Gastroenterology

Baishideng Publishing Group Inc



/{/ (]‘ World Journal of
Gastroenterology

Contents Weekly Volume 24 Number 16 April 28, 2018

REVIEW
1679  Beneficial effects of naringenin in liver diseases: Molecular mechanisms
Herndndez-Aquino E, Muriel P

1708  Naturally occurring hepatitis B virus reverse transcriptase mutations related to potential antiviral drug
resistance and liver disease progression
Choi YM, Lee SY, Kim BJ

MINIREVIEWS
1725  Nucleotide-binding oligomerization domain 1 and Helicobacter pylori infection: A review
Minaga K, Watanabe T, Kamata K, Asano N, Kudo M

1734  Diversion colitis and pouchitis: A mini-review
Tominaga K, Kamimura K, Takahashi K, Yokoyama J, Yamagiwa S, Terai S

ORIGINAL ARTICLE
Basic Study
1748  Nonalcoholic steatohepatitis severity is defined by a failure in compensatory antioxidant capacity in the
setting of mitochondrial dysfunction
Boland ML, Oldham S, Boland BB, Will S, Lapointe JM, Guionaud S, Rhodes CJ, Trevaskis JL

1766  Mucosa repair mechanisms of Tong-Xie-Yao-Fang mediated by CRH-R2 in murine, dextran sulfate sodium-
induced colitis
Gong SS, Fan YH, Wang SY, Han QQ, Lv B, Xu Y, Chen X, He YE

1779  Sodium chloride exacerbates dextran sulfate sodium-induced colitis by tuning proinflammatory and
antiinflammatory lamina propria mononuclear cells through p38/MAPK pathway in mice
Guo HX, Ye N, Yan P, Qiu MY, Zhang J, Shen ZG, He HY, Tian ZQ, Li HL, Li JT

Retrospective Cohort Study

1795  High tacrolimus intra-patient variability is associated with graft rejection, and de novo donor-specific
antibodies occurrence after liver transplantation
Del Bello A, Congy-Jolivet N, Danjoux M, Muscari F, Lavayssiere L, Esposito L, Hebral AL, Belliere J, Kamar N

Randomized Clinical Trial

1803  Papillary fistulotomy vs conventional cannulation for endoscopic biliary access: A prospective randomized
trial
Furuya CK, Sakai P, Marinho FR, Otoch JP, Cheng S, Prudencio LL, de Moura EG, Artifon EL

META-ANALYSIS

1812 Compared efficacy of preservation solutions on the outcome of liver transplantation: Meta-analysis
Szilagyi AL, Matrai P Hegyi P, Tuboly E, Pécz D, Garami A, Solymar M, Pétervari E, Balasko M, Veres G, Czopf L, Wobbe B,
Szabo D, Wagner J, Hartmann P

Raishidenge ~ WJG | www.wjgnet.com I April 28,2018 | Volume 24 | Issue 16 |



Contents

World Journal of Gastroenterology
Volume 24 Number 16 April 28, 2018

ABOUT COVER

Editorial board member of World Journal of Gastroenterology, Shu-You Peng,
FRCS (Gen Surg), FRCS (Hon), MD, Professor, Surgeon, General Surgery, The
Second Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou
310009, Zhejiang Province, China

AIMS AND SCOPE

World Journal of Gastroenterology (World | Gastroenterol, W]G, print ISSN 1007-9327, online
ISSN 2219-2840, DOI: 10.3748) is a peer-reviewed open access journal. ]G was estab-
lished on October 1, 1995. Tt is published weekly on the 7", 14", 21, and 28" each month.
The WJG Editorial Board consists of 642 experts in gastroenterology and hepatology from
59 countries.

The primary task of WJG is to rapidly publish high-quality original articles, reviews,
and commentaries in the fields of gastroenterology, hepatology, gastrointestinal endos-
copy, gastrointestinal surgery, hepatobiliary surgery, gastrointestinal oncology, gastroin-
testinal radiation oncology, gastrointestinal imaging, gastrointestinal interventional ther-
apy, gastrointestinal infectious diseases, gastrointestinal pharmacology, gastrointestinal
pathophysiology, gastrointestinal pathology, evidence-based medicine in gastroenterol-
ogy, pancreatology, gastrointestinal laboratory medicine, gastrointestinal molecular biol-
ogy, gastrointestinal immunology, gastrointestinal microbiology, gastrointestinal genetics,
gastrointestinal translational medicine, gastrointestinal diagnostics, and gastrointestinal
therapeutics. ]G is dedicated to become an influential and prestigious journal in gas-
troenterology and hepatology, to promote the development of above disciplines, and to
improve the diagnostic and therapeutic skill and expertise of clinicians.

INDEXING/ABSTRACTING

Waorld Jonrnal of Gastroenterology (WJG) is now indexed in Current Contents®/Clinical Medicine,
Science Citation Index Expanded (also known as SciSearch®),Journal Citation Reports®, Index
Medicus, MEDLINE, PubMed, PubMed Central and Directory of Open Access Journals. The
2017 edition of Journal Citation Reports® cites the 2016 impact factor for WJG as 3.365 (5-year
impact factor: 3.176), ranking ]G as 29" among 79 journals in gastroenterology and hepatol-

ogy (quartile in category Q2).

EDITORS FOR
THIS ISSUE

Responsible Electronic Editor: Yan Huang
Proofing Editor-in-Chief: Lian-Sheng Ma

Responsible Assistant Editor: Xiang Li

Responsible Science Editor: Xue-Jiao Wang
Proofing Editorial Office Director: Ze-Mao Gong

NAME OF JOURNAL
World Journal of Gastroenterology

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

LAUNCH DATE
October 1, 1995

FREQUENCY
Weekly

EDITORS-IN-CHIEF

Damian Garcia-Olmo, MD, PhD, Doctor, Profes-
sor, Surgeon, Department of Surgery, Universidad
Autonoma de Madrid; Department of General Sur-
gery, Fundacion Jimenez Diaz University Hospital,
Madrid 28040, Spain

Stephen C Strom, PhD, Professor, Department of
Laboratory Medicine, Division of Pathology, Karo-
linska Institutet, Stockholm 141-86, Sweden

Andrzej S Tarnawski, MD, PhD, DSc (Med),
Professor of Medicine, Chief Gastroenterology, VA
Long Beach Health Care System, University of Cali-
fornia, Irvine, CA, 5901 E. Seventh Str., Long Beach,

CA 90822, United States PUBLICATION DATE
April 28, 2018
EDITORIAL BOARD MEMBERS

All editorial board members resources online at http://

www.wignet.com/1007-9327/editorialboard.htm

COPYRIGHT

© 2018 Baishideng Publishing Group Inc. Articles pub-
lished by this Open-Access journal are distributed under
the terms of the Creative Commons Attribution Non-

EDITORIAL OFFICE

Ze-Mao Gong, Director

Waorld Journal of Gastroenterology
Baishideng Publishing Group Inc
7901 Stoneridge Drive, Suite 501,
Pleasanton, CA 94588, USA
Telephone: +1-925-2238242

Fax: +1-925-2238243

commercial License, which permits use, distribution,
and reproduction in any medium, provided the original
work is properly cited, the use is non commercial and is
otherwise in compliance with the license.

SPECIAL STATEMENT

E-mail: editorialoffice@wjgnet.com
Help Desk: http:/ /www.f6publishing.com/helpdesk
http:/ /www.wjgnet.com

PUBLISHER

Baishideng Publishing Group Inc

7901 Stoneridge Drive, Suite 501,

Pleasanton, CA 94588, USA

Telephone: +1-925-2238242

Fax: +1-925-2238243

E-mail: bpgoffice@wjgnet.com

Help Desk: http://www.f6publishing.com/helpdesk
http:/ /www.wjgnet.com

All articles published in journals owned by the Baishideng
Publishing Group (BPG) represent the views and opin-
ions of their authors, and not the views, opinions or
policies of the BPG, except whete otherwise explicitly
indicated.

INSTRUCTIONS TO AUTHORS
Full instructions are available online at http://www.
wignet.com/bpg/getinfo/204

ONLINE SUBMISSION
http:/ /www.f6publishing.com

JRaishideng®

WIJG | www.wjgnet.com

II

April 28,2018 | Volume 24 | Issue 16 |




W J

World Journal of
Gastroenterology

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

DOI: 10.3748 / wjg.v24.i16.1679

World | Gastroenterol 2018 April 28; 24(16): 1679-1707

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

REVIEW

Beneficial effects of naringenin in liver diseases: Molecular

mechanisms

Erika Hernandez-Aquino, Pablo Muriel

Erika Hernandez-Aquino, Pablo Muriel, Laboratory of
Experimental Hepatology, Department of Pharmacology,
Cinvestav-IPN, Mexico City 07000, Mexico

ORCID number: Erika Hernandez-Aquino (0000-0003-4783
-4240); Pablo Muriel (0000-0002-2236-6631).

Author contributions: All authors equally contributed to this
paper with the conception and design of the study, the literature
review and analysis, the drafting and critical revision and editing
of the manuscript, and with their final approval of the final
version.

Supported by National Council of Science and Technology
(Conacyt) of Mexico, No. 253037.

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

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 distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Manuscript source: Invited manuscript

Correspondence to: Pablo Muriel, PhD, Research Scientist,
Laboratory of Experimental Hepatology, Department of
Pharmacology, Cinvestav-IPN, Av. Instituto Politécnico Nacional
2508, Apartado postal 14-740, Mexico City 07000,

Mexico. pmuriel@cinvestav.mx

Telephone: +52-55-57473303

Fax: +52-55-57473394

Received: March 7, 2018
Peer-review started: March 8, 2018
First decision: March 29, 2018
Revised: April 4,2018

Accepted: April 16,2018

Article in press: April 16,2018

Baishidenge ~ WJG | www.wjgnet.com

Published online: April 28,2018

Abstract

Liver diseases are caused by different etiological agents,
mainly alcohol consumption, viruses, drug intoxication
or malnutrition. Frequently, liver diseases are initiated
by oxidative stress and inflammation that lead to the
excessive production of extracellular matrix (ECM),
followed by a progression to fibrosis, cirrhosis and
hepatocellular carcinoma (HCC). It has been reported
that some natural products display hepatoprotective
properties. Naringenin is a flavonoid with antioxidant,
antifibrogenic, anti-inflammatory and anticancer
properties that is capable of preventing liver damage
caused by different agents. The main protective effects
of naringenin in liver diseases are the inhibition of
oxidative stress, transforming growth factor (TGF-B)
pathway and the prevention of the transdifferentiation
of hepatic stellate cells (HSC), leading to decreased
collagen synthesis. Other effects include the inhibition
of the mitogen activated protein kinase (MAPK), toll-like
receptor (TLR) and TGF-B non-canonical pathways, the
inhibition of which further results in a strong reduction
in ECM synthesis and deposition. In addition, naringenin
has shown beneficial effects on nonalcoholic fatty
liver disease (NAFLD) through the regulation of lipid
metabolism, modulating the synthesis and oxidation
of lipids and cholesterol. Moreover, naringenin protects
from HCC, since it inhibits growth factors such as TGF-8
and vascular endothelial growth factor (VEGF), inducing
apoptosis and regulating MAPK pathways. Naringenin is
safe and acts by targeting multiple proteins. However,
it possesses low bioavailability and high intestinal
metabolism. In this regard, formulations, such as
nanoparticles or liposomes, have been developed to
improve naringenin bioavailability. We conclude that
naringenin should be considered in the future as an
important candidate in the treatment of different liver
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diseases.
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Core tip: Natural products such as flavonoids have
been shown to display hepatoprotective properties.
Naringenin possesses the ability to inhibit oxidative
stress and inflammation and has anti-inflammatory
and anticancer properties. Thus, naringenin should be
considered in the future as an important candidate for
the treatment of liver diseases.

Hernandez-Aquino E, Muriel P. Beneficial effects of naringenin
in liver diseases: Molecular mechanisms. World J Gastroenterol
2018; 24(16): 1679-1707 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v24/i116/1679.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.116.1679

INTRODUCTION

Liver damage can be caused by alcohol intake, heavy
metal intoxication, hepatitis virus infection, obstruction
of the biliary tract or malnutrition. Chronic hepatic
injury results in organ fibrosis characterized by an
imbalance between the synthesis and degradation
of extracellular matrix (ECM) derived from oxidative
stress and inflammation during liver damage. After
fibrosis, cirrhosis develops with tissue scars, the loss
of parenchymal architecture, the disruption of hepatic
blood flow and organ failure!*?!, The main causes of
fibrosis globally are NAFLD (40%), hepatitis B virus
(HBV) (30%), hepatitis C virus (HCV) (15%), and
harmful alcohol consumption (11%)™!. The prevalence
of cirrhosis is increasing; in 2010, 33% more people
died from cirrhosis than in 1990™.

While the elimination of the causative agent may
be the best option for some cirrhotic patients, in most
cases, medical intervention is required. Therefore,
pharmacological strategies should be developed to
prevent or reverse hepatic damage. Researchers have
developed multiple therapeutic strategies to combat
this disease, including transforming growth factor-p
(TGF-B) inhibitors™, antivirals'®, cell-based therapies'”’,
nanoparticles’®, and natural products®®**,

Liver transplantation is an interesting option; unfor-
tunately, the lack of sufficient donors and organ rejection
restrict this surgical procedure. In recent years, the
investigation on hepatoprotective properties of natural
products has increased. Due to their molecular structure,
many of them possess antioxidant properties and display
anti-inflammatory and anticancer properties and are ge-
nerally considered safe for human consumption. Among
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the most studied natural compounds are silymarin,
quercetin, and curcumin™®**', but recently, a flavonoid
with very specific hepatoprotective properties has
emerged: naringenin.

Naringenin has been studied in various in vivo and
in vitro liver damage models, using hepatic damage
agents such as carbon tetrachloride (CCl4), alcohol,
N-methyl-N-nitro-Nitroguanidine, lipopolysaccharide
(LPS), and heavy metals, among others, displaying a
good hepatoprotective activity due to its antioxidant
capacity as well as its ability to inhibit inflammatory and
profibrotic signaling pathways. However, despite the
importance of naringenin in liver diseases, there is no
detailed review of the effects of naringenin on hepatic
pathologies.

Therefore, our objective was to document the
effects of naringenin on liver diseases and to highlight
the importance of this flavonoid in the therapeutic of
pathologies of this organ.

LITERATURE SEARCH

A systematic literature search was conducted using
PubMed, Scopus and EMBASE.

ABSORPTION, METABOLISM AND
DISTRIBUTION OF NARINGENIN

Naringenin (4',5,7-trihydroxy flavanone) is a flavonoid,
specifically a flavanone, and is the aglycone of naringin
(naringenin-7-rhamnoglucoside)™®; naringenin can
also be found as narirutin (naringenin- 7-O-rutinoside)
or naringenin-glucoside (naringenin-7-O-glucoside),
depending on the sugar motive (Figure 1)™,

This review is focused on the effects of naringenin
(aglycone); the reader interested in glycosylated
molecules is referred to another review™". Because
naringenin is found mostly in citrus fruits, natural
intake occurs orally. Due to its chemical structure,
naringenin is very lipophilic; thus, it is readily absorbed
through the intestinal epithelium by passive diffusion
into enterocytes. Once inside the intestinal cells, it can
enter the general circulation by multidrug resistance-
associated proteins (Mrpl) or can be transported by
active efflux protein carriers P-glycoprotein (P-gp)
and Mrp2 back to the intestinal lumen, out of the
enterocytes, repeating the cycle!*” (Figure 2).

On the other hand, small intestine, colonic epith-
elium, and liver metabolize naringenin via phase II
conjugation by UDP-glucuronosyl transferase (UGT),
sulfotransferase, and catechol-O-methyltransferase!® ",
Naringenin-glucuronides leave the cells by Mrp2 protein
or pass into blood via breast cancer-resistant protein
(Bcrp1)®'. Moreover, naringenin can be cleaved by
B-glucuronidases (GUSB) located in tissues and liver’®?.
This deconjugation results in release of the aglycone,
which in turn can be absorbed by passive transcellular
diffusion or undergo efflux by Mrp2 and P-gp'®.. Then,
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Figure 1 Chemical structure of naringenin, naringin, narirutin, and naringenin-glucoside. The flavonoid naringenin exists in two forms: Glycosylated (naringin,
narirutin and naringenin-glucoside) and aglycone (naringenina). There are three types of naringenin glycosides depending of sugar moiety bound to the flavonoid:
Naringin (rhamnose), narirutin (rutinose) and naringenin-glucoside (glucose); when the sugar moiety is cleaved by specific enzymes, the aglycone (naringenin) is

released.

naringenin is metabolized in the lower intestine by
Streptococcus S-2, Lactobacillus L-2, and Bacteroides
JY-6 to generate a series of low molecular weight
aromatic acids™" (Figure 2).

With respect to naringenin distribution, it has been
found in the stomach, small intestine, liver, kidney,
trachea, lung, heart, fat, muscle, testis, ovary, spleen,
brain, and urine®®#*!, Furthermore, naringenin and
its metabolites are bound to plasma proteins such as
albumint*2%,

ANTIOXIDANT EFFECTS OF NARINGENIN,
BEYOND THE STRUCTURE ACTIVITY
RELATIONSHIP

Normally, flavonoid antioxidant activity has been attri-
buted to the structure-activity relationship of flavonoids.
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However, in addition to a direct antioxidant property by
free radical scavenging activity, naringenin possesses
the ability to induce the endogenous antioxidant system.

Classically, naringenin’s antioxidant effect is due
to its hydroxyl substituents (OH), which have high
reactivity against reactive oxygen species (ROS)
and reactive nitrogen species (RNS). In general, the
antioxidant capacity of a given molecule increases
in function with the number of OH radicals in the
molecule, which, in the case of naringenin, is 3. Then,
OH can donate its H to free radicals (R"), and later,
naringenin can be stabilized by resonance'”>” (Figure
3). Within the typical structure of flavonoids, the B ring
is very important because when OH groups are in the
ring, flavonoids can stabilize hydroxyl (OH"), peroxyl
(ROQ"), and peroxynitrite (ONOQ") radicals, producing
a relatively stable flavonoid radical. On the other hand,
5-OH substitution and a 5,7-m-dihydroxy arrangement
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Figure 3 Naringenin antioxidant activity-structure relationship. In red:
Hydroxyl substituents (OH) that have high reactivity against reactive oxygen
species and reactive nitrogen species. In green: 5,7-m-dihydroxy arrangement
in the A-ring serves to stabilize the structure after donating electrons to free
radicals. In blue: The association between 5-OH and 4-oxo substituents
contributes to the chelation of compounds such as heavy metals.

of naringenin on liver LP in the presence of HO2" or OH’
was 1.21 and 0.23 mmol/L, respectively®®’.

As seen, the antioxidant effect of naringenin can
be considered ambiguous, and it may depend on the
radical formed and the model used and the flavonoid
concentration. Even though naringenin has fewer antioxi-
dant functional groups than quercetin, it shows other
properties due to its structure-activity relationship, as it
has been reported that naringenin is able to accumulate
in cell membranes® and biomembranes™*®. Interaction
with membranes is favored because flavonoids form
reversible bonds with the polar heads of the phospho-
lipids®®®, and this interaction may be possible due to
naringenin’s solubility, since it is highly lipophilic because
of its structure (Figure 4).

Interestingly, it has been shown that naringenin
decreases membrane fluidity. Membrane fluidity is the
relative motional freedom of the lipid molecules in the
membrane bilayer, and naringenin accumulates in the
membrane hydrophobic core, where it modifies lipid
packing order leading to decreased membrane fluidity
in a concentration-dependent manner. Therefore, by
increasing the rigidity of membranes, naringenin can
reduce the interaction between R* and lipids; as a resullt,
LP may be attenuated™®. In conclusion, in addition
to its antioxidant capacity, naringenin can block LP by
reducing membrane fluidity™” (Figure 4).

Although antioxidant assays are important, in vitro
and in vivo model systems offer much more infor-
mation since normal functions of a complete system
are preserved. Either by its antioxidant activity or
by protection of lipid membranes, naringenin offers
protection against ROS and other R’ in in vitro and
in vivo models. Naringenin protects against ROS in a
model of neuronal damage, since it reduces their levels
in neurons and decreases mitochondrial dysfunction
and increases mitochondrial membrane potential™.
In addition, naringenin inhibits KOz-induced oxidative
stress in a pain model in mice by inhibiting LP and O:*
production®?!. On the other hand, naringenin exerts
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antioxidant effects against paraquat-induced toxicity
in human bronchial epithelial cells, since it decreases
intracellular ROS generation**. Moreover, this fla-
vanone significantly decreased thiobarbituric acid
reactive substances (TBARS) and improved membrane
phospholipid composition in favor of n-3 PUFAs and
the n-6/n-3 PUFAs ratio in the liver of old-aged Wistar
ratst 4,

Naringenin has shown the ability of combating LP in
many organs, tissues and cells, for example, in lung™®,
ankle joints (arthritis model)*, retina of streptozotocin-
induced diabetic rats™*”?, SH-SY5Y cells™, cardiomyoblast
cells™, skin®™, testis®!! and, interestingly, in liver™**>>*3,
It can be concluded that, in contrast to the results
obtained in chemical antioxidant assays, the beneficial
effects of naringenin against LP in systems involving
living organisms or cells, the flavanone shows strong
activity. This characteristic is very important for the
treatment of hepatic diseases, since LP constitutes one of
the main causative agents that triggers liver damage.

