habits,
exposure to various pathogens, and nutrient status of the participants. All studied
environmental factors contribute to various outcomes; (6) Early probiotic
administration. A beneficial effect of probiotics was reported in the course of disease
when initiated early!”; and (7) Publication date.

RESULTS

Study selection
A total of 349 potentially relevant studies were identified. The process of screening
was carried out according to the flow diagram shown in Figure S2 (Supporting
information). The characteristics of each included study are summarized in Table 1.
With 988 participants in a 2007 meta-analysis and 2683 participants in a 2013 meta-
analysis, a total of 4073 participants in 19 RCTs were identified in the literature. Two
experimental arms in the study of Basu et all*! were listed separately to exhibit
different doses of probiotics, which were marked as Basu 2009a and Basu 2009b.
Therefore, the figures, tables, and full texts of 18 articles were reviewed**l. A large
number of trials were conducted in Europe and Asia. Patients were recruited from
outpatient, inpatient, and emergency departments. Inconsistency existed in the daily
doses and routes of LGG supplementation during the treatment period. Different
criteria were used to define diarrhea in the included studies. Diarrhea resolution was
commonly defined as passage of the first normal stool or the last watery stool.
Antibiotic treatment before recruitment was assessed, and different studies varied
regarding the use of antibiotics. Similarly, the duration of treatment varied. Studies of
moderate to high quality were adequately assessed and are summarized in Figure S3
(Supporting information).

Evaluation before enrollment (days)

Before enrollment, age was assessed in 16 studies, and the duration of diarrhea was
reported in nine studies (Supporting information Figures S4 and S5). No obvious
difference in age was found. The statistical differences and high heterogeneity
resulting from the duration of diarrhea [MD -6.21 h, 95%CI (-9.04, -3.38)] could be
reduced by subgrouping according to the outcomes of the sensitivity analysis
(Supporting information Figure S1). The subgroup excluding the study of Ritchie et
alt1 performed in 2010 showed acceptable heterogeneity, and no statistical
significance was observed for the duration of diarrhea before study enrollment [MD -
0.9 h, 95%CI (-4.02, 2.22)] (I* = 10%). Sensitivity analysis revealed differences in the
duration of diarrhea before study enrollment between the two groups in the study of
Ritchie et al”l, which recruited aboriginal children in the Northern Territory of
Australia. Social disadvantages and poverty contributed to malnutrition in these
children™. However, no significant differences in the primary and secondary
outcomes were found by sensitivity analysis, which is inconsistent with the findings
reported in previous meta-analyses!*! (Supporting information Figure S1).

Duration of diarrhea
A reduced duration of diarrhea was found in the LGG group compared to that in the
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matched group according to 15 RCTs submitted to meta-analysis, which included
3721 participants [MD -24.02 h, 95%CI (-36.58, -11.45)] (Figure 1A). Significantly
heterogeneous results were detected among the included trials (I2 = 98%). Our data
support the results of the prior meta-analyses!* indicating that LGG treatment
reduced participants” duration of diarrhea.

Subgroup analyses were conducted based on clinical features such as age,
geographical location, treatment time, outpatient or inpatient settings, the time of
enrollment, and literature quality scores. Differences in methodological quality could
not explain the statistically significant heterogeneity (Supporting information Figure
S6). Regression analysis between the duration of diarrhea and LGG dose revealed that
different doses of LGG contributed to the heterogeneity (P = 0.009, adjusted R-
squared = 40.21%), suggesting that subgroups according to a high or low dose of LGG
should be assessed. A reduced duration of diarrhea was noted in the studies applying
> 10" CFU/day of LGG [MD -22.56 h, 95%CI (-36.41, -8.72)] (Figure 1A). In contrast,
although only three studies used lower dosages, no statistically significant differences
were detected in the groups receiving lower dosages [MD -30.95 h, 95%CI (-83.28, -
21.39)] (Figure 1A). A reduced duration of diarrhea was supported in the studies with
participants who received LGG treatment before the second day of diarrhea
symptoms [MD -1.58 h, 95%ClI (-3.05, -0.11)] and during the second to third days of
diarrhea symptoms [MD -15.83 h, 95%CI (-20.06, -10.98)] (Figure 1B). However,
Ritchie et al! enrolled participants with diarrhea for more than 3 d, and no
statistically significant differences were found in the duration of diarrhea [MD 1.2 h,
95%CI (-21.42, 23.82)] (Figure 1B). A reduced diarrhea duration was reported in
studies performed in both Asia and Europe [MD -24.42 h, 95%ClI (-47.10, -1.82); MD -
32.02 h, 95%CI (-49.26, -14.79), respectively]. Paradoxically, the reduction in the
diarrhea duration in other regions was not statistically significant [MD -9.35 h, 95%CI
(-20.77, 2.07)] (Figure 1C). In the etiological analysis, the effectiveness of LGG was
clearly demonstrated in rotavirus-induced diarrhea cases [seven RCTs; MD -31.05 h,
95%CI (-50.31, -11.80)] (Figure 2). Analysis with the studies carried out in the 1990s
and 2000s revealed a clear reduction in the diarrhea duration [MD -36.32 h, 95%CI (-
62.20, -10.45); MD -29.40 h, 95%CI (-50.56, -8.25), respectively] (Supporting
information Figure S7). In contrast, no reduction in the diarrhea duration was
observed in the analysis with studies carried out in the 2010s [MD -3.43 h, 95%CI (-
13.25, 6.39)] (Supporting information Figure S7). No studies evaluated the
effectiveness of LGG in children vaccinated against rotavirus.

Diarrhea=2 3 d

A meta-analysis of four RCTs was performed using a fixed-effects model. The risk of
experiencing diarrhea for 3 or more days was reduced when patients received LGG
[odds ratio (OR) 0.54, 95%CI (0.38, 0.77)] (Figure 3A).

Diarrhea2 4 d

Three studies were pooled (n = 479) and showed a reduction in the risk of diarrhea
lasting for 4 or more days for participants treated with LGG [OR 0.58, 95%CI (0.4,
0.84)] (Figure 3B).

Stool number and consistency

Stool number and consistency were evaluated in most trials. Eight trials reported the
mean number of stools in one day during diarrhea episodes. A notable decrease in the
stool number per day was noted in the LGG group [MD -0.9, 95%CI (-1.56, -0.23)]
(Figure 4A). However, a significantly reduced stool number was observed in the high-
dose LGG groups receiving no less than 10 CFU/day [MD -1.08, 95%CI (-1.87, -
0.28)], while the lower-dose groups showed no significant reduction [MD -0.25 d,
95%ClI (-1.43, 0.93)] (Figure 4A). After the intervention, stool frequency was evaluated
on days 2 and 3. Seven trials provided data on day 2, and the overall effect did not
differ between the two groups [MD -0.46, 95%CI (-1.06, 0.15)] (Figure 4B). In addition,
similar frequencies were observed in the two groups on day 3, with no differences
between them [MD 0.34, 95%CI (-0.29, 0.97)] (Figure 4C). Three trials calculated the
mean time to improvement in stool consistency, and an obvious reduction was
reported [MD -5.65, 95%ClI (-7.49, -3.80)] (Figure 4D).

Hospital stay duration

A total of 1823 participants from six RCTs were analyzed. Due to statistically
significant heterogeneity, a random-effects model was used, which revealed a
significant reduction in the hospital stay duration in the two groups [MD -39.16 h,
95%ClI (-72.24, -6.07)] (Figure 5A). A reduction in the hospital stay duration was found
in rotavirus-positive children [MD -21.12 h, 95%CI (-26.96, -15.28)] (Figure 5B).
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A LGG Placebo Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95%CI 1V, Random, 95%CI
1.1 = 10%° CFU/day
Basu, S. 2009a 120.531.7 188 173.5 30.5 185 7.2% -53.00[-59.31, -46.69] —
Basu, S. 2009 b 122.927.8 186 173.5 30.5 185 7.2% -50.60[-56.54, -44.66] -

Canani, R. B. 2007 78.5 35.52100 115.5 23.5392 7.1% -37.00[-45.46, -28.54]
Costa, R.H. 2003 38.3 3.78 61 39.1 4.6 63 7.3% -0.80[-2.28,0.68]

David, S. 2018 54.3 41.3 472 524 37.7 480 7.2% 1.90[-3.13,6.93]

Guandalini, S. 2000  58.3 27.6 147 71.9 35.8 140 7.1% -13.60[-21.02,-6.18]
Isolauri, E.1994 36.0 16.8 21 552 19.2 21 6.9% -19.20[-30.11,-8.29]
Jasinski.C. 2002 74.6447.7645 133.44 53.7652  6.1% -58.80[-79.00, -38.60]

Ritchie, B. K. 2010 52.4 49.8 33 51.2 424 31 59% 1.20[-21.42,23.82]
Shornikova, A.V.1997 64.8 52.8 59 91.2 67.2 64 6.0% -26.40[-47.67,-5.13]
Sindhu, K. N. 2014 96.0 53.3 65 96.0 53.3 59 6.3% 0.00[-18.78, 18.78]

Sunny, A. 2014 58.3 27.6 100 71.9 35.8 100 7.0% -13.60[-22.46,-4.74] —_

Subtotal (95%CI) 1477 1472 81.3% -22.56[-36.41, -8.72] <o

Heterogeneity: Tau2 = 555.67; Chi2 = 578.18, df= 11 (P< 0.00001); /2= 98%

Test for overalleffect: Z= 3.19(P= 0.001)

1.2 < 10%° CFU/day

Basu, S. 2007 163.250.4 323 158.4 55.2 323 7.1% 4.80[-3.35, 12.95] T

Guarino, A. 1997 76.8 34.6152 141.6 33.2648 6.7% -64.80[-78.10, -51.50] —_—

Pant, A. R.1996 45.6 144 14 79.2 552 12 4.9% -33.60[-65.73,-1.47] L —

Subtotal (95%CI) 389 383 18.7% -30.95[-83.28, 21.39] e

Heterogeneity: Tau2 = 2033.82; Chi2 = 77.77, df= 2 (P< 0.00001); I2= 97%

Test for overalleffect: Z= 1.16 (P= 0.25)

Total (95%CI) 1866 1855 100% -24.02[-36.58, -11.45] S 4

Heterogeneity: Tau2 = 563.68; Chi2 = 661.03, df= 14 (P< 0.00001); /2= 98% t t t i
Test for overalleffect: Z= 3.75(P= 0.0002) -100 -50 0 50 100