In the studies where a reduction in LP by naringenin
was demonstrated, a relationship between reduced
glutathione (GSH) and flavonoid levels is observed. In
fact, it has been observed that naringenin improves GSH
levels during oxidative stress'****%, Improvement of
GSH levels by naringenin is associated with the beneficial
properties of this flavonoid on the liver because oxidative
stress plays a causative role in hepatic disorders®™".

The effect of naringenin on GSH levels deserves
further explanation. GSH is a tripeptide (L-y-glutamyl-
L-cysteinyl-glycine) that serves several essential
functions within the cell. The main functions of GSH
are antioxidant, detoxification of oxygen-derived free
radicals, thiol disulfide exchange and storage/transfer of
cysteine. GSH is formed in two steps: in the first (rate-
limiting) step, cysteine and glutamate form c-glutamyl
cysteine by the enzyme glutamyl cysteinyl ligase (GCL);
in the second step, GSH forms from c-glutamyl cysteine
and glycine by GSH synthetase (GSS) catalysis®>"
(Figure 4). It has been observed that naringenin
possesses the ability to increase total and mitochondrial
GSH levels during hydrogen peroxide (H202)-induced
liver damage®®*°"!, as well total hepatic GSH®**%>!
and total GSH in other organs®®®, These effects can be
explained because naringenin increases the expression
of the GCLC catalytic subunit and the GCL modulatory
subunit at both the protein and mRNA levels™®,

The tripeptide can directly scavenge R’ or function
as a co-substrate of the internal antioxidant system
enzymes. For example, GSH is the co-substrate of
glutathione peroxidase (GPx) in H20: reduction and of
glutathione transferase (GST), which catalyzes xenobi-
otics biotransformation in the liver®™®"), In either case,
GSH is oxidized to GSSG, which leads to consumption
of GSH. Therefore, there are mechanisms in charge
of maintaining the GSH/GSSG balance; for example,
glutathione reductase (GR or GSR) is responsible of
GSSG reduction to the disulfide form (GSH) at the
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Figure 4 Antioxidant effects of naringenin. Naringenin (N) accumulates in cell membranes, where it provides rigidity to the lipid bilayer; naringenin can reduce
the interaction between free radicals (R’) and the cell membrane, as well as reduce membrane phospholipid attack and prevent lipid peroxidation (LP). Glutathione
(GSH) is formed when cysteine and glutamate form c-glutamyl cysteine by the enzyme glutamyl cysteinyl ligase (GCL); then, glycine and c-glutamyl cysteine form
GSH by GSH synthetase (GSS). Naringenin increases GCLC protein and mRNA levels as well as GSH levels. Naringenin increases activity and protein and mRNA of
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione transferase (GST) and glutathione reductase (GR), enzymes that are part of
the endogenous antioxidant system. Naringenin decreases the expression level of miR-17-3p; its targets genes are SOD and GPx. The nuclear factor-erythroid 2-related
factor 2 (Nrf2) is an oxidative stress regulator; it stimulates antioxidant enzyme expression as well as heme oxygenase (OH-1) and NADPH quinone oxidoreductase
(NQO1). Naringenin upregulates the Nrf2 pathway by increasing its activation, nucleus translocation, and protein and mRNA levels through PI3K/AKT, ERK and PKC.

expense of NADPH™ "1, It has been reported that
naringenin increased the GSH/GSSG ratio®®®!! by
improving GR mRNA levels and activity in the liver™**6!
and in other organs'®*® (Figure 4).

Naringenin can influence cellular antioxidant balance
not only through its own chemical structure but also
by inducing the cell antioxidant system. In this regard,
it has been reported that naringenin upregulates
important antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT), GPx and GST.

SOD catalyzes the reaction in which O2" is converted
to H202, a more stable species but that at high con-
centrations is harmful to cells; in turn, CAT eliminates
excess H:02, generating water®!. Naringenin signi-
ficantly increases SOD enzyme activity in different
models of liver damage induced by oxidative stress!**
0:5262:6567,70-741 Thjs effect is associated with the ability of
this flavonoid to increase enzyme protein levels in the
liver and other organs®**®!, Naringenin can prevent
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CAT activity decrement after damage to several
tissues44/49/50,52,62-65,67,70-74] by increasing protein[58,59,68]
and mRNA levels*,

SOD and CAT, together with GPx and GST, are
diminished during oxidative stress. It is worth noting
that naringenin has been reported to upregulate these
enzymes™****%! (Figure 4). There are some reports trying
to explain the mechanism of naringenin to increase GPx
activity. One report indicates that the flavanone produces
an increment in GPx mRNA levels'®, while others
indicate that it increases the protein content!®®*%%I,
Another hypothesis postulates that during cell damage,
GSH is almost depleted and, thus, cannot be utilized by
GPx as a cofactor, leading to decreased enzyme activity;
in this situation, naringenin acts by improving GSH levels
and, as a consequence, enzyme activity! 202636371741
Further experiments are needed to clarify this point.

Naringenin preserves GST activity under prooxidant
conditions associated with several illnesses™®>"*¢>707274],
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It has been demonstrated that the flavanone acts
by increasing mRNA levels of GST'®"**, which in turn
induces the transduction of the corresponding functional
protein®®l, The specific action mechanism by which
naringenin produces these effects remains to be elu-
cidated (Figure 4).

As it has been previously described, naringenin
has very important effects on endogenous antioxidant
system enzymes, in contrast to its own weak antioxidant
properties in comparison to those of other natural
compounds, such as quercetin. This low antioxidant
activity suggests that naringenin’s effects are not only a
result of its structural activity relationship but also due
to other properties. In this regard, it is worth noting that
naringenin influences microRNAs (miRNAs) and nuclear
factor-erythroid 2 related factor 2 (Nrf2).

miRNAs are noncoding or nonmessenger RNAs that
are approximately 22 nucleotides in length that regulate
gene expression because they bind to target mRNA,
inhibiting protein synthesis””®. miR-17-3p is involved in
oxidative stress, and its targets are mRNAs coding for
SOD and GPx, thereby preventing the expression of
these proteins”®. Naringenin decreased the expression
level of miR-17-3p, which is in agreement with increased
levels of target mRNAs coding for SOD and GPx2"”. As
noted, this reduction in miR-17-3p expression may be a
mechanism by which naringenin modulates antioxidant
enzymes; however, more research is needed on the role
of naringenin in miRNA and its effect on the endogenous
antioxidant system (Figure 4).

Nrf2 interacts with the actin binding protein, Kelch-
like ECH associating protein 1 (Keap1l), inactivating
Nrf2 in the cytoplasm. Nrf2 must be released from
Keapl to be active. Its release can occur either by
MAPK phosphorylation or by conformational changes
in Keapl due to ROS. Once free, Nrf2 translocates to
the nucleus, where it forms a dimer with the musculo-
aponeurotic fibrosarcoma (Maf) family proteins. Nrf2-
Maf dimer is a transcription factor that binds to the
antioxidant response element (ARE) sequence, resulting
in transcriptional activation of detoxification proteins
such as NADPH quinone oxidoreductase (NQO1), GST,
and aldo-keto reductase (AKR), antioxidant enzymes
such as thioredoxin (TXN1), thioredoxin reductase
1(TXNR), peroxiredoxin 1 (PRDX1), GPx, GCL, GR,
CAT and SOD, and heme and iron metabolism proteins
such as heme oxygenase (OH-1) and ferro chelatase
(FECH)"®® (Figure 4).

Interestingly, there are reports indicating that narin-
genin upregulates Nrf2 in various models. In a model
of UVB irradiation-induced skin inflammation and oxi-
dative damage in hairless mice, naringenin significantly
increased Nrf2 mRNA levels compared with those in the
damaged group™®. Moreover, in a model of KOz-induced
inflammatory pain in mice, naringenin inhibited the
KO2z-induced decrease in Nrf2 mRNA expression™”, In
addition, naringenin upregulated the mRNA expression
of Nrf2 in complete Freund’s adjuvant-induced rats*”,
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and naringenin increased Nrf2 mRNA expression in a
model of oxidative stress induced by H2021*",

The induction of Nrf2 mRNA may propitiate Nrf2
protein levels to increase. It has been reported that
naringenin is capable of increasing Nrf2 protein levels
in CCls-induced hepatic damage'®®. In addition, the
flavonoid protected SH-SY5Y cells against 6-OHDA
neurotoxicity via Nrf2 because it improved the levels
of this protein®. Moreover, one mechanism to explain
why naringenin prevented CCls-induced acute liver
injury in mice is by preserving Nrf2 levels™. In addition,
naringenin improved intracellular Nrf2 levels in LPS-
induced apoptosis of PC12 cells®" and reduced oxidative
stress by increasing Nrf2 protein levels in neurons™,

Increased Nrf2 protein levels do not necessarily
correlate with increases in Nrf2 activity. Nrf2 must
dissociate from Keap1 to translocate to the nucleus and
to induce proteins of the antioxidant system. Naringenin
activates Nrf2 because it promotes its translocation
from the cytoplasm to the nucleus!**¢'¢>%,

Phosphorylation of Nrf2 by extracellular signal-
regulated protein kinase (ERK) triggers the dissociation
of Nrf2-Keapl and inhibits the reassociation of Nrf2-
Keapl complexes!®®!, Other important proteins
involved in the activation of Nrf2 are 5’ AMP-activated
protein kinase (AMPK)®*, phosphatidylinositol-3-kinase
(PI3K/AKT), and protein kinase C (PKC)®®. Notably,
it has been observed that naringenin upregulated
phosphorylated ERK1/2, leading to nuclear translocation
of Nrf2 in doxorubicin-induced toxicity in H9c2
cardiomyocytes'®. In another report, after treatment
with 40 ug/mL of naringenin, nuclear Nrf2 increased at
0.25 h and remained elevated until 3 h after naringenin
treatment to H9c2 cells®. In addition, naringenin
increased the phosphorylation levels of ERK1/2, PKC9,
and AKT, but this increase was prevented by chemical
inhibitors of AKT (LY294002), ERK1/2 (PD98059), and
PKCa (rottlerin), which suppressed Nrf2 activation
induced by naringenin®®?, These results suggest that the
naringenin-induced activation of Nrf2 signaling may be
mediated by the phosphorylation of ERK1/2, PKC3, and
AKT® (Figure 4).

Nrf2 activation and its translocation to the nucleus
lead to its union with Maf; Nrf2-Maf dimer, in turn,
binds to ARE sequence, which results in transcriptional
activation of detoxification and antioxidant proteins.
Naringenin not only activates Nrf2 but also increases the
mRNA and protein levels of target genes such as NQO1,
GPx, GCL, GR, OH-1, and GST!*349,59-63668L8287] 1
corroborate this effect, experiments have been carried
out to silence Nrf2. A small interfering RNA (siRNA)
study revealed that the knockdown of Nrf2 can abrogate
naringenin-mediated protection of the BEAS-2B cells
from paraquat-induced cellular toxicity™*?. Another
report showed that naringenin fails to block 6-OHDA
neurotoxicity if Nrf2 siRNA is administered®.. Moreover,
naringenin prevented mitochondrial depolarization is
inhibited by N2 siRNA®”; in addition, the naringenin-
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induced upregulation of GCL and HO-1 proteins was
significantly inhibited by Nrf2-siRNA transfection in H9c2
cells®. Finally, silencing of Nirf2 suppressed naringenin-
induced cytoprotection and mitochondrial protection in
SH-SYS5Y cells exposed to H2021*¥! (Figure 4).

Due to the important regulatory effects of naringenin
on endogenous antioxidant system, the flavonoid
takes great importance as a possible hepatoprotector,
since one of the main mechanisms of liver damage
is oxidative stress®™. In addition, this antioxidant is
different from others, since in addition to its direct
effect as an antioxidant, it induces the expression of
endogenous antioxidants.

NARINGENIN PREVENTS LIVER DAMAGE
CAUSED BY ALCOHOL

Liver damage induced by excessive alcohol con-
sumption is a worldwide problem™. It has been
reported that an intake of 80 g/day by men and 40
g/day by women between 10-20 years may lead to
fibrosis® ", Therefore, it is important to find a drug
that prevents or reverses the effects of alcohol abuse in
the population.

Liver alcohol metabolism consists of the following
steps: (1) In the cytosol, alcohol is converted into
acetaldehyde by the enzyme alcohol dehydrogenase
(ADH) using NAD" to generate NADH; acetaldehyde
is also formed in microsomes by CYP2E1 and in peroxi-
somes by CAT; and (2) In the mitochondria, acetaldehyde
dehydrogenase (ALDH) transforms acetaldehyde to
acetate** (Figure 5). During these reactions, secondary
harmful products to hepatocytes are generated;
among the most important of these harmful products
is MDA, which forms adducts with proteins and is also
an important indicator of LP*®?1, Moreover, ROS, such
as H20: and 02", are generated during the metabolism
of alcohol by CYP2E1. Additionally, alcohol metabolism
induces fatty liver disease by increasing the NADH/NAD*
ratio. In general, these processes induce hepatocyte
damage, leading to an inflammatory environment that
activates endothelial cells, Kupffer cells and HSCs™" %,

The evidence indicates that naringin, the naringenin-
glycoside, significantly lowered ethanol concentration
in plasma in a dose-dependent manner®”, Ethanol
administration resulted in higher ADH and lower ALDH
activities, resulting in toxic acetaldehyde accumulation.
Naringin increased the activities of both enzymes,
resulting in efficient alcohol elimination via acetalde-
hyde and its conversion to acetate, preventing the
accumulation of acetaldehyde, and resulting in the rapid
clearance of alcohol from the serum™*. In agreement
with these findings, naringenin administration to
alcohol-treated rats increased ADH and ALDH enzyme
activities””, In addition, ethanol increased the activity
of cytochrome CYP2E1, while this effect was reversed
by naringenin”® (Figure 5).
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Ethanol consumption modifies the phase I and
phase II xenobiotic metabolism enzymes. During
phase I metabolism, enzymes catalyze reactions of
oxidation, reduction, and hydrolysis of xenobiotics to
increase their polarity and improve their excretion. On
the other hand, phase II reactions are glucuronidation,
acetylation, S-methylation, and glutathione- or sulfo-
conjugation of xenobiotics. These reactions are carried
out on phase I products for their better excretion, since
tissue damage occurs if the products of phase I are
not eliminated by the enzymes of phase II®. It has
been reported that alcohol intake raises the activity
of phase I enzymes such as CYP450, cytochrome b5,
NADH-cytochrome b5 reductase and NADPH-CYP450
reductase. In contrast, ethanol injection decreases
the activity of phase II enzymes such as GST and DT-
diaphorase'’*®®. Interestingly, naringenin was able to
reverse these effects caused by alcohol in both types
of enzymes, leading to efficient elimination of alcohol
metabolism products and reestablishment of the NADH/
NAD* ratio”® (Figure 5).

Due to acetaldehyde accumulation during alcohol
metabolism, oxidative stress is generated. This is
characterized by LP, increased R" and endogenous
antioxidant system dysfunction®”). During ethanol
administration in vivo, significantly elevated levels of
TBARS, lipid hydroperoxides (LOOH), conjugated dienes
(CD), protein carbonyl content and significantly lowered
activities of SOD, GPx, CAT, GR and GST, and lowered
levels of GSH have been observed™® 7%,

As discussed above, naringenin displays antioxidant
effects at different levels, and this was evident when the
administration of naringin or naringenin prevented and
reverted oxidative stress caused by ethanol, normalizing
levels of TBARS, LOOH, CD, protein carbonyl content,
antioxidant enzymes activity and GSH levels!®*7%%%
(Figure 5).

If oxidative stress is constant and the antioxidant
system has failed, liver damage is generated; this
liver damage is marked by increases in liver damage
markers such as alkaline phosphatase (AP), aspartate
aminotransferase (AST), alanine aminotransaminase
(ALT), y-glutamyl transferase (GGT) and lactate dehy-
drogenase (LDH) activities or by the elevation of serum
bilirubins and aspartate levels. However, naringenin
administration during ethanol-induced hepatic damage
decreases the activity/levels of liver damage markers,
demonstrating that naringenin protects hepatocytes
against necrosis, cholestasis and membrane perme-
ation™®7*%! (Figure 5).

After hepatocyte damage occurs, an inflammatory
reaction is produced that is characterized by increases
in cytokines and proteins that mediate the immune
response. It has been reported that rats that received
20% ethanol equivalent to 6 g/kg body weight (bw)
every day for a period of 60 days showed significantly
elevated mRNA levels of tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), nuclear factor-kappa
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Figure 5 The role of naringenin in alcohol-induced liver damage. Alcohol metabolism: In the cytosol, alcohol is converted into acetaldehyde by alcohol
dehydrogenase (ADH); it is also formed in microsomes by CYP2E1 and in peroxisomes by catalase (CAT). In mitochondria, acetaldehyde dehydrogenase (ALDH)
transforms acetaldehyde to acetate. Ethanol elevates ADH and CYP2E1 activities but decreases ALDH activity, resulting in toxic acetaldehyde accumulation,
free radical (R") formation in the form of lipid hydroperoxides (LOOH) or protein carbonyls and resulting in the elevation of lipid peroxidation (LP). Naringenin (N)
increases the activities of all those enzymes, which results in alcohol efficient elimination leading to endogenous antioxidant system restoration, oxidative stress
prevention and balance of phase I and phase II xenobiotic metabolism enzymes. Naringenin also prevents increased levels of alkaline phosphatase (AP), aspartate

aminotransferase (AST), alanine aminotransaminase (ALT), and y-glutamyl transferase (GGT) as well as inflammation during alcohol-mediated liver damage.

B (NF-kB), cyclooxygenase-2 (COX-2), macrophage
inflammatory protein 2 (MIP-2) and CD14, as well as
increased staining for inducible nitric oxide synthase
(iNOS) protein adducts in the liver. Notably, when
naringenin (50 mg/kg p.o.) was administered every
day during the last 30 d of alcohol intoxication, the
flavanone decreased the mRNA levels of all inflamma-
tory markers®, indicating the potent anti-inflammatory
properties of naringenin (Figure 5).

One of the main effects of alcohol abuse on the
liver is lipid accumulation in hepatocytes. Even though
fatty liver is a reversible condition, it can progress to
inflammation and fibrosis. During alcohol consumption,
there is a deregulation of pathways that regulate lipid
synthesis, oxidation and very-low density lipoprotein
(VLDL) exportation that leads to the accumulation
of triglycerides and fatty acids in the liver®. In a
study performed to investigate the effect of naringin
supplements on lipid metabolism in ethanol-treated
rats, the results showed that the concentrations of
plasma/liver total cholesterol and plasma/liver total
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triglyceride were significantly higher in the ethanol-
treated rats and, conversely, decreased the high-density
lipoprotein (HDL)-cholesterol level and HDL-cholesterol/
total-cholesterol ratio, while naringin reestablished
normal levels of all measured lipid parameters. Another
interesting effect of the glycoside was a decreased
number of hepatic cells containing lipid droplets
compared to the alcohol-group, where many of these
cells were observed. It was concluded, therefore, that
naringin is able to prevent lipid accumulation in liver
caused by alcohol®,

In another study, serum insulin was diminished,
glucose/insulin ratio and liver triglycerides were in-
creased in ethanol-drinking rats; however, naringenin
co-administration partially protected rats from these
effects produced by alcohol intoxication. Unfortunately,
naringenin was not able to protect from alterations in
serum glucose, triglycerides, total, free and esterified
cholesterol or HDL cholesterol, or from liver and muscle
triglycerides or glycogen'®.

Naringenin has effects on several steps of ethanol
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metabolism, as well as on liver damage by this xeno-
biotic, suggesting that it can be used in the prevention
and reversion of alcohol-induced liver damage. However,
more studies are necessary to further investigate
naringenin’s mechanism of action in alcohol-induced
hepatic injury and whether it is able to protect from
fibrosis induced by alcohol abuse.