Test for subgroup differences: Chi2 = 0.09, df=1 (P= 0.76), I2= 0%

B LGG Placebo Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95%CI

Favours experimental Favours control

Mean difference
1V, Fixed, 95%CI

1.3 Duration of diarrhoea before LGG subjects’ enrollment < 2d (> 1 d)

Costa, R.H. 2003 38.3 378 61 391 46 63 90.1%  -0.80[-2.28,0.68]
Guarino, A. 1997 76.8 34.61 52 141.6 33.26 48 1.1%-64.80[-78.10, -51.50]
Subtotal (95%CI) 113 111 91.2% -1.58 [-3.05,-0.11]

Heterogeneity: Chi2 = 87.80, df= 1 (P< 0.00001); /2= 99%
Test for overalleffect: Z= 2.11 (P= 0.04)

1.4 Duration of diarrhoea before LGG subjects’ enrollment <3d (> 2d)

Guandalini, S. 2000 58.3 27.6 147 719 35.8 140 3.6% -13.60[-21.02,-6.18]
Isolauri, E.1994 36.0 16.8 21 55.2 19.2 21 1.7% -19.20[-30.11,-8.29]
Pant, A. R.1996 45.6 14.4 14 79.2 55.2 12 0.2% -33.60[-65.73,-1.47]
Shornikova, A. V. 1997  64.8 52.8 59 91.2 67.2 64 0.4% -26.40[-47.67,-5.13]
Sunny, A. 2014 58.3 27.6 100 71.9 35.8 100 2.5% -13.60[-22.46,-4.74]
Subtotal (95%CI) 341 337 8.4%-15.83[-20.68,-10.98]

Heterogeneity: Chi2 = 3.08, df= 4 (P= 0.54); I2= 0%
Test for overall effect: Z= 6.39 (P< 0.00001)

1.5 Duration of diarrhoea before LGG subjects’ enroliment <4d (>3 d)

Ritchie, B. K. 2010 52.4 49.8 33 51.2 424 31 0.4% 1.20[-21.42,23.82]
Subtotal (95%CI) 33 31 0.4% 1.20 [-21.42, 23.82]
Heterogeneity: Not applicable

Test for overalleffect: Z= 0.10 (P= 0.92)

Total (95%CI) 487 479100% -2.77 [-4.17,-1.36]
Heterogeneity: Chi2 = 121.33, df=7 (< 0.00001); /2= 94%

Test for overall effect: Z= 3.86 (P= 0.0001)

Test for subgroup differences: Chi2 = 30.45, df=2 (P < 0.00001), 72= 93.4%
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C LGG Placebo Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%CI

2.14.1 Asia
Basu, S. 2007 163.2 50.4 323 158.4 55.2 323 7.1% 4.80[-3.35, 12.95] —
Basu, S. 2009a 120.5 31.7 188 173.5 30.5 185 7.2%-53.00[-59.31, -46.69] -
Basu, S. 2009b 1229 27.8 186 173.5 30.5 185 7.2%-50.60[-56.54, -44.66] -
Pant, A. R.1996 45.6 14.4 14 79.2 55.2 12 4.9% -33.60[-65.73,-1.47] —_—
Sindhu, K. N. 2014 96.0 53.3 65 96.0 53.3 59 6.3% 0.00[-18.78, 18.78] —
Sunny, A. 2014 58.3 27.6 100 719 358 100 7.0% -13.60[-22.46,-4.74] —
Subtotal (95%CI) 876 864 39.6% -24.42[-47.01,-1.82] -

Heterogeneity: Tau? = 737.04; Chi2 = 184.79, df=5 (P< 0.00001); /2= 97%
Test for overalleffect: Z= 2.12 (P= 0.03)

2.14.2 Europe

Canani, R. B. 2007 78.5 35.52 100 115.5 23.53 92  7.1%-37.00[-45.46, -28.54] -
Guandalini, S. 2000 58.3 27.6 147 719 358 140 7.1% -13.60[-21.02,-6.18] -
Guarino, A. 1997 76.8 34.61 52 141.6 33.26 48 6.7%-64.80[-78.10, -51.50] —_
Isolauri, E.1994 36.0 16.8 21 552 19.2 21 6.9% -19.20[-30.11,-8.29] —
Shornikova, A. V. 1997 64.8 52.8 59 91.2 67.2 64 6.0% -26.40[-47.67,-5.13] _—
Subtotal (95%CI) 379 365 33.8%-32.02[-49.26, -14.79] <o

Heterogeneity: Tau2 = 344.32; Chi2 = 50.72, df= 4 (P< 0.00001); I2 = 92%
Test for overalleffect: Z= 3.64 (P= 0.0003)

2.14.3 other continents

Costa, R.H. 2003 383 378 61 391 46 63 7.3%  -0.80[-2.28,0.68]
David, S. 2018 54.3 413 472 52.4 37.7 480 7.2%  1.90[-3.13,6.93] L
Jasinski.C. 2002 74.64 47.76 45 133.44 53.76 52 6.1%-58.80[-79.00, -38.60] _
Ritchie, B. K. 2010 52.4 49.8 33 51.2 424 31 5.9% 1.20[-21.42,23.82] N
Subtotal (95%CI) 611 626 26.5% -9.35 [-20.77,2.07] PN

Heterogeneity: Tau2 = 95.75; Chi2 = 32.79, df= 3 (P < 0.00001); /2= 91%
Test for overalleffect: Z= 1.61 (P=0.11)