EFFECT OF NARINGENIN ON CCla-
INDUCED LIVER DAMAGE

CCls is a haloalkane widely used to induce liver
damage'®., To induce liver damage, CCls must be
activated by CYP2E1, CYP2B1 or CYP2B2, and CYP3A,
to form the trichloromethyl radical (CCls"). This radical
reacts with oxygen to form the trichloromethylperoxy
radical (CCls00%), a highly reactive species. These two
species are highly reactive; they can bind to cellular
molecules, for example, nucleic acids, proteins or
lipids. CCIs00" initiates the chain reaction of LP, which
attacks and destroys PUFAs, those associated with
phospholipids in cell membranes as the mitochon-
drial or the reticulum membranes. This membrane
damage leads to hepatocyte damage, which in turn
activates Kupffer cells and HSC, regulating fibrosis and
cirrhosis™"*° (Figure 6).

Facino et al'*®” were pioneers to study the effe-
ctiveness of naringenin against CCls damage. In this
study, a glycosidic fraction (containing naringenin-
glycoside) and naringenin-glycoside extracted from the
flowering tops of Helichrysum italicum G. Don were
utilized to investigate the effect of these flavonoids on
CCls-induced rat microsomes, finding that microsomal LP
was reduced by the glycosidic fraction and by naringenin-
glycoside!™®, Another study showed that CCla-
induced liver damage was decreased by concomitant
administration of an aqueous extract of the rhizomes of
Sansevieria liberica, containing 5.99% naringenin, since
AP, AST and ALT activities and fatty degeneration of
hepatocytes were prevented!'®®. Finally, another report
investigated the effect of an aqueous extract of Trifolium
pratense L. (Leguminosae) leaves on CCls-induced liver
damage; it was observed that naringenin in the extract
was able to reduce LP levels and xanthine oxidase (XOD)
activity™®*.

On the basis that natural extracts containing na-
ringenin had positive effects against injury induced
by CCls, different protocols have been carried out to
evaluate naringenin hepatoprotective capacity. In
2009, Yen et al'® evaluated the ability of naringenin
to prevent acute liver failure induced by CCls in rats.
Naringenin (100 mg/kg) was administered during three
consecutive days, and then on the fourth day, CCls was
intraperitoneally (i.p.) administered with a single dose
(3 mL/kg, olive oil: CCls, 1:1). The flavonoid was able to
prevent AST, ALT and LP elevations and the reduction of
SOD, CAT and GPx levels, and it significantly suppressed
the activation of caspase (Cas)3 and Cas9 induced by

Baishidenge ~ WJG | www.wjgnet.com

CCls administration™®.

Later, Hermenean et ai'®™ published an experiment in
which acute liver damage was induced in mice with CCla
(1.0 mL/kg, olive oil: CCls, 1:1, i.p.), and naringenin (50
mg/kg) pretreatment for seven days was evaluated.
The elevation of serum AST, ALT and LP levels as well
as the reduction of CAT, SOD and GPx activities and
GSH levels in livers from rats intoxicated with CCls were
all significantly prevented by naringenin. Moreover,
naringenin prevented necrotic changes of hepatocytes,
fatty degeneration, sinusoidal dilatation, mild fibrosis,
and inflammatory cell infiltration and retained the
normal ultrastructure of the hepatocytes, including mild
restoration of normal bile canaliculi configuration filled
with microvilli™,

The action mechanism of naringenin on acute liver
damage induced by CCls can be explained by different
mechanisms. CCls4is activated in hepatocytes by
CYP2E1; therefore, the R" formed attacks membranes
of these cells, generating LP. During CCl+ administration,
the expression of CYP2EL1 is elevated; however, it has
been reported that naringin strongly inhibited this
cytochrome; therefore, one possible mechanism of
hepatoprotection is the inhibition of CYP2E1 by the
flavanone, preventing bioactivation of CCla"®" (Figure
6). Another mechanism is associated with the ability
of naringenin to induce the endogenous antioxidant
system by upregulating Nrf2. It was reported that
the administration of 50 mg/kg of naringenin to
rats significantly increased Nrf2 protein levels in the
cytoplasm and nucleus, elevating mRNA levels of its
target genes, such as HO-1, NQO1 and GST***; in
addition, naringenin can prevent the decrease in Nrf2,
HO-1 and SOD protein levels exerted by CCls treatment
in mice™ (Figure 6).

In addition to oxidative stress, inflammation plays a
crucial role in the development of liver damage. During
fibrosis produced by CCls chronic administration, there
is a proinflammatory environment generated by Kupffer
cells and HSCs. In these cells, inflammatory signaling
pathways, mainly NF-xB-related signaling pathways,
are activated. This pathway starts when TLRs are
activated; then, intermediaries lead to inhibitor «B (IKB)
phosphorylation by IkB kinase (IKK) and NF-«B release
into the cytoplasm. NF-kB then translocates into nucleus
to induce the transcription of target genes. NF-«xB
regulates proinflammatory protein expression of TNF-a,
IL-1p and IL-6"°"'%], In addition, NF-xB binds to iNOS
and COX-2 gene promoters, activating the transcription
of these genes; INOS catalyzes the production of nitric
oxide (NO), which is a highly oxidizing product™®*°,
On the other hand, during the NF-xB pathway, the
intermediate TGF-B-activated kinase 1(TAK1) is
activated. Additionally, through MAPKs, NF-kB activates
activator protein 1 (AP-1), a factor that promotes the
transcription of genes related to inflammation™®'%%,
Moreover, high mobility group box 1 (HMGB1) is widely
involved in proinflammatory processes through its
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Figure 6 Naringenin prevents acute and chronic CCl«-induced liver damage. Carbon tetrachloride (CCl) is activated by CYP2E1, CYP2B1, CYP2B2, and
CYP3A (CYP) to form the trichloromethyl radical (CCls); then, it reacts with the oxygen-forming trichloromethylperoxy radical (CCIs00’). The CCIsOO' initiates
lipid peroxidation (LP), free radical (R’) generation, and imbalance of the endogenous antioxidant system formed by superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione (GSH), heme oxygenase (OH-1), NADPH quinone oxidoreductase (NQO1) and nuclear factor-erythroid 2 related factor
2 (Nrf2). Naringenin prevents CCls metabolism, LP and imbalance of the antioxidant system. Naringenin also prevents increased levels of alkaline phosphatase
(AP), aspartate aminotransferase (AST), alanine aminotransaminase (ALT), and y-glutamyl transferase (GGT). On the other hand, CCls increases intrinsic and
extrinsic apoptosis pathways in hepatocytes; however, naringenin prevents CYPc release, as well as BCL2-associated X protein (Bax), BCL2-antagonist/killer 1
(Bak), Caspase 3 (Cas3) and Caspase 9 (Cas9) elevation, a protein related with the intrinsic pathway. For the extrinsic apoptosis pathway, naringenin prevents
Fas and Fas ligand (FasL) increases produced by CCls administration. During CCls-induced fibrosis, there is a proinflammatory environment generated by Kupffer
cells and HSCs. The NF-xB pathway starts when TLRs are activated; then, intermediates are activated leading to inhibitor kB (IKB) phosphorylation by IkB kinase
(IKK) and NF-kB release. NF-kB regulates inflammatory protein expression, including tumor necrosis factor-alpha (TNF-a.), interleukin-6 (IL-6), cyclooxygenase-2
(COX-2), interleukin-1 (IL-1) and inducible nitric oxide synthase (iNOS), while naringenin maintains normal levels of these proteins during CCls-induced liver damage.
Transforming growth factor-f3 (TGF-p) activates receptor-activated Smad3 (Smad3), leading to transcriptional induction of a-smooth muscle actin (a-SMA), connective
tissue growth factor (CTGF), and collagen-1 (Col-1). Moreover, Smad3 is also activated by JNK via linker domain phosphorylation. Naringenin prevents Smad3
activation and a-SMA, CTGF, and Col-1 elevation because it inhibits TGF-B elevation and JNK activation. Metalloproteases (MMPs) cleave extra cellular matrix
(ECM) proteins, favoring TGF-p release as well as HSC migration to other sites, increasing fibrosis development; naringenin prevents MMPs elevation. On the other
hand, CCls decreases Smad7 protein levels; this protein inhibits the TGF-f signaling pathway by TGF-B receptor | (TBRI) ubiquitination, but nevertheless, naringenin
maintains normal levels of Smad7 during CCls treatment.

receptor for advanced glycation end product (RAGE)
and TLRs; HMGBL1 is released by necrotic cells and by
monocytes or macrophage™.

Because inflammation plays a pivotal role in the
establishment and perpetuation of liver diseases,
naringenin has been evaluated as an anti-inflammatory
therapeutic agent. In this context, a recent paper
reported that naringenin (30, 60 and 120 mg/kg)
administration to mice treated with CCls (0.3% CCls, 10
mL/kg, dissolved in olive oil) showed that at a dose of
120 mg/kg, the flavonoid dramatically downregulated
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the expressions of TLR4, TNF-qo, IL-1B, IL-6, iNOS,
AP-1, COX-2, HMGB-1 and NF-xB™.. Another report of
a study carried out in rats that were acutely intoxicated
with CCls indicates that naringenin (50 mg/kg) prevents
the CCls-induced increases in TNF-a and elevations in
iNOS, COX-2 protein and mRNA®?. Figure 6 shows
that naringin and naringenin possess important anti-
inflammatory properties by blocking the NF-«xB signaling
pathway.

During hepatic damage, hepatocytes may undergo
apoptosis mediated by intrinsic or extrinsic pathways.
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In the intrinsic pathway, BCL2-associated X protein (Bax)
and BCL2-antagonist/killer 1 (Bak) are activated by
proapoptotic stimuli, resulting in the release of electron
transport protein CYPc from the mitochondria to the
cytoplasm; then, this protein binds to Apaf-1, forming
the apoptosome. In turn, the apoptosome activates
Cas9, which cleaves procaspase 3 zymogens, amplifying
the cell death cascade™".

The administration of CCls induces apoptosis in
hepatocytes as well as DNA fragmentation, increases
the mRNA levels of Bax, Bak, Cas3 and Cas9 and
increases CYPc release™®>'°!, It has been reported
that glycosylated naringenin (naringin) effectively
prevented CCls-induced DNA fragmentation, apoptosis
and mitochondrial injury by attenuating the release of
CYPc, therefore inhibiting apoptosis initiation. Another
explanation is that naringin significantly increased the
expression of antiapoptotic proteins B-cell CLL/lymphoma
2 (Bcl-2) and BCL2-like 1 (Bcl-xL) but decreased Bax,
Bak, Cas3 and Cas9 mRNA levels™ (Figure 6).

Through the extrinsic pathway, Fas is activated by
Fas ligand (FasL), which then binds to Fas-associated
protein with a death domain (FADD). The Fas-FADD
complex activates procaspase 8, which in turn activates
other Cas, leading to apoptosis™'!l. After CCls-induced
acute liver damage, the mRNA levels of Fas, FasL, and
proapoptotic protein p53 are increased, but preventive
administration of naringin inhibited this increase and
reduced apoptosis in liver™ (Figure 6).

While there are some reports indicating evidence
of the beneficial effects of naringenin on acute liver
damage induced by CCls, there is little information
on the effect of this flavanone on chronic treatment.
Recently, we have demonstrated that naringenin
effectively prevents liver cirrhosis induced by chronic
administration of CCls in the rat™'?, Moreover, we
studied the molecular mechanisms involved in the
hepatoprotective effects of naringenin on CCls-induced
liver fibrosis. Our results indicate that naringenin
prevented necrosis and cholestasis and improved liver
biosynthetic capacity in CCls-treated rats since the
flavonoid completely prevented the increase in ALT, AP
and GGT serum activity and hepatic glycogen depletion.
In addition, naringenin inhibited oxidative stress caused
by chronic liver damage, maintaining normal levels of
MDA, GSH and GPx activity. Moreover, inflammation
was prevented by naringenin since the levels of NF-
kB, IL-1p and IL-6 were preserved within normal values
despite CCls administration**?,

Perhaps the most important feature of chronic liver
damage is the deposition of scar tissue in the hepatic
parenchyma, leading to fibrosis and cirrhosis. In general,
livers of rats treated with CCl presented macro nodular
fibrosis; the tissue showed liver parenchymal disruption,
steatosis, hyperchromatic nuclear hepatocytes, and
atypical pleomorphic nuclei. In addition, cirrhotic rats
presented large amounts of collagen around fibrotic
nodules. In contrast, rats treated with naringenin
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had livers without macro nodular fibrosis; collagen
accumulation as well as regenerative nodules were
prevented, and it was found that total collagen and
collagen-I (Col-I) accumulation was prevented by
naringenin. One of the main profibrogenic signaling
molecules is TGF-B, which exerts its effects by activating
receptor-activated Smads (R-Smads), leading to
transcriptional induction of a-smooth muscle actin
(a-SMA), the main marker of transdifferentiation of HSCs,
and connective tissue growth factor (CTGF), a TGF-B
downstream signal amplifier!"*>"'*. Notably, naringenin
was able to maintain basal levels of TGF-B, as well as
a-SMA, CTGF and Col-I, in rats treated with CCls. In
addition to being activated by TGF-f, MAPKSs also activate
R-Smads in an alternative pathway (non-canonical),
where the linker domain is phosphorylated instead
of the carboxyl domain in R-Smads molecules™*>*®,
After the administration of CCls for 8 wk, activated
INK levels increased significantly, as well as total and
phosphorylated Smad3 in the linker domain (pSmad3L);
however, naringenin was able to prevent these effects,
providing another explanation for the antifibrotic effect
of the flavonoid (Figure 6). Moreover, metalloproteases
(MMPs), produced by the activated HSCs, cleave TGF-,
leading to further activation and proliferation of HSCs and
collagen fiber formation; consequently, fibrosis ensues.
In agreement with these findings, we noticed that
chronic CCls administration produced increased MMP2,
MMP9 and MMP13; notably, we found for the first time
that naringenin treatment preserved normal levels of
these MMPs!''”! (Figure 6).

Furthermore, CCls decreased Smad7 protein levels;
Smad? inhibits the TGF-B profibrogenic signaling
pathway by TGF-B receptor I (TBRI) ubiquitination™®.
Nevertheless, naringenin was able to maintain normal
levels of Smad7 during CCls treatment, therefore
preserving the normal/physiological antifibrotic pathway
and, thus, blocking ECM deposition in the hepatic
parenchyma (Figure 6).

Our working group recently showed that naringenin
also has effects on the reversion of a previously
established fibrosis (unpublished data). CCls was given
for 12 weeks to male Wistar rats (400 mg/kg, 3 times/
wk); however, naringenin (100 mg/kg/two times a
day, p.o.) was administered at the beginning of week
9 of CCls treatment to determine its ability to reverse
established experimental cirrhosis. Different techniques
demonstrated that naringenin had the ability to reverse
elevated liver damage biochemical markers and to
restore GSH and glycogen levels. Additionally, the high
levels of TGF-p and a-SMA (protein and mRNA) observed
during CCls treatment were diminished by naringenin
administration. The protein levels of CTGF, Col-1 and
MMP13, as well as the activity of MMP2 and MMP9,
proteins involved in MEC remodeling, were restored by
the flavonoid. The protein levels of NF-«B, IL-13 and
IL-10 were elevated during CCl4 intoxication; however,
naringenin reversed this effect. Naringenin also reversed
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JNK activation and Smad3 phosphorylation in the linker
domain, as well as total protein and total Smad3 mRNA.
The results demonstrate that naringenin blocks TGF-
B-Smad3 and JNK-Smad3 pathways, and thereby, it
has antifibrotic effects, making it a good candidate for
properly performed clinical studies. In summary, these
results show that naringenin not only reduces CCla-
induced acute liver damage but also reduces fibrosis.
The action mechanism of naringenin to protect the liver
from chronic liver damage covers several fronts. This
flavonoid displays important effects on the endogenous
antioxidant system, blocks the main proinflammatory
factor, NF-kB, and inhibits many profibrogenic pathways.
These actions make this flavonoid an effective compound
to not only to prevent but also to reverse chronic hepatic
damage induced by CCls.

ANTICANCER ACTIVITY OF NARINGENIN
IN THE LIVER

HCC is one of the most frequent tumor types world-
wide. It is the fifth most common cancer in men and
the ninth in women, with approximately 500000 and
200000 new cases per year, respectively!'*?),

HCC is a genetically heterogeneous tumor. Hepa-
tocarcinogenesis is complex and, therefore, requires
several genetic and epigenetic alterations. Several
etiological factors of HCC have been defined, including
HBV, HCV, excessive alcohol consumption, obesity, and
aflatoxins, and the prevalence/contribution of these risk
factors vary by region**®’. In Western countries, the
increasing prevalence of nonalcoholic steatohepatitis
(NASH), known as the manifestation of the metabolic
syndrome, is becoming the most prevalent risk cause
for liver failure and HCC?.,

HCC is strongly associated with oxidative stress!**!!;
hepatic virus infection, the deposition of heavy metals,
and fatty liver disease are closely associated with chronic
inflammation, which in turn can induce oxidative stress
in hepatocytes'?. Alterations in cell structure and
mitochondria can generate electron leakage from the
mitochondria, resulting in the activation of pro-oncogenic
pathways"\. In addition, Kupffer cell activation during
inflammation produces ROS that are liberated in
the liver tissue, inducing damage to the hepatocyte
membrane!***,

Elevated levels of intracellular ROS induce the accu-
mulation of many genetic and epigenetic modifications
that may play a pivotal role in the induction of many
proinflammatory, onco-suppressor- and onco-promoter-
related genes that participate in HCC development!'*,
When ROS are increased for prolonged periods of
time, the antioxidant defense capacity and the repair
systems of the cells can be insufficient and lead to lipid,
protein and DNA damage, altering different cellular
pathways and influencing gene expression, cell adhesion,
cell metabolism, the cell cycle, and cell death!*, In
general, ROS have negative effects; they are potential
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carcinogens because of their role in mutagenesis and the
consequential chromosomal aberrations™”, as well as in
the regulation of tumor promotion and progressiont**®,
It is worth noting that ROS have been linked to the
hepatocarcinogenic process because they are implicated
in the activation of cellular signaling pathways, such
as those mediated by MAPKs, NF-kB, PI3K, p53, and
b-catenin/Wnt, which are associated with mutagenesis,
angiogenesis, tumor promotion, and progression™***"’
(Figure 7).

Abundant evidence from humans and experimental
animals has shown that a high intake of natural products
rich in antioxidants is associated with a decreased
risk of many cancers™***1, Flavonoids have diverse
biological activities because of their antiallergic, anti-
inflammatory, antioxidant, and anticancer properties
without significant systemic toxicity™>****), Naringenin
has been found to exhibit antioxidant, antimutagenic
and anticarcinogenic effects!®*****’! and acts as
chemopreventive agent against colon carcinogenesis in
vitro and in vivo'®", 1t is worth noting that naringenin
inhibits cell proliferation via the downregulation of NF-
«B, VEGF, and MMPs and induces apoptosis via Bcl-2,
Bax and Cas in a rat model of hepatocarcinogenesis by
N-nitrosodiethylamine (NDEA)™*?, Arul and Subramanian
demonstrated that naringenin attenuates NDEA-
induced hepatocarcinogenesis; they postulated that the
flavanone aids in liver cell regeneration, leading to the
protection of hepatic cells and membrane integrity by
scavenging R and enhancing the antioxidant status, thus
hindering the process of carcinogenesis™*". A growing
body of evidence indicates that naringenin prevents
liver damage in chemically induced hepatotoxicity by
inhibiting R and LP and by enhancing the antioxidant
system of the cell®***** Accordingly, the admini-
stration of naringenin effectively suppressed NDEA-
hepatocarcinogenesis and preneoplastic lesions by
modulating antioxidant enzymes and attenuating LP
through the scavenging of free radicals, thus enhancing
the antioxidant status*. Taken together, naringenin
can markedly modulate oxidative stress by its activation
of the antioxidant defense system. Thus, naringenin
appears to be an attractive candidate as an antioxidant
supplement for HCC prevention (Figure 7).

In another study, naringenin was found to inhibit the
growth of Hep G2 cells in a concentration-dependent
manner™*!, The activation of p53 has been implicated
in triggering cell cycle arrest, including both G1 and G2
phases of the cell cycle. Notably, naringenin induced a
rapid accumulation of p53 in a dose-dependent manner,
which might account for the naringenin-induced G0O/G1
and G2/M phase arrests in Hep G2 cells™! (Figure 7).

In addition, evidence has shown that the anti-
proliferative effect of natural products is associated
with the induction of apoptosis™****”). In agreement,
naringenin was found to exert antiproliferative effects by
inducing apoptosis, as evidenced by the nuclei damage
of Hep G2 cells!™*®**, The dysregulation of the cell cycle
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Figure 7 Naringenin in cancer development. Hepatocellular carcinoma is strongly associated with elevated levels of free radicals such as lipid hydroperoxides
(LOOH"), peroxyl radicals (ROO’), and hydroxyl radicals (OH’), leading to the development of lipid peroxidation (LP), oxidative stress and finally to an imbalance
of the endogenous antioxidant system. Naringenin (N) inhibits oxidative stress by its intrinsic antioxidant properties and by improving the endogenous antioxidant
system. Notably, oxidative stress has been linked to the hepatocarcinogenic process because it is implicated in the activation of mitogen activated protein kinases
(MAPKSs), nuclear factor-kappa B (NF-«B), or phosphatidylinositol-3-kinase (PI3K/AKT) pathways, increasing the production and activity of metalloprotease 9 (MMP9),
which is involved in migration and invasion processes. When toll-like receptors (TLRs) are activated, TRAMP is recruited to activate TRIF; in turn, it promotes
transforming growth factor beta-activated kinase 1 (TAK1) activation, which phosphorylates kB kinase (IKK). Then, IKK promotes NF-«kB release via inhibitor kB (IKB)
phosphorylation. On the other hand, phospholipase C (PLC) catalyzes phospholipid hydrolysis, generating inositol triphosphate (IP3) and diacylglycerol (DAG); the
|atter is an activator of protein kinase C (PKC), which can induce the NF-«B pathway in a TRAMP-dependent manner. Then, NF-«B induces the expression of MMP9.
Epidermal growth factor (EGF) is highly involved in carcinogenic pathways; it binds to epidermal growth factor receptor (EGFR) promoting Grb2, SOS, Ras, Raf and
mitogen-activated protein kinase kinase (MKK) activation, which participates in extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK) and
p38 (MAPK) phosphorylation and activation. Then, MAPKs promote activator protein 1 (AP-1) activation by c-Jun and Fos dimerization. After that, AP-1 induces the
expression of MMP9. Alternatively, MAPKs are activated via PI3K/AKT. PI3K produces phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3) from phosphatidylinositol
4 5-bisphosphate (PIP2); PIP3 activates AKT, which promotes MAPK activation in a Ras-dependent pathway. It has been reported that naringenin inhibits MM9
expression and secretion through diminution of p38, JNK, ERK, IKB, and PI3K/AKT phosphorylation as well as NF-B and AP-1-DNA binding. In addition, naringenin
inhibits PKC cytoplasm-to-membrane translocation. Notably, naringenin induces p53 accumulation, leading to p21 expression. Then, p21 inhibits cyclin E/cyclin-
dependent kinase 2 (CDK2) complex, which participates in proliferation. p53 accumulation results in naringenin-induced G0/G1 phase arrests. An important
mechanism for the elimination of cancer cells is apoptosis. Naringenin induces apoptosis by increased cytochrome ¢ (CYPc) release, as well as BCL2-associated
X protein (Bax), BCL2-antagonist/killer 1 (Bak) and Caspase 3 (Cas3) elevation. Additionally, naringenin inhibited B-cell CLL/lymphoma 2 (Bcl-2) an antiapoptotic
protein. Two-pore channels (TPCs) are members of the voltage-gated ion channel superfamily localized in acidic calcium (Ca*) stores and have been implicated in
angiogenic processes. Vascular endothelial growth factor (VEGF) and its receptor vascular endothelial growth factor receptor (VEGFR) promotes TPC activation via
nicotinic acid adenine dinucleotide phosphate (NAADP); then, Ca™ is transported to the cytoplasm through TPCs, activating angiogenic signals. Naringenin inhibits
VEGF angiogenesis induction blocking NAADP activation and NAADP/TPC association.

mechanism and the induction of cancer cell apoptosis
are recognized as important targets in cancer therapy.
In this sense, naringenin is known to induce apoptosis
through the modification of Bcl-2 family of proteins
involved in the apoptotic mitochondrial pathway, and
the results from HepG2 cells showed that naringenin
increases the activity of Cas3'**). Additionally, flow
cytometry with Annexin V-FITC/PI staining demonstrated
that the flavonoid increased apoptotic cells, confirming
that naringenin induced apoptosis in HepG2 cells™*.
The accumulated data suggest that naringenin, as well
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as other compounds derived from plants, may induce
apoptosis through the mitochondria-initiated death
pathway!*******! (Figure 7).

On the other hand, two-pore channels (TPCs), are
members of the voltage-gated ion channel superfamily
and localize in acidic Ca®* stores and have been impli-
cated in different pathophysiological processes™*****;
TPC2 is expressed predominantly in late endosomes
and lysosomes!**¥. It has been found that naringenin
impairs TPC2-dependent biological activities, leading to
antiangiogenic effects mediated by VEGF. Overall, these
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data suggest that naringenin inhibition of TPC2 activity
and the observed inhibition of the angiogenic response
to VEGF are linked by impaired intracellular calcium
signaling™™®'. Therefore, TPC2 inhibition is emerging as
a key therapeutic step in the progression and metas-
tatic potential of malignant cells. The identification of
naringenin as an inhibitor of TPC2-mediated signaling
provides a novel and potentially relevant tool for the
advancement of anticancer research (Figure 7).

12-O-tetradecanoylphorbol-13-acetate (TPA) is
widely utilized for studying the mechanisms of carcino-
genesist™®. TPA upregulated MMP9 expression via PKC-
dependent activation of the Ras/ERK signaling pathway,
increasing invasiveness in cell lines'*” and tumor
metastasis!*®!. Importantly, Yen et af** demonstrated
that naringenin possesses a strong antiinvasive and
antimigratory effect in TPA-activated hepatoma cells
via the downregulation of PKC, epidermal growth factor
(EGF), MAPK and PI3K/Akt signaling pathways, and NF-
kB, AP-1 and MMP9 activities (Figure 6).

In conclusion, naringenin is highly effective in inhi-
biting cell proliferation and inducing apoptotic cell death
in HepG2 cells and reducing invasion and metastasis.
Therefore, it may be a promising candidate for hepato-
carcinogenesis treatment.

NARINGENIN PROTECTS FROM LIVER
DAMAGE INDUCED BY HEAVY METALS

Heavy metals can be classified according to their
mechanism of action in redox-active metals or redox-
inactive metals. Redox-active metals such as iron
(Fe), copper (Cu), chromium (Cr), cobalt (Co), among
others, develop redox cycling reactions, and they
produce R’ in biological systems, producing oxidative
stress, LP, DNA damage and other deleterious effects.
Meanwhile, redox inactive metals such as cadmium
(Cd), arsenic (As) and lead (Pb) bind to proteins and
sulfhydryl groups and induce GSH depletion!*®”.

In this section, liver damage caused by redox-active
and -inactive metals will be discussed.

Iron

Iron is an indispensable micronutrient for living organ-
isms; it participates in oxygen transport, DNA synthe-
sis and host defense, among others. Total body iron
content ranges from 3 to 5 g, but its level increases
due to diseases or intoxication!*®".. The liver is the main
iron depot; thus, it is highly susceptible to damage
induced by iron overload!®*¢?,

Iron is captured by hepatocytes through transferrin
receptor 1 (TfR1); during iron overload, its transcript is
degraded and its synthesis is inhibited; however, iron
uptake can be mediated by TfR2 even with high iron
levels'®'*?, When iron binding capacity or transferrin
saturation is exceeded, non-transferrin bound iron
(NTBI) is elevated, and then it is transported into
hepatocytes through divalent metal transporter 1
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(DMT1). In hepatocytes, iron is incorporated into the
ferritin molecule that preserves iron bioavailability!®”
(Figure 8).

One of the most reactive R"is O2"; under normal
conditions, it is produced in the respiratory chain by
NADP oxidase, and then, it is neutralized by SOD,
generating H202. Intracellular iron is released from
ferritin by O2°; next, free iron reacts with H202 in the
Fenton reaction, generating high amounts of OH", and
in turn, OH® attracts the double bonds of DNA bases.
In the case of lipids, free iron produced LP forming
ROO™®, These processes produce hepatocyte damage,
such as mitochondrial dysfunction and apoptosis,
which results in the recruitment of Kupffer cells that
phagocyte damaged hepatocytes, leading to the release
of proinflammatory and profibrogenic cytokines that
activate HSCs; as a result, hepatic fibrosis ensues!*®**¢%,

The Fenton reaction is inhibited by flavonoids
with 37,4 "-catechol, 4-oxo, and 5-OH arrangements.
Chelating complexes with cations may form between the
5-OH and 4-oxo group or between the 3”- and 4 "-OH*.,
Using an electrospray mass spectrometry study, it was
observed that naringenin can form complexes with
Fe(III) through its 4-oxo and 5-OH groups; in addition,
this flavonoid is oxidized in the presence of metal ions,
which are consequently reduced™®*. Furthermore,
naringenin was investigated for its ability to suppress
the Fenton reaction characteristic of the iron-ATP
complex; the flavanone interfered with the voltammetry
catalytic wave associated with the iron-ATP complex in
the presence of H20: because it has the arrangement
of 4-oxo and 5-OH that is indispensable for this
inhibition®* (Figure 8).

In an experiment where the modulation of DNA
integrity in Fenton’s system by naringin was studied,
it was shown that the glycoside protected DNA from
damage caused by OH® generated during the Fenton
reaction; naringin blocks the Fenton reaction by iron
chelation rather than by antioxidant mechanisms or
reduction of Fe(III) to Fe(II), and as a result, damage
is prevented!'®®. In another study, the isolated mouse
liver mitochondrial fraction was incubated with naringin
before Fe(IlI) loading, generating elevations in LP,
protein carbonyl content and DNA oxidation, while iron
overload decreased GSH levels and GST, GPx, CAT and
SOD activities; however, pretreatment with naringin
inhibited these iron effects™"\. Iron exposure in HepG2
cells caused a decline in cell survival, a time-dependent
increase in DNA oxidation, an elevation in DNA strand
breaks, a high level of LP, and a depletion of GSH as
well as decreases in GPx, CAT and SOD levels. Notably,
the pretreatment of HepG2 cells with naringin resulted
in cell survival induction, DNA damage prevention,
improvement in the antioxidant system and the inhibition
of iron-mediated cellular damage!**® (Figure 8).

Regarding naringenin’s effects on iron-induced
damage in vivo, it has been reported that the flavanone
protected against iron-induced neurotoxicity in the
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Figure 8 Naringenin inhibits hepatic damage induced by heavy metals. Heavy metals can be classified according to the mechanism of action in redox-active
metals such as iron (Fe) and copper (Cu) or redox-inactive metals such as cadmium (Cd), arsenic (As) and lead (Pb). One of the main free radicals is superoxide
radical (O2)); normally, it is produced by NADP oxidase, and then, it is neutralized by superoxide dismutase (SOD), generating hydrogen peroxide (Hz0z). Intracellular
Fe is releases from ferritin by O2'; next, free Fe reacts with H202 in the Fenton reaction, generating high amounts of hydroxyl radicals (OH). After that, OH" attacks
double bonds of DNA bases. In the case of lipids, free Fe produces lipid peroxidation (LP) through peroxyl radicals (ROO’), producing lipid hydroperoxides (LOOH’),
conjugated dienes and protein carbonyl. Regarding Cu, once inside the hepatocyte, Cu ion (Cu™), can be reduced to cuprous ion (Cu'*) when reacting with O2;
then, it mediates H202 decomposition in OH" via the Fenton reaction. These processes result in hepatocyte and liver damage. Naringenin can chelate these metals,
preventing their participation in the Fenton reaction; naringenin also inhibits oxidative stress by its antioxidant capacity and by promoting the endogenous antioxidant
system. On the other hand, redox-inactive metals such as Cd, arsenic (As) and lead (Pb) form complexes with thiol groups, such as glutathione (GSH), in the
cytoplasm and mitochondria. GSH level reduction, GSH inactivation, and GSH system deregulation increase metal toxicity. In addition, Cd can replace Fe and Cu
in ferritin or apoferritin; thus, free Fe and Cu ions cause oxidative stress via the Fenton reactions and elevation of BCL2-associated X protein (Bax), Caspase 3
(Cas3) and cytochrome (CYPc) proapoptotic proteins. Naringenin improves the antioxidant system by increasing SOD, catalase (CAT), glutathione peroxidase (GPx),

glutathione transferase (GST) enzymes and GSH levels.

cerebral cortex of Wistar rats. After four weeks of iron
administration, LP and protein oxidation were increased,
but SOD, CAT, total thiols and ascorbic acid were
decreased. Significant decreases in acetylcholinesterase
and Na+/K+-ATPase activities were also shown, along
with a substantial rise in NO levels. Co-administration
with naringenin blocked the development of oxidative
stress and improved antioxidant enzyme activities in
the cerebral cortex™. In another work, the effect of
naringenin on iron-induced hippocampus damage was
investigated: iron administration for 28 d induced an
impairment of the anxiogenic-like behavior and induced
purinergic and cholinergic dysfunctions with oxidative
stress-related disorders on mitochondrial function in the
rat hippocampus, but naringenin was able to restore
those parameters™’® (Figure 8).

As seen, naringenin and naringin have the ability
to block iron-induced oxidative stress; these natural
compounds are able to chelate metal ions such as iron;
thus, free iron is not available for the Fenton reaction,
and therefore, OH' generation is blocked, as is oxidative
stress. The chelation capacity is given in the naringenin
molecule by the 4-oxo and 5-OH groups, which probably
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represent the place where an iron ion is conjugated. In
the absence of this arrangement, some flavonoids do not
have chelating capacity or are less effective!’®®!, This
structure-activity relationship indicates that naringenin
and naringin can act as antioxidants or as chelators,
depending on the hepatotoxic agent employed.

Copper

Copper is a redox active metal, and an imbalance in
its metabolism produces disorders such as Wilson’s
disease, Indian childhood cirrhosis or endemic Tyrolean
infantile cirrhosis, which share the common end of
cirrhosis due to excessive copper accumulation; another
problem is copper toxicity caused by copper poisoning or
dietary copper toxicity!®>*"**"?, Like iron, copper exerts
its hepatotoxic effects by oxidative stress generation; this
is a consequence of its redox reactivity, triggering events
that end in liver damage.

Like iron, copper is stored in the liver; it is intro-
duced into the hepatocyte through the high-affinity
human copper transporter (hCtr1)!"”l. Once inside
the hepatocyte, cupric ion (Cu(Il)), can be reduced to
cuprous ion (Cu(I)) when reacting with O2°, ascorbic
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acid or GSH; meanwhile, Cu(I) mediates H202 decom-
position in OH" via the Fenton reaction™®. The formed
OH’ reacts with lipids, proteins and DNA, as well as
with practically any biological molecule, generating lipid
radicals, protein carbonyls or DNA strand breaks and
oxidation of bases; in fact, copper is more powerful that
iron in enhancing DNA breakage***’¥. Furthermore,
copper binds directly to free thiols of cysteines, which
can result in oxidation and subsequent crosslinks
between proteins, leading to impaired activity of
target enzymes!’*.. In addition, copper induces LP and
4-hydroxy-2-nonenal (HNE) formation. Importantly,
HNE may increase the phosphorylation of JNK and p38,
AP-1 activity and the expression of Col-I and TGF-B"*”,
resulting in the exacerbation of fibrosis (Figure 8).

As previously mentioned, naringenin may act as a
metal chelator. In this regard, two studies have reported
the chelating capacity of the flavonoid on copper.
Fernandez et al'**"! showed that naringenin, at various
stoichiometries (metal: flavonoid) with copper; 1:1, 1:2,
2:2 and 2:3, produces several complexes, preferably
with Cu(II). Additionally, comparing the 4-oxo and 5-OH
arrangement with the 4-oxo and 3-OH arrangement,
the first one seems to favor cooper chelation!*®*.
Meanwhile, Mira et al''’*! reported that naringenin has
higher reducing capacity for copper ions than for iron
ions. Additionally, the copper reducing activity seems
to depend largely on the number of OH groups. In
addition, naringenin chelates Cu** at pH 7.4 and pH 5.5
between the 5-OH and the 4-oxo groups, producing
7.1 £ 1.1 mmol Cu*/mmol naringenin, indicating that a
large number of copper ions per molecule of flavonoid
were chelated™” (Figure 8).

It has been shown that copper induces the oxidation
of low-density lipoproteins (LDL); as a consequence,
PUFAs in the lipoprotein are rapidly converted to
LOOH and aldehydic breakdown products!*¢®*7¢*771 1t
has been reported that when freshly isolated human
LDL (50 ug protein/mL) was incubated with 2 umol/L
Cu™* at 37 °C, naringenin (25 pmol/L) slightly inhibited
LDL oxidation, but prenylflavanones (25 pmol/L)
such as 8-geranylnaringenin, 6-prenylnaringenin,
8-prenylnaringenin and 6,8-diprenylnaringenin effec-
tively inhibit LDL oxidation dienes formation. Then,
Cu’'-mediated LDL oxidation was evaluated by
measuring TBARS levels; the results showed that
prenylflavanones significantly inhibited TBARS for-
mation and were ranked as follows: 8-geranylnaringenin
> 6,8-diprenylnaringenin, 6-geranylnaringenin,
8-prenylnaringenin > 6-prenylnaringenin™’” (Figure 8).

As seen, naringenin and its derivatives can inhibit
the first steps of copper-induced damage by preventing
the Fenton reaction and by preventing lipid and protein
oxidation.

Cadmium
Unlike iron and copper, cadmium is a redox inactive
metal; although it does not directly form R’, it can
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induce oxidative stress in other ways. In addition, there
is no mechanism for cadmium excretion in humans;
thus, cadmium accumulates in tissues indefinitely***7®,

Cadmium is absorbed though the intestines, and
in the liver, DMT1, ZIP8 and ZIP14 are responsible for
Cd uptake into hepatocytes!”®l, Once inside hepatic
cells, cadmium follows two pathways to exert liver
damage: (1) Cadmium forms complexes with thiol
groups of proteins or small peptides, such as GSH, in
the cytoplasm and mitochondria. GSH is the first line
of defense against cadmium-induced damage; thus,
GSH level reduction, inactivation, and GSH system
deregulation increase cadmium toxicity. In mitochondria,
thiol group inactivation causes oxidative stress,
mitochondrial permeability transition, and mitochondrial
dysfunction™’®'”?!, And (2) Cadmium can replace iron
and copper in ferritin or apoferritin; thus, free iron and
copper ions readily cause oxidative stress via the Fenton
reaction™™**”®], Thereby, although cadmium is unable
to generate R’ directly, indirect formation of ROS, O:°,
OH’ and NO has been reported. In addition, increased
LP levels and antioxidant system deregulation has
been observed during cadmium liver damage'**7#17],
Because of oxidative stress induced from cadmium
intoxication, Kupffer and HSCs cells can be activated,
and thus, a large number of inflammatory and cytotoxic
mediators can be produced™”®"® (Figure 8).

One of the first reports on the beneficial effect
of naringenin on damage induced by cadmium was
performed in kidney, and after 4 wk of CdCl= admini-
stration (5 mg/kg/d), TBARS, LOOH and protein
carbonyl levels were elevated. Conversely, total
sulfhydryl groups, GSH, vitamin C and vitamin E levels,
as well as SOD, CAT, GPx, GST and GR, and glutathione-
6-phosphate dehydrogenase (G6PD) activities were
decreased. Co-administration of naringenin (25 and
50 mg/kg daily) resulted in the prevention of Cd-
induced LP and in the restoration of the endogenous
antioxidant system. Histopathological analysis showed
that naringenin markedly reduced CdCl2 toxicity and
preserved the normal histological architecture of renal
tissue!'®”,

Later, Renugadevi et al®® reported that cadmium
(5 mg/kg) administered orally for 4 wk induced liver
damage. Increased activities of serum AST, ALT, AP,
LDH, GGT and bilirubin were found. Furthermore, LP
and protein carbonyl contents were elevated. Antio-
xidant enzymes such as SOD, CAT, GPx, and GST as
well as GSH, vitamin C and vitamin E concentrations
were diminished. Naringenin (50 mg/kg) significantly
prevented the elevation of serum hepatic marker
enzymes. Additionally, the flavonoid significantly
reduced LP and restored antioxidant defense levels.
The histopathological studies showed that naringenin
preserved normal histological architecture of the tissue™®
The same working group reported that naringenina plus
vitamins C and E improved the altered biochemical and
histopathological changes in the liver of Cd-intoxicated
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rats to a greater extent than naringenin or vitamins
alone”™ (Figure 8).

In another work, naringenin (4 and 8 mg/kg)
was orally administered to mice 30 min before oral
administration of CdCl2 (12 mg/kg) for 11 consecutive
days. Cotreatment with naringenin significantly
prevented disarrangement in body and organ weights,
hematological profiles, serum and hepatic altered
biochemical parameters in Cd-intoxicated mice!*®",

Naringin also displays protective effects in cadmium-
induced damage to HepG2 cells, where the glycoside
maintained redox homeostasis, mitochondrial membrane
potential, reduced Cas3 and CYPc and reduced apoptosis
by regulating the Bax/Bcl2 ratio. Moreover, naringin
prevented diminution of protein thiol levels, SOD,
GST and CAT activities, and LP development through
increasing Nrf2 and metallothionein (MT)!**?) (Figure 8).