Total (95%CI) 1866 1855 100% -24.02[-36.58,-11.45] <&

Heterogeneity: Tau2 = 563.68; Chi2 = 661.03, df= 14 (P < 0.00001); /2= 98% ; 1 ; '
Test for overalleffect: Z= 3.75 (P= 0.0002) -100 -50 0 50 100
Test for subgroup differences: Chi2 = 5.04, df=2 (P=0.08), /2= 60.4% Favours experimental Favours control

Figure 1 Lactobacillus GG vs control with regard to the duration of diarrhea (hours). A: High dose and low dose; B: The duration of diarrhea before
Lactobacillus rhamnosus GG participants’ enrollment: <2 d (>1 d), <3 d (>2 d), and <4 d (>3 d); C: Geography of the clinical trials: Asia, Europe, and other continents.
LGG: Lactobacillus rhamnosus GG; Cl: Confidence interval; SD: Standard deviation.

Vomiting

Vomiting in different trials was reported as the number of participants with vomiting
[number (%)] or as the duration of vomiting (hours). Compared with the placebo
group, no difference in the risk of vomiting was reported in the experimental group
[OR 1.11, 95%CI (0.59, 2.12)] (Figure 6A). Furthermore, no reduction in the duration of
vomiting was noted with LGG treatment [MD -2.02 h, 95%ClI (-4.24, 0.21)] (Figure 6B).

Adverse effects

Probiotics have been proposed to be well-tolerated and safe therapeutic agents. Most
authors did not report adverse effects. Raza et all’! reported one case of myoclonic
jerks in their trial. Lower rates of respiratory infection, wheezing, and even vulvar
abscess were noted in Schnadower’s trial®*], but these effects were not thought to be
correlated with LGG use!*). Aggarwal et all"’l reported no adverse effects, and a meta-
analysis performed in 2013 showed comparable rates of adverse effects among study
groups!’l. In our study, eight studies effectively evaluated the safety of LGG. Adverse
effects were reported on a coded reporting form or during daily telephone calls™*. In
Schnadower’s study, the caregivers completed a daily diary that was collected by
telephone or through email®.. However, the reporting methods were unclear in five
articles”7?-!l_ In general, no adverse effects or similar rates of side effects were
documented in the LGG and placebo groups.

Risk of bias in the included studies

The risk of bias in 18 articles was assessed according to the Cochrane Handbook for
Systematic Reviews of Interventions. One trial employed alternating group allocation,
and the random sequence generation method was not reported in five trials. Other
RCTs provided detailed randomization methods, which mainly included computer-
generated strategies, resulting in a low risk of selection bias. Allocation concealment
was not applied in two trials and was not mentioned in seven. Nine trials used the
sealed envelope technique for allocation concealment. Double blinding was strictly
executed in 12 trials, while four trials allowed openness to patients or doctors, and
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LGG Placebo Mean difference Mean difference

Study or subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%CI
Guandalini, S. 2000 56.2 16.9 56 76.6 41.6 45 14.4% -20.40[-33.34, -7.46] —
Guarino, A. 1997 72.0 26.7 31 148.8 26.3 30 14.3% -76.80[-90.10, -63.50] —

Isolauri, E.1994 36.0 16.8 21 55.2 19.2 21 14.6% -19.20[-30.11,-8.29] —_
Jasinski.C. 2002 62.64 35.04 18 121.2 36.0 21 12.7% -58.56 [-80.90, -36.22] —_—

Shornikova, A. V. 1997 36.0 26.4 21  60.0 36.0 25 13.5% -24.00[-42.07,-5.93] —
Sindhu, K. N. 2014 4.0 1.48 45 4.0 2.22 37 15.4% 0.00[-0.84, 0.84]

Sunny, A. 2014 60.0 8.89 20 84.0 13.33 21 15.1% -24.00[-30.91, -17.09] -

Total (95%CI) 212 200 100% -31.05[-50.31,-11.80] <o

Heterogeneity: Tau2 = 628.26; Chi2 = 223.92, df= 6 (P< 0.00001); I2= 97%

Test for overalleffect: Z= 3.16 (P= 0.002

-100 -50 0 50 100
Favours experimental Favours control

)

Figure 2 Lactobacillus GG vs control with regard to mean duration of diarrhea (hours) in children with rotavirus diarrhea. LGG: Lactobacillus rhamnosus GG;

Cl: Confidence interval; SD: Standard deviation.

two trials did not report a detailed blinding method. For detection bias, investigators
were blinded to the group assignments in ten trials, while blinding assessments were
not performed in three trials. Most trials provided complete data with a loss to follow-
up rate less than 10%, although one trial had an unknown risk of incomplete outcome
data, reflecting a low risk of attrition bias (Supporting information Figure S3).

Publication bias

According to Egger’s!'l regression asymmetry test, no small sample or publication
bias was found in a funnel plot [P = 0.10, 95%CI (-11.33, -1.14)] (Supporting
information Figure S8).

DISCUSSION

Findings and agreement or disagreement with other studies

Nineteen trials comparing a control group with an experimental group treated with
LGG were identified in this meta-analysis. In summary, the analysis revealed that
treatment with LGG reduced both the duration of diarrhea and the hospital stay
duration, especially in specific patient subsets. A striking finding was the time to
improvement in stool consistency, which more investigators have confirmed since
20101, In the whole range of diarrhea cases, the management of stools with this
probiotic strain showed a modest beneficial effect on the number of stools per day and
the time to improvement in stool consistency. However, no reduction in stool
frequency was observed on days 2 and 3. Compared with the placebo group, the risk
of diarrhea lasting more than 3 and 4 d was reduced by LGG administration. In both
groups, similar rates of vomiting and adverse effects were observed.