Most evidence concurs that naringenin prevents
cadmium-induced liver damage by protecting enzymatic
and non-enzymatic antioxidant systems and by safe-
guarding GSH thiol groups. The antioxidant actions of
naringenin may also be associated with its ability to
chelate heavy metals, thus preventing the formation
of ROS and with its ability to increase Nrf2. These data
show that naringenin is effective in preventing damage
induced by cadmium.

Arsenic

Arsenic is a highly distributed metal that is found in
organic and inorganic forms; both forms are toxic,
although inorganic arsenic is more toxic than organic
arsenic™®®., This metal is metabolized by reduction
and methylation reactions, which are catalyzed by
glutathione-S-transferase omega-1(GSTO1) and arsenic
(IIT) methyltransferase (AS3MT); it has been reported
that during arsenic metabolism, high amounts of re-
active species are generated %%,

Like cadmium, arsenic induces cellular damage
through binding to sulfhydryl groups and inducing mito-
chondrial dysfunction. Cadmium produces oxidative
stress-generating species such as O2°, singlet oxygen
(*02), ROO", NO, H:02, dimethylarsinic peroxyl
radical [(CH3)2AsO0°] and dimethylarsinic radical
[(CH3):As"]"%***, In general, an oxidative environment
results in GSH depletion, LP elevation, protein oxidation,
DNA damage, morphologic changes in mitochondrial
integrity and a rapid decline of mitochondrial membrane
potentiall*®**#*'%], Oxidative stress induces hepatocyte
apoptosis as well as total bilirubin, ALT, and AST
elevation and liver damage ™ (Figure 8).

Since arsenic induces damage via oxidative stress,
naringenin has been studied in arsenic-induced liver
damage. Arsenic administration (2 mg/kg) for 28 d to
rats or 14 d (3 mg/kg) to mice produced elevations
in AST, ALT and AP activities, high LP markers,
hepatic GSH depletion and reductions in SOD, CAT,
GPx, GST and GR activities. In addition, arsenic
exposure produced DNA fragmentation. However, the

Raishidenge ~ WJG | www.wjgnet.com

simultaneous administration of naringenin prevented
hepatic injury by arsenic’®®”,

Jain et al”! reported that NaAsO: administration
(8 mo) to male Wistar rats induced high levels of ROS
in blood and liver and increased levels of hepatic LP;
simultaneously, the endogenous antioxidant system was
attenuated, leading to a reduction of GSH levels and
to the inhibition of GPx, GST, SOD and CAT activities in
liver. Once liver damage was established, naringenin
was administered for two weeks; the flavanone was
able to reverse oxidative stress, since ROS and TBARS
levels were diminished. Moreover, the enzymatic
antioxidant system was restored by naringenin”.,

Naringin also has been shown to prevent liver and
kidney damage induced by NaAsO:2 (5 mg/kg); the
glycoside inhibited increased serum levels of ALT and
AST as well as prevented SOD and GSH depletion. In
addition, naringin downregulated the expression of
TGF-p, Cas3 and TNF-o. in kidney"*® (Figure 8).

In summary, naringenin and naringin display hepa-
toprotective effects in arsenic-induced liver injury mainly
by improving the endogenous antioxidant system and
probably by their chelating effect.

Lead

The mechanism of action of lead toxicity is similar
to those of cadmium and arsenic. This heavy metal
does not generate free radicals directly; instead, lead
deactivates antioxidant pools by binding to sulfhydryl
groups of protein or peptides. For instance, lead-
GSH interaction inactivates GSH antioxidant activity;
moreover, lead reduces GSH levels bay blocking GR,
GSG and 6-aminolevulinic acid dehydratase (ALAD),
an enzyme in charge of preserving the GSH/GSSG
balance™®*'*”"*%, The inhibition of the antioxidant GSH
system produces R such as 02", '0z2 and ROO", which
destabilize cellular membranes through LP processes,
resulting in mitochondria and DNA damage leading
to p53 upregulation, an imbalance of Bax/Bcl-2 and
apoptosis. After oxidative damage caused by lead,
proinflammatory pathways are activated, exacerbating
preexisting liver damage'®”**® (Figure 8).

Two reports have been published dealing with
naringenin’s effects on lead-induced liver injury. Wang
et al*® and Ozkaya et al™** reported that rats treated
with lead acetate in drinking water showed significant
increases in MDA and depletion of GSH levels and GPx
activity. Elevated levels of ALT and AST in serum and
decreased SOD activity in liver were also shown™®,
Furthermore, histopathological results showed that
the livers of lead-intoxicated rats had periportal cell
infiltration, sinusoidal congestion, hepatic steatosis,
and capsular fibrosis!**. Naringenin administration
(50 mg/kg) prevented the disarrangement of most
parameters studied, and histopathological abnormalities
such as necrosis, hydropic degeneration, and hepatic
cord disorganization were attenuated by naringenin
treatment™®***! (Figure 8).
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These studies show that naringenin has hepa-
toprotective effects against lead-induced liver damage;
however, more studies are needed to further understand
the naringenin mechanism of action.

ANTIVIRAL PROPERTIES OF NARINGENIN

The study of hepatovirus has been an important issue
in hepatology research in the last four decades. HBV
and HCV are most studied, as they produce chronic
liver damage, leading to cirrhosis and HCC!*®?, As
global causes of liver cirrhosis, HBV accounts for
30%, HCV for 28%, alcohol for 27% and others for
14% of cirrhosis cases. The etiology of liver cancer is
HBV (45%), HCV (26%), alcohol (20%), and others
(39%)"™. Therefore, research on treatment for these
infections is important for the prevention/reversion of
chronic liver diseases.

HCV is a virus belonging to the Flaviviridae family;
its genome consists of a positive-sense single-stranded
RNA. Hepatocytes are the major site of HCV replication,
but peripheral blood mononuclear cells and lymph
nodes are also natural HCV targets?™**"*%%,

HSC machinery processes three structural HCV
proteins (core, E1 and E2), an ion channel protein (p7)
and six non-structural proteins (NS) (NS2, NS3A, NS4A,
NS4B, NS5A and NS5B)!**Y. HCV adopts an icosahedral
structure with a lipid envelope and glycoproteins E1 and
E2 immersed in the envelope. Underneath the envelope
is the nucleocapsid, composed of multiple copies of core
forming the internal viral coat that encapsulates the
genomic RNA™®? (Figure 9).

E1l and E2 are responsible for receptor binding and
HCV entry into hepatocytes. Among the receptors for
HCV, CD8L1 is probably the best characterized; low-
density lipoprotein receptor (LDLR), scavenger receptor
class B type I (SR-B1), human scavenger receptor,
and glycosaminoglycans may also act as receptors for
HCV!'**%] After binding to its receptor, HCV endocytosis
is activated, leading to the uptake of HCV particles
across the cell plasma membrane™", After endocytosis,
nucleocapsids are deposited into the cytoplasm via a
low pH dependent mechanism; then, the nucleocapsids
are uncoated, and their RNA is released™"**? (Figure 9).

Genomic RNA translation is mediated by an internal
ribosome entry site (IRES) binding to the ribosome;
then, the HCV polyprotein is produced in the rough
endoplasmic reticulum (RER) membrane, and after
that, viral proteins remain associated with intracellular
membranes and gave rise to a seemingly ER-derived
membranous web where NS proteins form the replication
complex (RC)"*'%4, Within the RC, the positive-stranded
RNA genome is used as a template for synthesis of
negative-stranded RNA, which in turn serves as a
template for new positive-stranded synthesis. New viral
RNA is encapsulated within multiple copies of the core to
form the nucleocapsid, and then, it acquires envelope;
HCV virions are exported out the cell ready to infect

Raishidenge ~ WJG | www.wjgnet.com

Hernandez-Aquino E et a/. Naringenin on liver damage

healthy hepatocytes!*” (Figure 9).

An interesting phenomenon is that HCV circulates
in the blood in the form of a lipoprotein complex called
lipoviroparticle (LVP); it has been reported that HCV
may be associated with lipoproteins such as VLDL and
low-density lipoprotein (LDL). Notably, the binding of
lipoviroparticle to receptors as LDLR or SR-B1 enables
the infectivity of HCV and its escape from the humoral
immune response!*®*'?*!, A relationship between the
virion production process and lipoproteins, cholesterol,
triglycerides and fatty acids has been suggested. HCV
assembly appears to occur on lipid droplets, and the
core protein clearly coats the surface of this organelle,
but the lipid droplet not only serves as a site for viral
assembly but also supplies lipoproteins that complex
with HCV particles™" (Figure 9).

It has been reported that HCV core protein is bound
to apolipoprotein (Apo) B-100 and, therefore, to VLDL
in HCV secreted by infected cells in the JFH1/Huh7.5.1
full viral life-cycle model. In addition, the HCV-VLDL
complex is actively secreted by the cells; moreover, the
colocalization of HCV's core and ApoB100 was found in
the cytoplasm of infected cells. Interestingly, silencing
ApoB production by a SureSilencing shRNA in the cell
downregulates HCV core protein secretion and HCV-
positive strand RNA secretion™ (Figure 9).

Naringenin was used as an ApoB100 inhibitor
because the flavonoid reduces microsomal triglyceride
transfer protein (MTP) and enzyme acyl-coenzyme A
(CoA): cholesterol acyltransferase (ACAT) activity, whose
expression is indispensable for ApoB synthesis™"*?,
The results showed that naringenin inhibits the se-
cretion of HCV core and HCV-positive stranded RNA,
as well as HCV secretion, more than ApoB10 silencing
by the SureSilencing shRNA. Nevertheless, intracellular
levels of HCV-positive strand RNA and intracellular HCV
core protein expression remained unchanged; despite
this, the ability of the secreted virus to infect cells was
strongly inhibited following naringenin treatment. This
inhibition by naringenin was mediated by a reduction
in MTP activity and by the transcriptional inhibition of
3-hydroxy-3-methylglutaryl CoA reductase (HMGCR)
and acyl-coenzyme A: Cholesterol acyltransferase
(ACAT2)™ (Figure 9).

Inhibition of HCV secretion by naringenin is mediated
by a reduction in ApoB100 synthesis because naringenin
regulates proteins related with ApoB. Normally, cholesterol
is synthetized in an HMGCR-dependent pathway which is
the rate-limiting enzyme for cholesterol synthesis; then,
cholesterol is converted to cholesteryl esters (CEs) by
ACAT. CEs are very important to VLDL and LDL assembly.
Another important element to VLDL and LDL assembly
is MTP, which plays a key role in ApoB100 secretion by
catalyzing the transfer of lipids to the nascent ApoB100;
if ApoB-MTP binding is inhibited, ApoB is predicted to
undergo degradation™"’,

Naringenin improves metabolic imbalance by reducing
the activity and mRNA levels of HMGCR, which explains
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Figure 9 Antiviral properties of naringenin. The Hepatitis C virus (HCV) genome consists of a positive-sense single-stranded RNA. HCV adopts an icosahedral
structure with a lipid envelope and glycoproteins E1 and E2 immersed in the envelope. Undemeath the envelope is the nucleocapsid, which is composed of multiple
copies of core forming the internal viral coat that encapsulates the genomic RNA. HCV may be associated with lipoproteins such as very-low density lipoprotein (VLDL),
forming a lipoprotein complex called lipoviroparticle. Binding of lipoviroparticle to very-low density lipoprotein receptor (VLDLR) results in virus endocytosis; after that,
nucleocapsids are deposited into the cytoplasm. Then, nucleocapsids are uncoated, and the RNA is released. The genomic RNA is translated to the endoplasmic
reticulum when HCV polyprotein is produced. The positive-stranded RNA genome is used as a template for synthesis of negative-stranded RNA; this new viral RNA is
encapsulated within multiple copies of the core to form the nucleocapsid, and then, it acquires envelope and HCV virions, which are exported out of the cell in a Golgi-
dependent manner. Naringenin inhibits the secretion and assembly of HCV through regulating lipid metabolism via 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR),
and acyl-coenzyme A: cholesterol acyltransferase (ACAT) inhibition. Cholesterol is synthetized in an HMGCR-dependent pathway; it is the rate limiting enzyme for
cholesterol synthesis, and then, cholesterol is converted to cholesteryl esters (CEs) by ACAT. CEs are very important to VLDL assembly. In addition, microsomal
triglyceride transfer protein (MTP) catalyzes the transfer of lipids to the apolipoprotein (Apo) B-100 ApoB100; if the ApoB-MTP binding is inhibited, VLDL assembly
in inhibited. Reduction in the bioavailability of CEs, triglycerides and cholesterol by naringenin reduces MTP activity and apoB-MTP binding. In addition, naringenin
decreased intracellular triglycerides through peroxisome proliferator activated receptor alpha (PPARa), a regulator of lipid metabolism. Through these mechanisms,
naringenin leads to a reduction in VLDL assembly and to the inhibition of ApoB-dependent HCV secretion. Additionally, naringenin inhibits viral NS5A protein, a
multifunctional HCV nonstructural protein. Furthermore, naringenin could be an NS2 protease and core protein inhibitor.

the finding that the flavanone can decrease hepatic
cholesterol. In addition, naringenin possesses the ability
to reduce the CE mass and cholesterol esterification
by decreasing ACAT1 and ACAT2 activity™!***%¢,
The mRNA levels of MTP are significantly reduced by
naringenin; therefore, ApoB-MTP binding is inhibited, and
consequently, ApoB is degraded. In addition, although
ApoB mRNA levels are not affected by naringenin, the
protein does not accumulate in hepatocytes, suggesting
that naringenin promotes the degradation of ApoB.
Thereby, the reduction in the bioavailability of CEs,
triglycerides and cholesterol by naringenin reduces
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MTP activity and ApoB-MTP binding, leading to ApoB
degradation™"**”?*! (Figure 9). This seems to be the
primary mechanism by which naringenin blocks ApoB
secretion and VLDL and LDL assembly and, therefore,
the inhibition of ApoB-dependent HCV secretion.

In addition, the same group™ reported that
naringenin treatment did not lead to the intracellular
accumulation of infectious HCV particles compared with
brefeldin A (BFA), a toxin known to disrupt HCV mature
Golgi-dependent export; hence, naringenin blocks the
assembly of HCV prior to viral egress. The inhibition of
MTP and BFA treatment in JFH1-infected Huh7.5.1 cells
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blocks the accumulation of intracellular infectious HCV
particles, indicating that MTP activity is essential for HCV
assembly. Treatment of JFH1-infected Huh7.5.1 cells
with naringenin (MTP inhibitor) and BFA decreased the
accumulation of infectious particles, suggesting that the
flavonoid inhibits the assembly of HCV LVP?*! (Figure 9).

MTP inhibition can lead to lipid accumulation and
steatosis; however, treatment with naringenin decreased
intracellular triglycerides, and this was mediated by
activation of peroxisome proliferator-activated receptor
alpha (PPARa), a regulator of lipid metabolism.
Naringenin and WY14643 (a classical PPARo agonist)
were compared to reduce ApoB and virus production
in the HCV model. The results showed that both the
flavonoid and the PPARa agonist caused a significant
inhibition of MTP activity and ApoB secretion, as well
as a significant inhibition of HCV RNA secretion without
affecting the intracellular levels of the HCV core protein.
In addition, the treatment with naringenin led to a rapid
1.4 log reduction in secreted HCV in cell culture, but this
effect was reversible by PPARc, inhibitor treatment®®*,
In summary, naringenin inhibits the assembly and long-
term production of infectious HCV particles through a
PPARa-mediated mechanism that includes the inhibition
of MTP and the inhibition of lipid accumulation (Figure 9).

Interestingly, Khachatoorian et al** compared the
antiviral effects of naringenin, quercetin and catechin.
The evidence demonstrated that in an HCV system,
naringenin significantly reduced intracellular viral
protein translation as well as viral protein production
during one viral life cycle; however, quercetin showed
better results, but the infectious virion secretion was
not inhibited by any flavonoid. Naringenin significantly
blocked infectious virion assembly; in this case,
naringenin was more effective than quercetin®®!.

NS5A is a multifunctional NS protein and viral RC
component; it participates in HCV genome replication,
viral protein translation, virion assembly, and viral
secretion!*"*9%2%] NS5A mRNA and protein levels
were measured, finding that naringenin reduced both
parameters. Then, in a cell culture-based bicistronic
reporter system, catechin, naringenin, and quercetin
were tested to measure levels of viral IRES-mediated
translation; all bioflavonoids significantly decreased
IRES-mediated translation, but quercetin completely
blocked NS5A-augmented IRES activity in contrast
to catechin and naringenin, which demonstrated only
mild inhibition. According to these results, quercetin
demonstrated a marked decrease in HSP70 expression
in treated cells. A slight decrease in HSP70 was seen
with naringenin and catechin treatments. The complex
of HSP70 with NS5A, NS5A-HSP70, is important for
viral protein production; therefore, the disruption of this
complex results in a marked decrease of viral protein
synthesis®***”! (Figure 9).

On the other hand, in silico studies have been
carried out to evaluate naringenin activity on the HCV
particle. Mathew et a*®® in 2014 reported a docking
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interaction study between the 3D structure of capsid
core protein of HCV-genotype 3 (G3) (Q68867) and
its subtypes 3b (Q68861) and 3g (Q68865) from
north India and naringenin. The results indicated that
the flavonoid exhibited five, seven and nine H-bond
interactions within the core protein of HCV-G3, subtypes
3b and 3g, respectively. In HCV-G3, naringenin formed
H-bonds individually with GLU69 and ASN115 and three
H-bonds, with SER103 exhibiting the highest interaction
energy (-129.636 kcal/mole). In the case of HCV-3b,
naringenin formed three H-bonds with TRP90, two
with GLN86, and one with GLY84 and TRP93, with an
interaction energy of -145.682 kcal/mole. Finally, the
flavanone binds to HCV-3g through two H-bonds with
TRP73 and GLY77 and individually with ASN85, TYR78
and TRP73 with an interaction energy of -159.483 kcal/
mole®®, These results suggest that naringenin binds
to the core protein of three important HCV genotypes
in India, especially to HCV-3 based on their interaction
energies; this ability of naringenin to bind core protein
could be involved in the inhibition of viral particle
assembly that was previously reported. Naturally, in vivo
studies are needed to confirm predictions suggested by
this docking study (Figure 9).

NS2 is a transmembrane protein of 21-23 kDa that
is not required for RNA replication but that is vital to
produce infectious viruses in vitro, and it acts as an
apoptosis inhibitor™**?%), Using a docking analysis,
it has been identified that naringenin could be an
NS2 protease inhibitor. Molecular rigid docking of
the modeled NS2 protease was performed with the
naringenin molecule. The flavanone had a binding
energy of -7.97 kcal/mol when interacting with amino
acids such as LEU9, VAL27, LEU54, ASP6, ALAS5, ILE31,
ALA30, LEU2, PHE33, ILE34, VAL44, ALA47, ALA43, and
LEU46. In addition, naringenin possesses lower binding
energy than the commercially available drugs such as
eltrombopag (-5.07 kcal/mol), ribavirin (-5.89), and
telbivudine (-6.39 kcal/mol)?® (Figure 9). Therefore,
naringenin appears to be a strong NS2 protein inhibitor
and, thus, prevents efficient HCV infection.

More in vivo and in vitro studies are needed to
further investigate the effectiveness of naringenin to
fight virus infection in the liver and to elucidate the
action(s) mechanism(s) involved in such protection.

ANTIDIABETIC EFFECT OF NARINGENIN

In addition to its antioxidant, scavenger, anti-inflammatory,
antiviral and antifibrotic properties, naringenin possesses
antidiabetic effects. It has been reported that, in diabetic
rats, the flavonoid reduced diabetic markers through
PPARy and glucose transporter type 4 (GLUT4) and
increased their gene and protein expression levels in
pancreas™®. In the liver, naringenin increased glycogen
content, decrease activities of glycogen phosphorylase
and glucose-6- phosphatase™' and ameliorated diabetes-
induced hepatotoxicity’®*>*"*), For more information see
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Nyane et af*'".

NARINGENIN SAFETY AND TOXICITY

The first study about the toxicity of naringenin was
carried out in 1996, and it was found that in a model
system of isolated rat liver nuclei, the flavonoid induced
a concentration-dependent peroxidation of nuclear
membrane lipids concurrent with DNA strand breaks®*!.
It has been reported that the flavonoid can be oxidized
to form naringenin phenoxyl radicals™® and that the
medium lethal dose (LD50) is > 5000 mg/kg"™'".
Interestingly, embryos exposed to naringenin with
hydroxyurea were significantly protected from growth
and developmental retardation, and abnormalities
induced by hydroxyurea®®. Only a few studies on the
safety, teratogenicity and toxicity of naringenin have
been published, therefore use of this flavonoid in the
clinical setting should be cautious.