Evidence from RCTs confirmed the beneficial effect of LGG on rotavirus-induced
diarrhea”’. In addition to interference with viral replication, most recent studies have
shown that LGG prevented injuries to the epithelium and ameliorated rotavirus-
induced diarrhea by modulating immune cells, such as dendritic cells and
inflammatory cytokines!*. The marked statistical difference in the diarrhea duration
with a higher dosage of probiotics reflected greater effectiveness, which confirmed the
dose dependence of dendritic cell activation. Treatment efficacy was related to the
dose of LGGI*’l. As confirmed in the study of Szajewska et all'! in 2013, the importance
of a daily LGG dose is high, and a dosage of 10" CFU/day is needed for a positive
effect. The statistical heterogeneity between studies can be explained by the timing of
the LGG intervention, which was directly correlated with indicators such as the
duration of diarrhea before study enrollment. Although the heterogeneity persisted in
the subgroup with the shortest duration of diarrhea before study enrollment,
probiotics should be applied early in the course of disease. Moreover, symptoms are
usually mild at the early stage. Differences in prominent pathogens, sanitation
conditions, and common comorbidities lead to dissimilarities between various study
locations. Due to differences in the treatment effect among regions, the implications
for clinical practice should be evaluated. The nutrient intake and dietary structure of
humans have continuously changed in recent decades, which may have caused the
reduced effectiveness of LGG reflected in the results of the trials conducted in the
2010s.

Probiotics manipulate and restore the gut microbiota, thus benefitting the
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A
LGG Placebo Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, Fixed, 95%CIL M-H, Fixed, 95%CI
Costa, R.H. 2003 31 65 45 63 28.9% 0.36[0.18,0.76] —®—
Guandalini, S. 2000 78 147 90 140 52.2% 0.63[0.39, 1.01] ——
Isolauri, E.1994 2 21 9 21 9.8% 0.14[0.03,0.76] ———
Ritchie, B. K. 2010 13 33 12 31 9.1% 1.03[0.38, 2.81] —
Total (95%CI) 266 255 100% 0.54 [0.38, 0.77] >
Total events 124 156
Het ity: Chi2 = 5.51, df= 3 (P= 0.14); I? = 46% ' ' ' '
eterogeneity: Chi ( ) o 0.2 0.5 1 2 5
Test for overalleffect: Z= 3.39 (P = 0.0007) )
Favours experimental ~ Favours control
B LGG Placebo Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, Fixed, 95%CL M-H, Fixed, 95%CI
Costa, R.H. 2003 31 65 45 63 32.9% 0.36[0.18,0.76] — W —
Guandalini, S. 2000 78 147 90 140  59.6% 0.63[0.39, 1.01] _._
Ritchie, B. K. 2010 8 33 31 7.5% 1.10[0.34, 3.50] "
Total (95%CI) 245 234 100% 0.58 [0.40, 0.84] ‘
Total events 117 142
l 1 1 l

Heterogeneity: Chi2 = 2.81, df= 2 (P= 0.24); I2 = 29%
Test for overalleffect: Z= 2.89 (P= 0.004)

T T T T
0507 1 15 2
Favours experimental Favours control

Figure 3 Lactobacillus GG vs control with regard to the presence of diarrhea. A: Diarrhea lasting > 3 d; B: Diarrhea lasting > 4 d. LGG: Lactobacillus rhamnosus

GG; CI: Confidence interval.

Jaishidengs  WJG | https://www.wjgnet.com 5010

prevention of diarrhea. Various therapeutic interventions designed to alter the
microbiota range from probiotic administration to fecal microbiota trans-
plantation**l. However, due to the limited number of included studies and the self-
limiting nature of disease, strategies should also be discussed in detail. Vomiting was
reported as an adverse event in numerous studies***], and it is one of the most
common symptoms associated with diarrhea". Additionally, less frequent clinical
symptoms were observed in the probiotic groups!”, although our meta-analysis
showed no improvement in the risk or duration of vomiting.

Safety

The safety of probiotic supplementation is generally certain. Nevertheless,
pathologies correlated with the use of probiotic products to treat gastrointestinal
disorders have been identified, such as endocarditis, sepsis, and bacteremial®>*l.
Unfortunately, the most prevalent strain implicated in the adverse effects was
Lactobacillus rhamnosus. Conversely, most authors in our analysis did not report
adverse effects or the adverse effects were not thought to be correlated with LGG
treatment. In addition to the interventions, the primary illness contributed the most to
the participant drop-out rate. A higher frequency of negative effects attributed to
probiotics was found in catheterized (82.5%) and immunosuppressed (66%)
participants™l. Further safety evaluations of probiotics are necessary in the clinical
setting, especially for susceptible individuals, such as those with immunodeficiency,
immunosuppression, or malnourishment.

Application prospects

Preventing or correcting dehydration through treatment with zinc or 0.9% saline
solution is the main approach used for diarrhea management™l. However, during
diarrhea episodes, infectious symptoms are not fully alleviated and the gut microbiota
is not restored by rehydration measures!”l. Probiotics were investigated as therapeutic
agents for diarrhea. The mechanisms by which probiotics alleviate diarrhea are
described below. Host defenses are reinforced by enhanced antimicrobial peptide
secretion. Probiotics prevent disruption of gut barrier integrity and stimulate the
expression of junctional adhesion and tight junction moleculest . They produce
short-chain fatty acids and induce the production of IgA to resist infections!**l. In
epithelial cells and mucin, probiotics compete for binding sites to arrest pathogen
colonization!”’l. Probiotics can specifically and nonspecifically interfere with the viral
cycle, thus impeding the progression of rotavirus-induced diarrheal**-**l. The
prevalence of diarrhea is seasonal, and almost all cases of rotavirus-induced diarrhea
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A LGG Placebo Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%CI
2.5.1 = 10 CFU/day
Basu, S. 2009 a 9.64 10.76 188 12.79 10.17 185 7.1%  -3.15[-5.27,-1.03]

Basu, S. 2009 b 9.82 11.0 186 12.79 10.17 185 6.9% -2.97[-5.13,-0.81] e
Canani, R. B. 2007 3.29 1.84 100 3.57 1.93 92 22.1% -0.28[-0.81, 0.25] -
David, S. 2018 70 6.67 483 7.0 8.14 488 17.0% 0.00[-0.94, 0.94] I
Nixon, A. F. 2012 5.0 6.67 77 6.5 8.89 78 5.6% -1.50[-3.97, 0.97] I
Sunny, A. 2014 9.17 1.88 100 10.36 1.87 100 22.2% -1.19[-1.71, -0.67] -
Subtotal (95%CI) 1134 1128 81.0% -1.08 [-1.87,-0.28] >
Heterogeneity: Tau2 = 0.55; Chi2 = 17.49, df= 5 (P = 0.004); 12=71%

Test for overalleffect: Z= 2.66 (P= 0.008)

2.5.2 < 101 CFU/day

Basu, S. 2007 10.16 9.23 323 10.14 9.43 323 11.6% 0.02[-1.42,1.46] —_—
Pant, A. R.1996 49 2.79 14 5.7 2.56 12 7.4% -0.80[-2.86, 1.26] e
Subtotal (95%CI) 337 335 19.0% -0.25[-1.43,0.93] .
Heterogeneity: Tau2 = 0.00; Chi2 = 0.41, df = 1 (P = 0.52); I2= 0%

Test for overalleffect: Z= 0.41(P = 0.68)

Total (95%CI) 1471 1463 100% -0.90 [-1.56,-0.23] S 4

Heterogeneity: Tau2 = 0.44; Chi2 = 18.62, df= 7 (P = 0.009); I2= 62% _4' 2 0 ) 4
Test for overalleffect: Z= 2.65 (P = 0.008)

Test for subgroup differences: Chi2 = 1.30, df=1 (P=0.25), 2= 23.3% Favours experimental Favours control
B LGG Placebo Mean difference Mean difference

Study or subgroup  Mean SD Total Mean SD  Total Weight IV, Random, 95%CI 1V, Random, 95%CI

Basu, S. 2007 24.3 4.8 323 24.2 53 323 19.9% 0.10[-0.68, 0.88] 1

Basu, S. 2009 a 22.8 6.12 188 23.5 6.1 185 13.2% -0.70[-1.94, 0.54] ¢ .

Basu, S. 2009 b 23.2 6.05 186 23.5 6.1 185 13.3% -0.30[-1.54, 0.94] ¢ -

Canani, R. B. 2007 4.0 1.48 100 3.7 1.7 92 25.4% 0.30[-0.15, 0.75] —_

Pant, A. R.1996 3.5 1.3 14 5.2 2.8 12 8.7% -1.70[-3.42, 0.02] —

Raza, S. 1995 5.8 3.1 19 7.0 3.3 17 6.5% -1.20[-3.30, 0.90] ¢

Ritchie, B. K. 2010 3.2 254 33 4.7 2.59 31 13.0% -1.50[-2.76, -0.24] —

Total (95%CI) 863 845  100%  -0.46 [-1.06, 0.15] q

Heterogeneity: Tau2 = 0.32; Chi2 = 13.37, df= 6 (P = 0.04); 2= 55% { : | : :

Test for overalleffect: Z= 1.48(P= 0.14) -1 -0.5 0 0.5 1

Favours experimental Favours control

C LGG Placebo Mean difference Mean difference

Study or subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%CI

Basu, S. 2007 18.4 3.2 323 17.3 3.0 323 28.1% 1.10[0.62, 1.58] —_—
Basu, S. 2009 a 21.8 5.7 188 21.7 5.43 185 16.1% 0.10[-1.03, 1.23] - )
Basu, S. 2009 b 22.1 6.03 186 21.7 543 185 15.6% 0.40[-0.77, 1.57] - >
Canani, R. B. 2007 4.0 1.48 100 4.0 1.48 92 29.2% 0.00[-0.42, 0.42] —

Ritchie, B. K. 2010 2.9 2.54 33 3.3 3.68 31 11.0% -0.40[-1.96, 1.16] ¢ o

Total (95%CI) 830 816 100%  0.34[-0.29,0.97] ,’

Heterogeneity: Tau2 = 0.31; Chi2 = 12.99, df= 4 (P = 0.01); I2= 69% _1' 0 '5 0 0 '5 1
Test for overalleffect: Z= 1.07 (P= 0.29) ’ )