CONCLUSION

Naringenin displays poor direct antioxidant properties
as a free radical scavenger; however, due to its ability
to induce the endogenous antioxidant system by upre-
gulating Nrf2, this flavanone exerts important effects to
maintain the normal redox of the cell, even in disease
conditions where free radicals are generated as a
mechanism of damage. In this scenario, throughout this
review, we have described the benefits of this flavonoid
in many types of liver damage in which oxidative stress
plays a crucial role as causative agent. Of note, the anti-
inflammatory activity of naringenin by blocking NF-
kB, affords protection or relief to liver pathologies as
inflammation is a common cause of damage. Moreover,
naringenin displays a multitarget effect to fight fibrosis
through both canonical and non-canonical TGF-B
pathways and by regulating metalloproteinase activity.
Additionally, this abundant citrus flavonoid has shown
anticancer and antiviral activities. Even though NAR
has disadvantages such as its low bioavailability, there
are pharmaceutical formulations that can solve this
problem. Given the evidence provided in this review, it is
concluded that naringenin is a useful natural product for
the treatment of many liver diseases by its antioxidant
capacity, anti-inflammatory abilities, antifibrogenic
properties, fibrolytic actions and anticancer and antiviral
properties. However, more basic and clinical studies are
needed to further support the use of this flavonoid in
humans.
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Abstract

The annual number of deaths caused by hepatitis B
virus (HBV)-related disease, including cirrhosis and
hepatocellular carcinoma (HCC), is estimated as 887000.
The reported prevalence of HBV reverse transcriptase
(RT) mutation prior to treatment is varied and the
impact of preexisting mutations on the treatment of
naive patients remains controversial, and primarily
depends on geographic factors, HBV genotypes, HBeAg
serostatus, HBV viral loads, disease progression,
intergenotypic recombination and co-infection with
HIV. Different sensitivity of detection methodology
used could also affect their prevalence results. Several
genotype-dependent HBV RT positions that can affect
the emergence of drug resistance have also been
reported. Eight mutations in RT (rtL80I, rtD134N,
rtN139K/T/H, rtY141F, rtM2041/V, rtF221Y, rtI224V,
and rtM309K) are significantly associated with HCC
progression. HBeAg-negative status, low viral load, and
genotype C infection are significantly related to a higher
frequency and prevalence of preexisting RT mutations.
Preexisting mutations are most frequently found in the
A-B interdomain of RT which overlaps with the HBsAg
“a"” determinant region, mutations of which can lead
to simultaneous viral immune escape. In conclusion,
the presence of baseline RT mutations can affect drug
treatment outcomes and disease progression in HBV-
infected populations via modulation of viral fitness and
host-immune responses.

Key words: Polymerase; Hepatocellular carcinoma;
Reverse transcriptase; Preexisting mutations; Hepatitis
B virus
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Core tip: The prevalence of preexisting reverse tran-
scriptase (RT) mutations in treatment-naive patients
largely depends on geographic factors, HBV genotypes,
HBeAg serostatus, hepatitis B virus (HBV) viral loads,
disease progression, intergenotypic recombination, co-
infection with HIV and the method used for detecting
the mutation. Genotype-dependent polymorphic amino
acid substitutions in RT may affect the emergence of
drug resistance, and genotype C exhibits relatively
elevated spontaneous RT mutation rates. HBeAg-
negative status and low viral loads are significantly
associated with a higher frequency and prevalence of
HBV preexisting RT mutations. Preexisting mutations
are most frequently found in the A-B interdomain of
RT, mutations of which can lead to simultaneous viral
immune escape.

Choi YM, Lee SY, Kim BJ. Naturally occurring hepatitis B virus
reverse transcriptase mutations related to potential antiviral drug
resistance and liver disease progression. World J Gastroenterol
2018; 24(16): 1708-1724 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v24/i116/1708.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.116.1708

INTRODUCTION

Although an effective and safe vaccine against hepatitis
B virus (HBV) has been available since 1982"!, app-
roximately 257 million people are chronic carriers of
the virus. The annual nhumber of deaths caused by HBV
related diseases, including cirrhosis and hepatocellular
carcinoma (HCC), was estimated as 887000 in 2015
(WHO, 2017)%.

Reverse transcriptase (RT) conducts the major enzy-
matic activity required for viral replication. Nucleos(t)ide
analogs (NAs) such as lamivudine!®, adefovir dipivoxil™,
entecavir™®, telbivudine'®, and tenofovir'”?, for treatment
of HBV infection, mainly target RT and function as
reverse transcriptase inhibitors by mimicking natural
nucleosides and integrating within the DNA molecules
to interfere with viral replication®®®. However, due to
the lack of proof reading ability of RT, the error rate
for viral genome replication is as high as 107 per
nucleotide, which is 10-fold greater than that of other
DNA viruses™, resulting in the emergence of antiviral-
drug resistance mutations''**. These NA-resistant (NAr)
mutants are the greatest challenge for treatment of
HBV because they change the conformational structure
of RT and lower the effectiveness of NAs by impeding
their binding™®. In addition, RT partially overlaps with
HBV surface antigen (HBsAg) and RT mutation may
simultaneously generate HBsAg mutations, which can
alter the antigenicity, immune recognition, replication
capacity, and virulence of HBV!'"*?,

The reported prevalence of preexisting HBV po-
lymerase RT mutations is varied and the impact of
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preexisting RT mutations on treatment-naive patients
remains controversial. In addition, the relationship
between preexisting RT mutations and advanced liver
diseases, such as cirrhosis and HCC, has not been
fully investigated™. Therefore, this review focuses
primarily on factors affecting the prevalence and types
of preexisting RT mutations in treatment-naive patients
and the relationship between these mutations and
disease progression.

DISTRIBUTION OF PREEXISTING HBV
NAR MUTATIONS IN SAMPLES FROM
TREATMENT-NAIVE PATIENTS

Liu et al*" identified pre-existing HBV RT mutations in
42 potential NAr RT positions from 192 treatment-naive
Chinese patients and arranged them into following four
mutation categories: primary drug resistance (Category
1); secondary/compensatory mutation (Category 2);
putative NAr (Category 3); and pretreatment (Category
4) (Table 1). To understand the global prevalence of
these 42 naturally occurring NAr resistance mutations of
RT, we reviewed a total of 50 previous studies™****®! and
collated their results (Figure 1). These include 32 articles
published from institutions based in Asia (12 published
from China, four from Iran, four from Turkey, four from
India, three from Japan, two from Taiwan, and one each
from Korea, Jordan, and Indonesia), 11 articles published
from institutions based in Europe (six from Italy, two
from Germany, and one each from Austria, Ireland,
and Spain), four articles published from institutions
based in North America (three from United States
and one from Canada), two articles published from
institutions based in South America (both from Brazil),
and one article published from an institution in South
Africa (Supplementary Table 1). Among the 50 studies,
36!!1#202132:3860631 | sad direct PCR sequencing methods,
1122285986681 ;e the INNO-LIPA line assay, and 3%
detected RT mutations by ultra-deep pyrosequencing
(UDPS) Seventeen articles[ZI,26,27,30,31,34,35,37-39,42,43,46-48,53,58]
included treatment-naive patients infected with
genotypes B and C, one study™” with genotypes
A and D, eleven Studies[22,28,29,36,50,51,55,56,60,63,68] Wlth
genotype D, one study™ with genotype C, and fifteen
Studies[ZO,23-25,40,41,44,45,52,54,57,61,64,65,67] Wlth more than three
genotypes (e.g., A, C, and D or A, B, C, and D). In five
studies, genotypes of patients were not mentioned. Our
literature-based study demonstrated that preexisting RT
mutations were also found in treatment-naive patients
at 40 of 42 preciously identified NAr RT positions, the
two exceptions were rtF242A, a pretreatment mutation
and rtF166L, a lamivudine (LMV)-associated putative
mutation. The distribution and overall incidence of RT
mutations is presented in Figures 1 and 2.

Primary drug resistance mutations are amino acid
changes that cause direct NA resistance by decreasing
viral susceptibility to NAs®*”", Mutated RT positions
known to induce primary drug resistance are rt169,

April 28,2018 | Volume 24 | Issue 16 |



Choi YM et al. Preexisting HBV RT mutations

*IIAOJOUR ], NI, ‘QUIPNATWET (AN QUIPNAI][3],

3p7 “aeddiuy ALH ‘xoAldip naojepy (AQV parpmis a1am uordar [y ayy ut suonisod g ‘[rereaQ “(H/M6LIN) ¥ Pue (O/H/A6EIN) € Sa10391D) Yioq Ut pareys st 6ETRY |,,[v 19 SUBX PUe /v Jo IUIUIRDOT * 11 42 DI “y, 10 32
uop[eys ut paytodar “BysgH ut saduey), pauiguod A[rejuswiodxe 10U 1nq 9dUeIsIsaI VN 0} JUeAS[RI suonenu juswiearaid pue sanem, ‘erep drd&jousyd yam (Lrepuodes pue Arewrid) suoneynw souelsIsar N UMOWY [[PM,

vered
[s'6¢°ce1T] BII0Y YINOg “euryd) 'd SysgH ur a8ueyd oN AVTT
[8e'pa'8e’ee] BuIyD ‘eISaUOpU] ‘eIpu] ‘eaIoy YInos 04’V N6€IOS-H ‘dIELLS-L ‘NIELLS- H/M6EIN
[8s'8¢"¢¢"1T] BISOUOPU] “BaI0Y YINOS ‘BUN D an‘g N/S9zTIs N/davera
[8g'ee’1e] BIION Y3NOG “BuryD X N/A/H¥CIX
[sseel Bumy ‘edaI0y YInos o'‘d M0gOsM MSEL ‘VSEL Ausunjesanard
[sg's¢'1T] eIsauopuy “euryd X! AT 'ANT 9952D/S
[8e'6cee el BUTD) “edI0Y INog X! AQV V/N HSHCA ‘1L/S/A8¢eN ‘Higed
[6£'84'85"0%8¢ Tl AuewIds “ed103] YNos ‘euny) ‘erpu] ‘Afe) ‘erssuopug an'v AQV AEETL
[8c1'8e#5l erpu ‘eunyd an‘g ANT 10¢2ds-A “11eeOs-A 462¢1
[se'cree] BUTD) “edI0Y IN0g X AT M/A/D6TCT
[ss'ev'ec’1e] BunyD) ‘B2I0Y YINog anav AQV L/101zgss-a ALced ‘dsted 41T
[ge-e51¢'6€0¢] Ao, “erpuy “Are3] “euryd anav AQV ‘ANT S/d/H/451¢O
[eg'es"ee 0] ‘eunyD) ‘ATey] ‘910 ynos an’d AQV APOTSS-L VPITA
[8e'cv 07 '6¢] eIpuj “eurny) an‘a’v ALH‘ANT 1€12S
[es'6cze ] Arey] “euryD ‘Auewion an‘av AN IS6TIAS ‘dols 66TMS 1£0TA
[ev'ec’sa] BunyD ‘210 YINog D‘d AN AT611S A00TY
[8e'1s'6¢ cE] ATey] “euryD “ea10y yinos an'd AQV ‘ANT dois zgTms II6TA
ANT ASSLAS 19914
[8e'75'8e ce] BIPU “BUny)) “eISSUOPU] ‘€aI0Y] YINog an’d AN ASHID/AFPLAS-H “ASHIOS /L0CLdS -O q/49/0£SIM
[#¢] erpug v O/4/A6cIN
[8g'75"ea'8¢] BIpU] ‘U ‘BISaUOpU] and ANT SOTLAS-T “MSFIOS-N NSTLL ‘ISCLL
[8g'ps el eIpU] “euny) ‘ediod] Yinog an‘av AQV V8LLLS-D H/4/2921A
[8g'75"8¢ 1] eIpu] ‘ersauopuy ‘euny> an’d ANT 3ysgH ur a8ueyd ou L6l
[zzr'egee] eumy ‘810 Yinog o‘d AQV VE8S NF8A
[eel BII0Y YINog o) AT T8
[es] Arey anav AQV Lo¥ds NFSL
[8g'ee’1e] BIIOY YINOG ‘Bury) o‘d ANT NESS 2anemng
[eg'2¥'6¢ “8¢'e€0¢ £T'ST V] ersauopu] “ATe3] ‘euny) ‘ea1od] yinos ‘epeue) anav IPT'ALT ‘ANT 3ysgH ur 28ueyd ou NOSTT
[£v'6€'0¢'sT v 0T] Aqei] ‘epeue) ‘eunyd anav ANT ar9yrds TELIA
[eq'2¥8¢ ce’se vl euy ‘eIsauopuy ‘ealoy] YInos ‘Afe)] ‘epeue) anav ANT 3ysgH ur a8ueyd ou A/1081 Arepuodag
[s¥'2c'stve] sejeIg pajiup ‘euny) ‘Afe)] ‘epeue) an‘av Ald A/T1/10STN
[zv'0¢'s2] euryD D‘a ANL ‘AQV L9ETN
[e5cs’/v6¢€ ‘8€'9€-€€°0€°4T’'STFT]  AoAn] ‘s91e3g pajrun ‘ersauopu] ‘eunyD ‘ed10y yinos ‘Afe] ‘epeued @D ‘d ‘V ALH ‘ANL ‘AAV ‘LPT°ANT do15/1/S96LMS - ‘INS6TIS-A S/A/TH0CN
[6g'25°0¢" 227l ATe3] ‘uredg ‘euny) ‘epeue) an‘av AT ‘ALA 1/9/220¢s
[1gg¢l Are3] “erseuopuy and ANL ‘AQY 3ysgH ur 28ueyd ou Iv61V
[ee'zeve] BII0Y INOS ‘euryD ‘epeue) anav AWT‘ALA S/IN/1/1/D/4/D/V¥8LL
[eq'1s"sv'6€ 0e"ST ¥l se1eI5 paju ‘euny) ‘Are)] ‘epeue) and’v ANL'AQVY ‘IPTANT dois 74T ms A/LI8LV
[ecozl euny) o‘d Ald L6911 Arewrrg
PEN| uonedoq adfyousn duessisat Snuqg (SVsgH ul a3ueyd ad£) uonenw 1y uonenp

sjudned aAleu judLILI) Ul SUoISaI IyN [enudlod Z§ ul uonenw |y Sunsixaaid jo uonnquisiq | dqeL

1710 April 28,2018 | Volume 24 | Issue 16 |

WIJG | www.wjgnet.com

JRaishideng®



8,
— a
S 5.89
o
K]
5
2
= a
“ 2.96
[0}
&
3 2l
©
3 1.16
s |.@ 0.85 0.81
046 0.15 D Dozo
o [E 012 2. 0.06 0.07 0.20
R L O RO SO &
) S \ 5 \SRS
S EF LSV IT OO
A% VR QY SN
Aadie) R &
<\
©
(\a
&

Figure 1 Pooled incidence and distribution of preexisting primary and
secondary reverse transcriptase mutations compiled using data from
50 previous studies. The distribution and overall incidence of RT region is
presented; numbers indicate the pooled incidence rate of the RT mutation in a
total of 8,435 treatment-naive patients. *Pre-existing RT mutation associated
with the progression of HCC in treatment-naive patients.

rt181, rt184, rt194, rt202, rt204, rt236, and rt250.
The mutations rtA181T/V, rtM204I1, and rtM204V also
cause the simultaneous HBsAg mutations, sW172
stop, sW196S/L/Stop, and sI195M, respectively!*’’%
(Table 1). Our literature based pooled incidence data
showed that of primary drug resistance mutations,
M2041/V is the most frequently encountered in
treatment-naive patients™*?*3*! (5.89%), which was
far more than the pooled mutation rate of rtA181T/V,
rtS202C/G/1 and rtN236T (incidence: 1.16%, 0.85%
and 0.81%, respectively). Mutation of rtI169T (0.12%),
rtT184G (0.06%), rtA194T (0.07%), and rtM250V/L
(0.20%) had a very low pooled incidence (Figure
1). A systematic review by Zhang et al”*! revealed
that the global incidence of rtM2041/V/S is 4.85%.
Several other studies!**?®*"] have also reported
the frequent incidence of rtM204I1/V/S in treatment-
naive patients. For examples, Kobayashi et a/**, Lee
et al®, Tuncbilek et al*®, Fung et al*¥, and Huang
et al*” reported rtM2041/V/S mutation frequencies in
Japanese, Taiwanese, Turkish, Canadian, and Chinese
treatment-naive patients reached of 27.8%, 57%,
7.8%, 12%, and 26.9%, respectively.

Secondary, or compensatory, mutations refer to
amino acid substitutions that compensate for replication
defects caused by primary drug resistance mutations
and may reduce drug susceptibility by restoring viral
replication fitness®***7*, The mutations rtL80I/V,
rtvV173L, rtL180M are known for secondary resistance
mutations. Our literature based incidence data showed
that rtL180M had the highest natural incidence (2.96%),
which was higher than the pooled mutation rate of
rtL80I/V and V173L (incidence:0.46% and 0.15%,
respectively) (Figure 1). Similarly, Zhang et a/"”*
reported that the overall frequency of rtL180M mutation
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is 2.67%. Other studies, including Fung et al**,
Yamani et al®®, and Mirandola et a* reported that
the prevalence rates of rtL180M were 10.0%, 2.08%,
and 1.18% in Chinese, Indonesian, and Italian HBV
carriers, respectively. The rtL80I/V mutation also occurs
frequently in treatment-naive patients. Yamani et al*®,
Kim et a®¥, and Mirandola et a'* found pre-existing
rtL80I/V mutation frequencies of 1.07%, 3.82%, and
0.78%, respectively. Notably, Kim et a/*® reported
that rtL80I/V was the most frequently encountered
preexisting mutation of secondary drug resistance
mutations in South Korea (3.8%, 5/131 patients), even
higher than rtL180M frequency (2.3%, 3/131 patients).
Another compensatory RT mutation, rtV173L, was also
detected in several studies of treatment-naive patients,
where Zheng et af*”, Wang et at**, and Mirandola et a**
reported that it occurred in 0.6%, 0.56%, and 0.39% of
their patients, respectively.

RT mutations which have been identified as asso-
ciated with drug resistance, but have not been con-
firmed experimentally in vitro, are defined as putative
NA resistant mutations”>””), A total of 26 types of RT
mutations, including rtS53N, rtT54N, rtL82M, rtv84M,
rS85A, rtI91L, rtY126C, rtT128I/N, rtN139D, rtW153Q,
rtF166L, rtV191I, rtA200V, rtvV2071, rtS213T, rtV214A,
rtQ215P/S, rtL217R, rtE218D, rtF221Y, rtL229G/
V/W, rtI233V, rtP237H, rtN238D/S/T, rtY245H, and
rtS/C256G, are considered putative drug resistance
mutations (Category 3) (Table 1)®Y. Other amino acid
substitutions, which were detected before treatment,
but for which the association between their occurrence
and drug resistance has not been evaluated, are defined
as pretreatment mutations, these include rtT38A,
rtY124H, ntD134E/N, rtN139K/H, rtI224V, and rtR242A
(Category 4) (Table 1),

Recently, it has been proven through in vitro
and in vivo experiments that several putative or pre-
treatment mutations, including rtL229F, rtS13T, and
rtI233V, can also contribute to the development of
drug resistance!®’®’®!, In addition, several studies
have reported that treatment-naive patients with only
putative RT mutations, and without primary or secondary
changes, developed drug resistance since treatment
initiation™". Our literature based pooled incidence data
showed that several putative or pretreatment mutations,
including rtI91L, mutations in 6 positions of A-B
interdomain (rtY124H, rtY126C/R/H, rtT128I/N, rtD134E/
N, rtN139D/E/H/K/Q and rtW153Q/R/E), rtF221Y and
rtI224V, were encountered with high frequency from
the treatment naive patients!?®??*3#3%%1 Of these, a
RT mutation in the A-B interdomain, rtD134E/N, which
also cause a simultaneous sI126N/S mutation of the
HBsAg “a” determinant, was found to have the highest
frequency in treatment-naive patients (1.70%) (Figure
2). Of note, the following four putative or pretreatment
mutations found in treatment naive patients, tD134E/
N, rtN139D/E/H/K/Q, rtF221Y, and rtI224V, are also
reported as associated with progression of severe liver
diseases, such as HCC and cirrhosis (described below).
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Figure 2 Pooled incidence and distribution of preexisting putative and pretreatment reverse transcriptase mutations compiled using data from 50 previous
studies. The distribution and overall incidence of RT region is presented; numbers indicate the pooled incidence rate of the RT mutation in a total of 8435 treatment-
naive patients. *Pre-existing RT mutation associated with the progression of HCC in treatment-naive patients; °A-B interdomain region.