Favours experimental Favours control
D LGG Placebo Mean difference Mean difference
Study or subgroup  Mean  SD Total Mean SD  Total Weight 1V, Fixed, 95%CI 1V, Fixed, 95%CI
David, S. 2018 49.7 50.07 483 50.9 46.81 488 9.2% -1.20[-7.30, 4.90] —
Nixon, A. F. 2012 60.0 54.81 77 74.0 57.04 78 1.1% -14.00[-31.61, 3.61] —
Sunny, A. 2014 36.0 444 100 42.0 8.8 100 89.7%  -6.00[-7.95,-4.05] .
Total (95%CI) 660 666 100% -5.65[-7.49,-3.80] ‘

Heterogeneity: Chi2 = 3.03, df= 2 (P=0.22); I? = 34%
Test for overalleffect: Z= 6.00 (P < 0.00001)

220 -10 0 10 20
Favours experimental Favours control

Figure 4 Lactobacillus GG vs control with regard to stool number and consistency. A: The average stool number per day (high dose and low dose); B: Stool
frequency on day 2; C: Stool frequency on day 3; D: The mean time to improvement in stool consistency. LGG: Lactobacillus rhamnosus GG; Cl: Confidence interval;
SD: Standard deviation.
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A LGG Placebo Mean difference Mean difference

Study or subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%CI

Basu, S. 2007 223.2 31.2 323 220.8 28.8 323 17.6% 2.40[-2.23,7.03] b

Basu, S. 2009 a 149.0 29.8 188 234.0 49.4 185 17.5% -85.00[-93.30, -76.70] —_

Basu, S. 2009b 149.8 25.7 186 234.0 49.4 185 17.5% -84.20[-92.22, -76.18] -

Guandalini, S. 2000 78.8 22.2 147 96.3 21.4 140 17.6% -17.50 [-22.54, -12.46] -

Shornikova, A.V. 1997 182.4 134.4 59 220.8 151.2 64 12.5% -38.40[-88.88, 12.08] _

Sunny, A. 2014 80.0 13.41 9 92.14 15.54 14 17.3% -12.14[-24.10, -0.18] ——

Total (95%CI) 912 911 100% -39.16[-72.24,-6.07] -

Heterogeneity: Tau2 = 1612.30; Chi2 = 557.42, df="5 (P < 0.00001); /2= 99% t t f

Test for overalleffect: Z= 2.32(P=0.02) -100 -50 0 50
Favours experimental Favours control

B LGG Placebo Mean difference Mean difference

Study or subgroup Mean SD  Total Mean SD  Total Weight IV, Random, 95%CI IV, Random, 95%

Guandalini, 5. 2000 76.5 150 56 97.9 16.5 45 88.2% -21.40[-27.62, -15.18] [

Sunny, A. 2014 80.0 16.8 6 99.0 15.04 8 11.8% -19.00[-36.01,-1.99] —_—

Total (95%CI) 62 53 100% -21.12[-26.96, -15.28] ¢

Het ity: Chi2 = 0.07, af'= 1 (P= 0.80); 12 = 0% ’ ’ ’ ‘

leterogeneity: Chi ( ) o 4100 -50 0 50 100

Test for overalleffect: Z= 7.09 (P < 0.00001) i

Favours experimental Favours control

Figure 5 Lactobacillus GG vs control. A: The duration of hospital stay (hours); B: The hospital stay duration of rotavirus-positive children (hours). LGG:

Lactobacillus rhamnosus GG; Cl: Confidence interval; SD: Standard deviation.
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occur from January to May in Russia™l. By contrast, in regions where rotavirus is not
prevalent, bacterial diarrhea commonly occurs from June to October”. Influenza
seasons, dietary habits, and antibiotic use must be considered when evaluating
heterogeneity in further studies. The efficacy of probiotic treatment was altered based
on host and environmental factors!'?. Overall, our study supported the previous
systematic reviews which concluded that LGG is an effective treatment for children
with acute diarrhea.

Conclusions and limitations

Although most studies have suggested that LGG is efficacious, limited identification
of pathogens, small sample sizes, varying therapeutic strategies, and methodological
limitations such as articles without a strictly blinded design, including a lack of a
standard clinical parameter format, weakened the conclusions and precluded further
analyses across studies!®”). For example, Czerwionka-Szaflarska et al*! did not
specifically define the treatment applied, although a significantly reduced duration of
diarrhea was detected. Salazar-Lindo et all*!l partially depicted the duration of
diarrhea in children with or without LGG treatment. Although factors varied in the
trials, according to the same criterion for both groups, no evidence suggests that a
poor study design leads to overestimation of probiotic efficacy!*l. Appropriate
subgroups, such as those stratified by etiology and nutritional status, are
indispensable. In 2016, approximately 8.4% of children (480000) presenting with
diarrhea ultimately died due to the condition worldwide (https://data.unicef.
org/topic/child-health/diarrhoeal-disease/). Assessments of the availability of
vaccines, the applicability of probiotics, and the effectiveness of current treatments
under severe conditions and cost-effect analyses must be performed to optimize
therapeutic strategies for acute diarrhea management in children.