Moreover, some of these mutations also overlapped with
genotype-dependent polymorphic sites, as described in
the next section.

DISTRIBUTION OF GENOTYPE-
DEPENDENT AMINO ACID POLYMORPHIC

SITES IN TREATMENT-NAIVE PATIENTS

To date, a total of 10 HBV genotypes (A-]) and several
sub-genotypes have been identified; genotypes are
separated from each other by sequence differences
of more than 8% by phylogenetic analysis, based on
whole genome sequences®®, HBV genotypes, in
cluding genotypes A-J and the various sub-genotypes,
are associated with several distinct traits, including
geographical distribution, host ethnicity, and patho-
genicity®®. Since specific mutational patterns of muta-
tion can be restricted by structural/functional constraints
to particular genotypes, HBV genotype can influence the
evolution frequency, or types, of mutations associated
with NAr in treatment-naive patients, as described by
Liu et al*'l. Moreover, HBV genotypes can affect LAM-
resistant mutations in the YMDD motif of viral RT in
patients with chronic infections after long term drug
treatment“***®3 Two recent studies™®** reported
that genotype A favors the rtM204V mutation, while
HBV-B, C, and D select for rtM2041I at higher rates,
compared with rtM204V. Moreover, Liu et af*! identified
eight genotype-dependent AA polymorphic positions,
(i.e., rt53, 91, rt124, rt134, rt221, rt224, rt238, and
rt256) useful as signature for B- and C-genotypes with
mutations at the 42 positions associated with NAr,
and which are important for the distinction between
mutations and mere polymorphisms during genotypic
mutation analysis of samples from infected patients.
These specific, genotype-dependent AA polymorphic
positions in RT functional domains, (i.e., rt91 in domain
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A, rt238 in domain D and rt256 in domain E) affect drug
treatment outcomes®®"®, Liu et al*"! also showed that
rtL91 and rtI91 were generally favored by genotypes B
and C, respectively, and that rtS256 was prevalent in
both genotypes, with rtC256 more common in genotype
C than in genotype B. rtL91 and rtC256 were also more
closely correlated with failure of extended LMV therapy,
compared with other polymorphisms (rtI91and rtS256)
leading to the suggestion that they may represent
potential pretreatment markers®®,

Mirandola et a/®¥ further extended the eight
genotype dependent polymorphic-sites suggested by Liu
et al”"! into a total of 27 polymorphic-sites potentially
affecting treatment, via sequence analysis of 200
treatment-naive chronically infected patients from north-
east Italy, infected with the six HBV genotypes; A, B,
C, D, E, and F. In this study, substitutions at residues
rt53, rt54, and rt91 of the 27 genotype-dependent
polymorphic sites were the most frequent single AA
substitutions, and HBV-DNA levels of patients with
these mutations were significantly lower than those
of patients with no mutations, suggesting that these
changes contributed to reducing viral fitness during
infections. The authors also found that patients with
multiple mutations were mainly infected with genotype D,
rather than other genotypes (A, B, C, E, or F), strongly
supporting previous results indicating that HBV-D may
have the highest genetic variability among all HBV-
genotypes®™.

Yamani et a/®® demonstrated that the distribution
of primary and secondary drug resistance mutations
was not significantly different between genotypes B
and C; however, significant differences were identified
in some genotype-dependent polymorphic sites. For
example, rtL91I and rtY221F were more common in
genotype C, compared to genotype B (P < 0.001) (Table
2). Moreover, some genotype dependent mutations,
such as rtM129L, rtD134N, rtM145L, and rtE263H/D/Q,
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RT position Drug resistance Mutations in RT region of four genotypes' Polymorphism Ref.
A B C D
38 T (4.4)* T (14.0)* A/T/T/A [83]
53 LMV D/T (1.8)* I/N/S/N [21]
54 ADV N (2.2)° T/T/T/H [83]
84 1(0.5) \ [127]
1(1.5) [21]
85 T (0.6)° S [127]
91 LMV 1(20.0)* L (23.5)° 1(16.7)* I/L/1/L [83]
I(14.3) [44]
103 1(100)° 1(1.67)° \ [40]
122 H (47.0 H (6.66)° F [40]
L/V/1(25.0)° [44]
124 H (2.2)° H (20.0)° H (11.8)° N/N/Y/H [83]
H (3.6)° H (6.6)° [21]
D (5.5)°

126 H (6.7)" R (23.7)* Y/H/H/H [83]
R (17.9)* [44]
Y (1.4)" Q (0.5 [83]
128 LMV N (2.2)° N (1.4)* I (1.4) T [83]
1(1.9) [38]
129 L (60.0)* L (21.4) M [44]
L (1.9) L (26.2) [38]
L (100.0* L (9.0 L (3.3) [40]

134 N (40.5)* D/N/D/D [38,54]

E (23.1)° E (5.0)° [21,54]
1/S (1.8) E(5.8)° [21]
139 LMV K (3.7) K (11.9) Q/N/N/N [38]
K (2.3) [83]
K (1.5)° [21]
145 L (3.7) L (40.5) M [83]
153 LMV Q (100)* W/R/R/R [40]
191 LMV V (8.3) V/1/1/V [39]
I (4.6)° F (7.7 [54]
200 LMV V(2.2 A [83]
207 LMV M (6.0)° L (2.3)° \ [26]
1(5.9’ [83]
I/L/G (2.1) [39]
214 LMV/ADV A (597 A (23) v [83]
A (0.5 (0.5)° 1(0.6)° A (0.8)°E (0.7 [127]
215 ADV E (7.7) H (5.0)*S (5.0)* Q [54]
H (0.9) H (3.0)*S (4.3) [127]
P (2.8)* S (4.2) [83]
217 L (6.7)* R (0.9) R/L/L/L [83]
221 ADV F (40.5)° Y/Y//F/F [38]
Y (5.1)° [83]
226 H/T (33.3) H/T (2.4)° N [38]
237 T (6.4)° P [127]
238 LMV, ETV H(1.0)* W(1.0)> Q39 T (8.7)° H (2.3) N/H/N/N [127]
Q (1.82)° S (2.19)° T (0.73) [21]
T (3.87)° [39]
D (22)°T (2.2 D (1.4) [83]
245 H (1.4)° Y [83]
248 ADV H (7.4) H (4.8)° N [38]
256 LMV G (40.0 G (10.7) S/S/S/C [44]
G (20.0) G377 [83]
G (5.45) [21]
G @377 [26]

A total of 29 reported genotype-dependent amino acid polymorphic sites in the RT region in treatment-naive patients are shown. The first column contains
the RT positions and the second column details the relationship between mutations and drug resistance. Column three to six indicate the prevalence of
each mutation as percentages, according genotype. Consensus amino acids are presented in column seven. 'Incidence (%) of mutations in the RT region;
*Putative mutation; *Pretreatment mutation; *“Novel mutation. ADV: Adefovir dipivoxil; ETV: Entecavir; Ldt: Telbivudine; LMV: Lamivudine; TNF:
Tenofovir.

were more frequent in in genotype C than genotype
B viruses (P < 0.001). Notably, rtN226H/T was the

only pretreatment mutation, which is more common in
genotype B than genotype C (P < 0.001). Singla et af**!
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Table 3 Positive relationships between HBeAg negative serostatus and preexisting reverse transcriptase mutation frequency in the

treatment- naive patients

HBeAg-positive HBeAg-negative HBV genotype (%) Location Ref.

Mutations' HBV-DNA® Mutations' HBV-DNA®
3/14 (21.4) 7.8 11/14 (78.6) 5.7 B,C E California [26]
6/24 (25.0) 5.5 18/24 (75.0) 3.9 B, C, B-C China [27]
0/4 (0.0 7.2 4/4 (100.0) 47 A,B,CD,F California [45]
3/6 (50.0) 8.0 3/6 (50.0) 32 D Turkey [36]
8/12 (67.0) 7.9 4/12 (33.0) 6.9 NA Taiwan, China [35]
27/43 (62.8) 5.7 16/43 (37.2) 47 B,C China [46]
8/13 (61.5) 6.3 5/13 (38.5) 54 B,C China [47]
0/5 (0.0) NA 5/5 (100.0) NA NA Japan [34]
0/4 (0.0 NA 4/4 (100.0) NA NA Japan [88]

'Number of patients with RT mutation (%); "HBV-DNA level (logio IU/mL).

also showed that rtL91I and rtM129L are more common
in samples from genotype C, than genotype D, infected
patients. Overall, these findings indicate that distribution
of genotype dependent polymorphic sites in treatment-
naive patients could affect drug treatment outcomes via
modulation of viral fitness or replication. The distribution
of the 29 genotype-dependent polymorphic-sites in
the HBV RT region among treatment naive patients
identified in other reports is summarized in Table 2.

GENOTYPE DISTRIBUTION OF PRIMARY
RT MUTATIONS IN TREATMENT-NAIVE
PATIENTS

Mirandola et a/®® identified the different genotype
different distributions of antiviral drug resistant RT muta-
tions using INNO LiPA line probe analysis of samples
from treatment-naive patients; RT mutations were
detected in 13 (5%) of 255 HBV infected patients.
Of these, 10 patients had mutations associated with
primary resistance or reduced sensitivity, including three
cases with a YMDD mutation (rtM204V), three with
the mutation, tM250L/V, which is associated with ETV
resistance, and four with the mutation rtI233V, which
is associated with reduced sensitivity to ADV. Notably
all the three patients with the rtM204V mutation also
had coexisting L180M compensatory mutations, and all
were infected with HBV-C genotype viruses, suggesting
that naturally occurring LMV-resistant HBV may be
more frequent in patients infected with genotype C
virus. This hypothesis is strongly supported by the
recent report of Kim et al**® of the high frequency of the
YMDD mutation, (rtM204V/I) (6.87%, 9/131 patients),
in Korean treatment-naive patients with HBV genotype
C2 infections. Wang et a/”® also reported that RT
mutations were only found in genotype C treatment-
naive patients; however, no primary or secondary
RT mutations were found in genotype B patients. In
addition, a systemic meta-analysis review by Zhang
et al”? showed that rtM204V/I had the highest incidence
of 4.89% (95%CI: 4.13%-5.65%) among primary and
secondary RT mutations. These authors also found, via
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the subgroup analysis by genotype, that HBV genotype
C had a tendency of toward a higher spontaneous
YMDD mutation frequency (19.32%) than genotype B
(15.01%) or D (14.79%). The increased spontaneous
mutations in the viral genome of HBV genotype C could
translate to a higher risk of primary NA resistance in
HBV endemic areas, where genotype C infections are
prevalent, including China and South Korea.

CLINICAL FACTORS (HBEAG
SEROSTATUS AND HBV VIRAL LOADS)
AFFECTING INCIDENCE OF PREEXISTING
RT MUTATIONS IN TREATMENT-NATIVE
PATIENTS

The majority of studies have consistently reported
a significant association between the prevalence
of preexisting RT mutations and lower HBV DNA
loads, or HBeAg-negative status, in treatment-naive
patients!?%3+34>47.881 (Tapa 3), Vutien et al* reported
that treatment-naive patients with HBeAg-negative
status had higher RT mutation frequencies (78.57%),
compared with HBeAg-positive patients (21.42%).
These authors also showed that HBeAg-negative
patients had significantly lower HBV DNA viral loads
compared with HBeAg-positive patients (5.65 log:o IU/
mL vs 7.82 logio IU/mL, respectively). Zhao et al*” also
reported similar results showing that 75% of patients
with RT mutations were HBeAg-negative and had lower
HBV DNA levels (3.92 logio IU/mL) whereas 25% of
patients with RT mutations were HBeAg-positive with
higher HBV DNA loads (5.54 logiwo IU/mL). Similarly,
Zhu et al® found that Chinese patients with chronic
HBV carrying preexisting RT mutations had significantly
decreased serum baseline HBV DNA loads (P = 0.0363)
and blood platelet counts (P = 0.0181) compared with
those without RT mutations.

Several other studies™**>*® also found RT mutations
only in HBeAg-negative patients, and the patients were
also more likely to have decreased HBV DNA levels
compared with those who were HBeAg-positive™,
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Kobayashi et a/®* reported that all asymptomatic

HBV carriers with YMDD mutation were HBeAg-
negative and eAb-positive, suggesting that sustained
host immune pressure may be a major force driving
potential NAr mutations. Zhang et al’* also reported
a systemic meta-analysis finding that patients with
chronic hepatitis B (CHB) and genotype C infections,
who were male and HBeAg-negative tended to have
higher spontaneous mutation rates in subgroup
analysis. Xu et al*® reported no significant correlation
between pre-existing mutations and the majority of
clinical factors including gender, age, HBV genotype,
ALT, HBeAg, and HBV DNA loads, in a Chinese
population; however, subgroup analysis indicated that
pre-existing mutations were strongly associated with
lower HBV DNA levels in HBeAg sero-negative, but not
HBeAg sero-positive, patients (HBeAg+ vs HBeAg-:
5.74 logiw IU/mL vs 4.72 log:wo IU/mL, P = 0.0112).
These findings suggest that preexisting RT mutations
might lead to lower HBV viral loads in treatment-naive
patients with HBeAg-negative serostatus. Several other
studies have reported similar positive associations
between the frequency of pre-existing RT mutations
and decreased HBV viral loads?®>*®,

Taken together, there appears to be a clear causal
link between preexisting RT mutations and HBeAg-
negative status, decreased HBV DNA load, or liver
disease progression. This may be because mutations
in the RT active domain, could impair enzyme activity,
particularly at the HBeAg negative immune clearance
stage, thus decreasing the efficacy of virus replication
and, resulting in liver disease progression and poor
treatment outcomes!”#>%%%,

GENOTYPE DISTRIBUTION AND
GEOGRAPHICAL FACTOR AFFECTING
THE INCIDENCE OF PREEXISTING RT
MUTATIONS

Reports of the incidence of preexisting RT mutations
in treatment-naive patients are highly variable,
ranging from 0% to 57%?>?%?832354892931 Thig huge
discrepancy among studies may be due to differences
in factors such as the geographical or ethnic
backgrounds of studied patients, sample size, and
viral genotype®”’. A number of studies have reported
prevalence rate of preexisting RT mutations (primary
and secondary RT mutations) of more than 5% in
treatment-naive patients (Table 4). Fung et a/** found
a higher rate of baseline RT mutations (12% M2041/V,
10% L180M) by using the INNO-LIPA v.3 assay. In this
study, many patients, most of whom were infected with
genotype D, carried rtL180M, rtM204V/1, and rtL80V/I
mutations. In addition, Nishijima et a/l®* identified
a high mutation rate (35.7%) in 14 treatment-
naive patients in Japan, using UDPS. Also, a recent
study using direct sequencing™ of samples from
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131 treatment-naive patients infected with genotype
C2 reported an overall rate of 12.98% for primary
(rtT184A/C/F and rtM2041/V) or compensatory (rtL80I
and rtL180M) mutations. According to a systemic
meta-analysis review conducted by Zhang et a’*, the
overall prevalence of spontaneous mutations among
treatment-naive patients worldwide was 5.73%. The
highest pooled prevalence (8.00%) was identified in
samples from China, followed by Japan, Turkey, Korea,
South America, and Europe at 6.62%, 6.43%, 5.72%,
3.89%, and 2.53%, respectively. Another study of 325
genotype D infected treatment-naive patients using
direct PCR sequencing™ reported overall incidence of
15.69% for primary and secondary drug resistance
mutations, including L80V/I, L180M, M2041/V, and
S213T/N.

In contrast, several studies have reported prevalence
rates of less than 5 % for pre-existing RT mutations
(primary and secondary RT mutations) in treatment-
naive patients (Table 4). For example, using direct
sequencing of samples from treatment-naive patients
from the United States, Nguyen et a/*! demonstrated
that only four (0.9%) of 472 patients were infected
with viruses with primary and secondary mutations
(rtA181A/S, rtA194S, and rtM250I). Similarly, Zollner
et al® screened a total of 96 patients infected with
HBV genotypes A and D (52.08% and 47.92%,
respectively) using a direct sequencing assay, but found
no primary or secondary resistance mutations. Another
study by Salpini et al®"! using the direct sequencing
method reported that, of 140 treatment-naive patients
infected with genotype D, only 1.4% had primary drug
resistance mutations, while 2.1% carried secondary
mutations.

Overall, preexisting RT mutation prevalence
clearly reflects the geographical distribution of HBV
infection. For example, China is an area with high
levels of endemic area of HBV infection (8%, according
to a national survey in 2006) and also has higher
prevalence of pre-existing RT mutations”?.. Meanwhile,
in Europe, which has low levels of endemic HBV
infection (approximately 2%), there is a low incidence
of spontaneous mutations (2.53%)", Since the HBV
geographic distribution has also a close relationship
with the genotype distribution, the majority of countries
in Asia with prevalent genotype B and C infections
have high rates of spontaneous RT mutation (=
5%)[?733333%47.73] \whereas countries in Europe, where
genotype A and D infections are dominant, tended to
have low incidences (< 5%)P***4,

HBV INTERGENOTYPIC RECOMBINATION
AND COINFECTION WITH HIV
AFFECTING THE INCIDENCE OF
PREEXISTING RT MUTATIONS

HBV intergenotypic recombination between different
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Table 5 Relationship of preexisting reverse transcriptase mutations with disease severity

Type of mutation in RT Chang in HBsAg Genotype Location Disease progression P value Ref.
rtL80 NC C South Korea HCC 0.036 [33]
rtD134N* sI1265/N B,C HCC 0.007 [114]
rtN139K/T/H* sT131N/P C South Korea HCC 0.008 [33]
rtY141F° sM307T Ce Taiwan HCC 0.029 [37]
rtM2041/ V' sW196L/S/W C South Korea HCC 0.021 [33]
rtF221Y? NA B,C,D HCC, poor survival rate 0.028/0.004 [20,115]
rti224V* NC C HCC 0.005 [116]
rtM309K° NA C HCC 0.007 [116]

HBYV polymerase RT mutation; 1Primary; 2Seconclary; *Putative; ‘Pretreatment; "Novel RT mutation. HCC: Hepatocellular carcinoma; NA: Not available;

NC: Not changed; RT: Reverse transcriptase.

whereas detected in 10 out of 20 treatment-naive
HBV/HIV-coinfected patients. In contrast, a multi-
national study of HIV/HBV-coinfected individuals
carried out by Thio et a/** demonstrated that no
subject had preexisting RT mutations in the majority
population of the quasispecies, suggesting no need
for HBV drug-resistance testing prior to starting anti-
HBV therapy in HIV-HBV co-infected individuals. It is
also supported by a recent study of Ghana patients
conducted by Archampong et a/'*'l, Taken together,
geographical factors and HBV genotypes could
have effects on the preexisting HBV RT mutation in
treatment-naive HBV/HIV-coinfected patients.

DIFFERENT SENSITIVITY OF DETECTION
METHODOLOGY USED CAN AFFECT
THE REPORTED PREVALENCE OF
PREEXISTING RT MUTATIONS:
LIMITATION OF THE STUDIES IN
PREEXISTING RT MUTATIONS

The detection methods used can also have a profound
effect on the reported incidence results of preexisting
RT mutations. The majority of studies have used
direct sequencing methods, which can lead to the
underestimation of preexisting RT mutations, due to the
relative low sensitivity of these assays. Wang et a/*”’
reported that the sensitivity of direct sequencing-based
protocols declined when circulating viral subspecies (AA
substitutions) levels were at ratio below 20%-25%.
Similarly, there were several studies have reported
discordance in the incidence of pre-existing RT mutations
detected by direct sequencing and other screening
methods, such as the INNO-LiPA assay, or UDPS. For
example, Margeridon-Thermet et a/** reported that
direct sequencing found an average of 5.9 mutations
per sample, while UDPS identified an additional 4.6
mutations per sample, which could not be detected by
direct sequencing. In that study, two of 17 treatment-
naive patients had mutations which were detected only
by UDPS, but not by direct sequencing; one rtM2041
mutation with (1.3% mutant ratio) and the other an
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rtA181T mutation (1.0% ratio). Similarly, Aberle et af*®!
also compared the detection efficacies for preexisting
RT mutations between the INNO-LiPA assay and direct
sequencing. The former identified additional mutations
in 8 (14%) of 56 patient samples, which could not
be detected using the latter method, indicating the
superiority of the former over the latter for RT mutation
detection. Overall, these data demonstrate that the
method used for detecting the mutations can affect the
prevalence estimates of preexisting RT mutations in
treatment-naive patients, which may cause discrepancies
among the results of different studies.