In summary, the following conclusions were cautiously established: LGG reduces
the duration of diarrhea, particularly in patients with rotavirus-positive diarrhea
receiving a dosage no less than 10" CFU per day and in patients treated at the early
stage. In addition, studies conducted in Asia and Europe showed greater treatment
efficacy. The therapeutic effect of LGG supplementation on the stool number per day
and hospital stay duration associated with rotavirus-induced diarrhea is high.
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A LGG Placebo Odds ratio Odds ratio

Study or subgroup Events Total Events Total Weight M-H, Random, 95%CI M-H, Random, 95%CI

Canani, R. B. 2007 31 100 34 92 31.7% 0.77[0.42, 1.40]

Guandalini, S. 2000 85 147 87 140 35.3% 0.84[0.52, 1.34]

Misra, S. 2009 67 105 47 105 33.0% 2.18[1.25, 3.78] ——

Total (95%CI) 352 337 100% 1.11[0.59,2.12]

Total events 183 168

Heterogeneity: Tau2 = 0.25; Chi2 = 8.53, df=2 (P=0.01); I2=77% } t T } f

. .2 1 2

Test for overalleffect: Z= 0.33(P=0.74) 0.05 0_ > 0

. Favours experimental Favours control
B LGG Placebo Mean difference Mean difference

Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95%CI IV, Random, 95%

Basu, S. 2007 76.8 26.4 323 79.2 28.8 323 27.3% -2.40[-6.66, 1.86] RN

Basu, S. 2009a 95.28 32.16 188 100.32 37.92 185 9.7% -5.04[-12.18,2.10] ¢ .

Basu, S. 2009b 102.72 37.92 186 100.32 37.92 185 8.3% 2.40[-5.32,10.12] -

Canani, R. B. 2007 24.0 17.76 100 24.0 17.76 92 19.6% 0.00[-5.03, 5.03] _

David, S. 2018 26.6 49.1 474 27.9 40.8 482 15.1%  -1.30[-7.03,4.43] -

Sunny, A. 2014 14.92 11.5 34 19.32 10.26 40 19.8%  -4.40[-9.41,0.61] _

Total (95%CI) 1305 1307 100% -2.02[-4.24,0.21] D

Heterogeneity: Chi2 = 3.53, df= 5 (P= 0.62); I2 = 0% B + ; : 5

Test for overalleffect: 7= 1.77 (P=0.08) Favoursexperimental  Favours control

Figure 6 Lactobacillus GG vs control with regard to vomiting. A: The number of participants with vomiting [number (%)]; B: The duration of vomiting (hours).
LGG: Lactobacillus rhamnosus GG; Cl: Confidence interval; SD: Standard deviation.

ARTICLE HIGHLIGHTS

Research background

Diarrhea is a major infectious cause of childhood morbidity and mortality worldwide.
Preventing or correcting dehydration through treatment with zinc or 0.9% saline solution is the
main approach for diarrhea management; however, during diarrhea episodes, infectious
symptoms are not fully alleviated by rehydration measures. Probiotics restore the gut microbiota
and have been reported to reduce the duration of diarrhea.

Research motivation

Although previous studies have reported that Lactobacillus rhamnosus GG (LGG) is an effective
therapeutic agent for acute diarrhea in children, a recent large, high-quality RCT found no
adequate evidence of a beneficial effect of LGG treatment.

Research objectives
To evaluate the efficacy of LGG in treating acute diarrhea in children and provide some
reference for future trials of treatments for diarrhea.

Research methods

The EMBASE, MEDLINE, PubMed, Web of Science databases, and the Cochrane Central Register
of Controlled Trials were searched up to April 2019 for meta-analyses and randomized
controlled trials (RCTs). Cochrane Review Manager was used to analyze the relevant data and
primary outcomes, including the duration of diarrhea and diarrhea lasting > 3 and > 4 d.
Secondary outcomes included the hospital stay duration, stool frequency, and improvement in
stool consistency and vomiting.

Research results

The systematic review identified 19 RCTs that met the inclusion criteria and indicated that
compared with the control group, LGG administration notably reduced the diarrhea duration
[mean difference (MD) -24.02 h, 95% confidence interval (CI) (-36.58, -11.45)]. Greater reductions
were detected at a high dose of 2 10" CFU per day [MD -22.56 h, 95%ClI (-36.41, -8.72)] and in
LGG participants with diarrhea for less than 3 days at study enrollment [MD -15.83 h, 95%CI (-
20.68, -10.98)]. The study locations contributed to differences in the reduction in the diarrhea
duration in Asia and Europe [MD -24.42 h, 95%CI (-47.01, -1.82); MD -32.02 h, 95%CI (-49.26, -
14.79), respectively]. High-dose LGG treatment was confirmed to effectively reduce the duration
of rotavirus-induced diarrhea [MD -31.05 h, 95%CI (-50.31, -11.80)] and stool number [MD -1.08,
95%ClI (-1.87, -0.28)].

Research conclusions
The following conclusions were cautiously established: compared to control children, children
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who received a course of LGG had better outcomes, including a markedly reduced duration of
diarrhea, especially those with rotavirus-positive diarrhea, those who received no less than 10"
CFU per day, and those treated at the early stage. Furthermore, studies conducted in Asia and
Europe reported greater treatment efficacy. The therapeutic effect of LGG supplementation on
the stool number per day and hospital stay duration associated with rotavirus-induced diarrhea
was high.

Research perspectives

Our study found better outcomes among children with acute diarrhea who were treated by LGG
supplementation. Limited identification of pathogens, small sample sizes, and a lack of a
standard clinical parameter format precluded further analyses across studies, thus weakening
the evidence required to guide clinical practice. Investigations are required to assess the cost-
effectiveness of treating diarrhea with probiotics.
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