PREEXISTING RT MUTATIONS ARE
RELATED TO THE PROGRESSION OF
LIVER DISEASES

Although the clear association between preexisting RT
mutations and advanced liver disease has not been fully
investigated, several types of HBV mutations in RT have
previously been reported as related to the progression of
liver diseases, such as cirrhosis and HCC (Table 5). Kim
et a** compared types and frequencies of pre-existing
RT mutations between CHB and HCC treatment-naive
patients. These authors found a significantly higher
rate of RT mutations in HCC patients than in those with
chronic hepatitis (3.17% vs 2.09%, P = 0.003) and
also identified a total of three NAr mutations (rtL80I,
rtN139K/T/H, and rtM2041/V) significantly associated
with HCC progression. RT mutations rtN139K/T/H and
rtM2041/V also cause simultaneous mutations in the
overlapped HBsAg coding sequence (sT131N/P and
sI195M, or sSW1965/L/Stop)!"*"2. Of these, the YMDD-
motif mutation (rtM2041/V) was found in 9 patients
of 131 patients (8 HCC and 1 CHB) with the other
two types of mutation, rt2041 and rt204V, in 8 and 1
patients, respectively. The other HCC-related mutation
(rtL80I) was first identified as a compensatory mutation
associated with LMV resistance!® !4, Its relationship
with clinical deterioration is also corroborated by other
reports that it was associated with increased viral loads,
accompanied by an elevation in serum aminotransferase
activity, and exacerbation of liver disease in every
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Table 6 Distribution of preexisting reverse transcriptase

mutations among reverse transcriptase domains

Mutation frequency (%)’ Pvalue®  Ref.

Domains’ A-B Non-A-B

interdomain® interdomains*
1.45 3.51 2.58 < 0.001 [38]
1.37 4.4 3.77 < 0.001 [20]
1.07 7.5 3.16 0.008 [33]
0.43 3.82 0.52 00014  [21]

"Mutation frequency was calculated as the number of mutations found in
a specific RT domain divided by the total number of sites in the domain;
*Domain including RT mutation sites; rt38, rt84, rt207, rt233, rt238, and
rt256; *A-B interdomain including RT mutations sites: rt53, rt191, rt213,
rt218, rt229, and rt242; ‘Non-A-B interdomains including RT mutation
sites: rt124, rt126, rt128, rt134, rt139, and rt153; *P-values of comparisons
of mutation frequencies between A-B interdomain and other functional
domains.

case!'®, Interestingly, Kim et al*® also showed that
rtL80I was combined with the rtM2041/V mutation in
five of nine rtM2041/V cases, and that patients with
L80I had increased HBV replication compared with
those without this mutation, suggesting that, together
with rtM2041/V, it may contribute to HCC generation
in treatment-naive patients by compensating for the
defective replication of caused by rtM2041/V.

In another study, Yin et a™**! analyzed the as-
sociation of the mutations of HBV polymerase with
postoperative survival in 92 patients with HBV-related
HCC using direct sequencing. They discovered three
nucleotide sites, one (31st nucleotide) in a spacer
region and two [529" (P = 0.007) and 1078" (P =
0.038)] in the RT region, which could be considered
independent predictors of postoperative survival in
HBV-related HCC. Of the two sites in RT related to HCC
outcomes, rtD134N (mutation G529A) was associated
with lamivudine resistance, further supporting previous
findings of potential correlation between resistance
to the anti-HBV nucleoside analog, lamivudine, and
HCC prognosis™**!, Since rtD134N also causes an
amino acid change in HBsAg (sI126N/V), it can induce
changes in the antigenic properties of HBsAg. Further
functional studies are necessary to determine whether
the rtD134N mutation can induce HCC via modulation
of RT activity or through its effects on HBV replication.

Huang et al*”! found seven viral single nucleotide
polymorphisms (SNPs) in HBV polymerase, which
enhance viral replication and liver disease progression
in HBeAg negative subjects. Of these SNPs, rtY141F
(Y487F), which is located in the RT region of HBV
polymerase was associated with increased viral load
and HCC (P = 0.0291). Moreover, rtY141F, a genotype
C-related SNP, also led to a simultaneous amino acid
change in the overlapping ‘a’ determinant region of
HBsAg (sM307T). In addition, Li et al'** and Zheng
et al®™ reported that the rtF221Y mutation was
strongly related to HCC prognosis after liver resection
(hazard ratio, 2.345; P = 0.001). Moreover, the
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rtF221Y mutation was also associated with poor overall
survival (hazard ratio, 2.557; P = 0.004), suggesting
that it is a potential independent risk factor and viral
marker for HCC. Those results were consistent with
the report of Li et al'*!, which identified the rtF221Y
mutant as an independent risk factor for recurrence
of HCC and poor overall survival (P = 0.001 and P =
0.004, respectively). Wu et al''*® also investigated
preexisting RT mutations potentially related to HCC in
Chinese patients and identified rtI224V and rtM309K
as significant risk factors for HCC (P = 0.005 and P =
0.007, respectively).

In addition, the number of RT mutations is associated
with the liver disease progression. Zhu et al® revealed
that patients with multiple RT mutant sites showed a
significantly higher rate of liver fibrosis (P = 0.0128),
suggesting a link between viral mutation and clinical
progression of chronic hepatitis, and also highlighting that
the natural accumulation of RT mutations is a process
involved in viral survival during chronic liver fibrosis.

Overall, eight mutations in the RT region, namely
rtL80I, rtD134N, rtN139K/T/H, rtY141F, rtM2041/V,
rtF221Y, rtI224V, and ntM309K, are significantly related
to liver disease progression. The majority of HCC-
related RT mutations were reported from studies of
treatment-naive patients infected with genotype C HBV.
This supports previous reports that HBV genotype C
is more likely to lead to severe and aggressive liver
disease than other HBV genotypes™'*'7**?, Of note,
association of the following three mutations, rtM204YV,
rtL80I, and rtD134N, with disease progression provides
a likely explanation for the positive relationship between
lamivudine resistance and liver disease progression.

DISTRIBUTION AND FREQUENCY
OF PREEXISTING RT MUTATIONS IN
DIFFERENT RT REGIONS

HBV RT consists of seven functional domains (G, F, A, B,
C, D, and E) and five inter-domains (F-A, A-B, B-C, C-D,
and D-E) which link the functional domains!®3*%I,
Previous studies®****® reported a higher frequency
of preexisting RT mutations in the A-B inter-domain,
compared with other regions.

Liu et al®"! revealed that all six sites in the A-B
interdomain, rt124, rt126, rt128, rt134, rt139, and
rt153, exhibit mutations (6/6, prevalence 100%),
indicating high genetic variability of this region
compared with other sites within RT domains (sites
with mutations: 6/22, 27.27%; P = 0.0014). In
this study, the mutation frequency of the A-B inter-
domain (44/1152, 3.82%) was also significantly higher
than those in other RT domains (Table 6). This result
is in line with that reported by Zheng et ai*®, who
demonstrated that A-B interdomain exhibits higher
mutation frequencies (4.3%, 5.3%, 3.6%) than those
of other RT domains (1.4%, 1.4%, 1.3%) in Chinese
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vV Modulation of viral fitness

V Effect on mutation prevalence and frequency

v Escape of host immune response

v Genotype (C > A, B, D)
v HBeAg serostatus (- > + ),
V Geographical factor
(Asia > Europe or United States)
V Disease progression
( HCC, cirrhosis > ASC, CHB)

("a"” determinant)

v Co-infection with HIV

V Pre-existing RT mutations
v Genotype-dependent polymorphic sites
V Overlapped HBsAg mutations

v Intergenotypic recombination

v Antiviral drug treatment outcomes
V Liver disease progression
(HCC or cirrhosis)

Figure 3 Schematic representation indicating the role of preexisting hepatitis B virus reverse transcriptase mutations in liver disease progression and
treatment outcomes. HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; ASC: Asymptomatic carriers; CHB: Chronic hepatitis B; HIV: Human immunodeficiency

virus.

treatment-naive patients with CHB, cirrhosis, and HCC.
Specifically, they found that there was a clear tendency
toward frequent mutations of the A-B interdomain in
patients with cirrhosis suggesting a relationship between
mutations in the A-B inter-domain and the development
of this condition.

Similarly, Yamani et a® also reported that the A-B
interdomain had the highest mutation prevalence and
frequency (3.51% =+ 2.53%) compared with functional
domains and non-A-B interdomains (1.45% £ 1.05%
and 2.58% % 0.51%, respectively) in Indonesian
treatment-naive patients (Table 6). Moreover, they
found that genotype C had substantially higher
mutations rates in the A-B interdomain than genotype
B (P < 0.001). Kim et a/®® also revealed that
mutations within the A-B interdomain were most
frequent in treatment-naive Korean patients infected
with genotype C2, compared with other domains,
with 46 of 79 patients (58.22%) with preexisting RT
mutations having changes in the A-B inter-domain.
In this study, rtD134E/N/C was the most frequently
encountered hot spot site among the six A-B inter-
domain sites and was mutated in 12/79 patients
(15.2%). The authors also showed that the mutation
frequency of A-B interdomain (59/786, 7.50%) was
higher than that of non A-B interdomain (3.16%) (Table
6). Our pooled incidence also supported the previous
notion of higher frequency of persisting RT mutations
in A-B interdomain compared with other region in RT
(Figure 2).

RT and HBsAg mutations can occur simultaneously,
due to the overlap of RT region and HBsAg gene
sequences™® ', Liu et a" reported that 14 of 18
mutated positions in RT overlapped with HBsAg, and
that RT mutations at 12 out of 14 RT positions (except
those at rt124 and rt126) also led to simultaneous
HBsAg mutations of 19 types in 16.67% (32/192)
of isolates (Figure 1). Notably, these authors also
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found that RT mutations in the A-B interdomain could
lead to simultaneous AA substitutions sI126A/N/S/,
sG130N, sT131N/P, and sG145R of the overlapped ‘a’
determinant of HBsAg, including the most frequently
described immune-escape mutation sG145R (1/192,
0.52%)™****%), Similarly, Kim et a*® demonstrated that
RT mutations at 10 of 42 NAr positions could lead to
15 types of simultaneous overlapped HBsAg mutations
in 32.06% (42/131) patients. Of interest, they also
found that the RT mutations at 3 NAr positions (rt134,
rt139, and rt153) located in the overlapped HBsAg “a”
determinant region from 22 treatment-naive patients
also had simultaneous “a” determinant mutations in
two positions, S126 and S131, in 15 patients (15/22,
68.2%) (12 patients with mutations at rt134, leading to
10 changes of AA S126, and 8 patients with mutations
at rt139, leading to 5 alterations of AA S131).

Overall, preexisting RT mutations are distributed
in @ non-random manner, and most frequently found
in the A-B interdomain, overlapped with the HBsAg
“a” determinant region, than in other domains.
Moreover, the A-B interdomain also contains the most
abundant mutations, indicating that these positions
might be preexisting mutation hotspots in treatment-
naive patients. Of six positions’ mutation in the A-B
interdomain, three RT mutations, rtD134E/N, rtN139D/
E/H/K/Q, and tW153E/Q/R, that overlap with HBsAg “a”
determinant region are hotspots found most frequently
in treatment-naive patients, which could contribute to
HBV viral persistence via generation of immune escape
“a” determinant mutants proteins. In general, A-B
interdomain mutations are prevalent in patients with
genotype C2 infections and could contribute to HBV-
associated disease, such as HCC and cirrhosis.

CONCLUSION

Preexisting HBV RT mutations in treatment-naive
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patients are related to potential drug resistance and
progression of liver disease, such as HCC or cirrhosis.
In addition, genotype-dependent polymorphic amino
acid substitution in RT can also affect the emergence of
drug resistance and treatment outcomes. The reported
prevalence of spontaneous RT mutations in treatment-
naive patients is varied, and largely depends on
geographic factors, HBV genotypes, HBeAg serostatus,
HBV viral loads, disease progression, intergenoytpic
recombination, and co-infection with HIV. Different
sensitivity of detection methodology used could also
affect their prevalence results. The INNO-LiPA assay
and UDPS method detect higher prevalence rates of
preexisting RT mutations compared with direct PCR
sequencing in treatment-naive patients. Genotype C
infection, HBeAg-negative status, and low viral loads
are significantly associated with higher frequencies
and prevalence rate of pre-existing HBV RT mutations.
Higher frequencies of preexisting RT mutations
were also generally associated with liver disease
progression, including of HCC and cirrhosis. Eight
mutations in RT region, rtL80I, rtD134N, rtN139K/T/H,
rtY141F, rtM2041/V, rtF221Y, rtI224V, and rtM309K
were significantly associated with progression of
HCC in treatment-naive patients. Of RT domains,
preexisting RT mutations occur most frequently in
the A-B interdomain which overlaps with the HBsAg
“a"” determinant region, in which mutations can lead
to simultaneous viral immune escape (Figure 3). In
conclusion, the presence of baseline preexisting RT
mutations can affect drug treatment outcomes and
disease progression in populations by modulation of
viral fitness and host-immune responses.
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Abstract

Nucleotide-binding oligomerization domain 1 (NOD1)
is an intracellular innate immune sensor for small
molecules derived from bacterial cell components. NOD1
activation by its ligands leads to robust production of
pro-inflammatory cytokines and chemokines by innate
immune cells, thereby mediating mucosal host defense
systems against microbes. Chronic gastric infection due
to Helicobacter pylori (H. pylori) causes various upper
gastrointestinal diseases, including atrophic gastritis,
peptic ulcers, and gastric cancer. It is now generally
accepted that detection of 4. pylori by NOD1 expressed
in gastric epithelial cells plays an indispensable role in
mucosal host defense systems against this organism.
Recent studies have revealed the molecular mechanism
by which NOD1 activation caused by H. pylori infection
is involved in the development of chronic gastritis and
gastric cancer. In this review, we have discussed and
summarized how sensing of 4. pylori by NOD1 mediates
the prevention of chronic gastritis and gastric cancer.

Key words: Nucleotide-binding oligomerization domain
1; Helicobacter pylori, Gastritis; Gastric cancer

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Nucleotide-binding oligomerization domain
1 (NOD1), an intracellular innate immune sensor,
plays a role in mucosal host defense systems against
Helicobacter pylori (H. pylori) infection. NOD1 activation
is involved in the generation of T helper type 1
responses against H. pylori through activation of type
I IFN signaling pathways. NOD1 activation prevents
gastric carcinogenesis through negative regulation of
caudal-related homeobox 2 expression.

April 28,2018 | Volume 24 | Issue 16 |



Minaga K ef a/. NOD1 and gastric diseases

Minaga K, Watanabe T, Kamata K, Asano N, Kudo M.
Nucleotide-binding oligomerization domain 1 and Helicobacter
pylori infection: A review. World J Gastroenterol 2018;
24(16): 1725-1733 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v24/i16/1725.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.116.1725

INTRODUCTION

Helicobacter pylori (H. pylori) is a Gram negative
bacterium that preferentially colonizes the human
gastric mucosa!*?. Infection due to this organism is
usually established during childhood™?!, which then
causes various upper gastrointestinal (GI) disorders,
including atrophic gastritis, peptic ulcers, gastric
mucosa-associated lymphoid tissue lymphoma, and
gastric cancer. Thus, it is now generally accepted that
persistent H. pylori infection in the gastric mucosa
is the highest risk factor for the development of the
aforementioned diseases™. This notion is supported by
recent studies indicating that successful eradication of H.
pylori prevents the development of gastric cancert.

Colonization of the human stomach by H. pylori
triggers innate and adaptive immune responses. As in
the cases of other microbial infections, sensing of H.
pylori by pattern recognition receptors (PRRs) expressed
in innate immune cells, such as epithelial cells (ECs)
and antigen-presenting cells (APCs), is an initial step
for eradicating this organism. Toll-like receptors (TLRs)
and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) are the prototypical PRRs and
represent the first line of defense against H. pylorit®”.
Indeed, gastric epithelial cells and APCs express
functional TLRs and lipopolysaccharide (LPS)-mediated
TLR4 activation is involved in the development of gastric
mucosal inflammatory responses™®. However, the
ability to stimulate TLRs by H. pylori-derived antigens
is much lower than that by other pathogenic bacteria.
For example, H. pylori-derived LPS and flagellin exhibit
low stimulatory activity toward TLR4 and TLR5 %,
Thus, H. pylori might evade the major innate immune
system molecules, TLRs, to establish persistent gastric
infection. Therefore, it is possible that PRRs other than
TLRs might play a major role in mucosal host defense
systems against H. pylori although roles played by TLRs
need to be determined in future studies.

NOD1 is a prototypical innate immune receptor be-
longing to the NLR protein family, which detects small
molecules derived from Gram-negative bacteria”'*. NOD1
activation induced by intestinal microflora is associated
with lymphoid tissue genesis'*®! and development of
pancreatitis™>™*. In 2004, Viala et af*®!. demonstrated that
gastric mucosal host defense against H. pylori depends on
the activation of NOD1 in gastric ECs. Many efforts have
been made by gastroenterologists, microbiologists, and
immunologists to elucidate the molecular mechanisms
by which colonization of the human stomach by H. pylori
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induces the activation of NOD1 and such NOD1 activation
mediates antimicrobial immune responses™". In this
review, we have summarized and discussed how sensing
of H. pylori by NOD1 mediates the prevention of chronic
gastritis and gastric cancer.

CYTOKINE AND CHEMOKINE
RESPONSES IN THE GASTRIC MUCOSA
HARBORING H. PYLOR/ INFECTION

Gastric inflammation caused by chronic H. pylori
infection is mediated by gastric mucosal T helper type
1 (Thl) and Th17 cells producing IFN-y and IL-17,
respectively™”. Initial studies addressing the role of
IFN-y in H. pylori-induced gastritis revealed that lack
of chronic gastritis in IFN-y-deficient mice is associated
with higher colonization of the gastric mucosa by this
organism than in IFN-y-intact mice*®’. In addition,
gastric mucosal CD4" T cells isolated from H. pylori-
infected patients have been reported to produce a high
level of IFN-/""*', Thus, gastric mucosa harboring chronic
H. pylori infection is characterized by Th1 responses that
are involved in both eradication and inflammation®..
In addition to a well-established role played by Th1l
cells, recent studies have highlighted the importance of
another type of Th cells, Th17 cells, producing IL-177%,
The development of chronic gastritis is significantly
attenuated in IL-17-deficient mice in long-term H.
pylori infection™. Moreover, treatment of mice with a
neutralizing anti-IL-17 antibody reduced the H. pylori
burden and inflammation in the stomach™". In line with
these experimental studies, Serrano et a*?. provided
evidence that downregulation of Th17 responses is
associated with reduced gastritis in H. pylori-infected
patients. Therefore, both Thl and Th17 cells are
involved in the development of chronic gastritis caused
by persistent H. pylori infection in the gastric mucosa.

Differentiation of Thl and Th17 cells requires
cytokines produced by APCs such as dendritic cells and
macrophages'?. Differentiation of Th1l cells depends
on IL-12, whereas that of Th17 cells depends on IL-13,
IL-6, and IL-23. Expression of IFN-y and IL-17 in the
gastric mucosa of mice challenged with H. pylori was
accompanied by IL-12 and IL-23 expression, derived
from APCsPY. Furthermore, the levels of APC-derived
pro-inflammatory cytokines in the gastric mucosa,
including IL-1B, IL-6 and TNF-a, were significantly higher
in H. pylori-positive patients than in H. pylori-negative
patients®”, Thus, it is likely that pro-inflammatory
cytokines produced by APCs contribute to H. pylori-
induced gastric pathology through differentiation of Thl
and Th17 cells. Consistent with this idea, the exposure of
human APCs to H. pylori results in robust production of
IL-6, IL-12, and TNF-o>%,

ECs are an important source of chemokines that
attract immune cells to the lesions’®”*®!, Yamaoka et a/*®..
assessed chemokine responses in the gastric mucosa
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of patients with H. pylori infection and found that H.
pylori infection is associated with increased expression of
C-X-C motif chemokine ligand 8 (CXCL8) and chemokine
(C-C motif) ligand 5 (CCL5). In addition to CXCL8 and
CCL5, the gastric mucosa of H. pylori-positive patients
exhibited enhanced expression of CXCL9 and CXCL10%*.,
Given the fact that CXCL8 is a strong attractant for
neutrophils and that CXCL9 and CXCL10 are strong
attractants for Thl cells'®®*!, these results suggest
that EC-derived chemokines are also involved in the
development of chronic gastritis caused by persistent H.
pylori infection. Taken together, these findings suggest
that cytokines and chemokines produced by immune
cells and ECs play a substantial role in the development
of H. pylori-induced gastric pathology.

TYPE IV SECRETION SYSTEM OF H.
PYLOR/ AND NOD1 ACTIVATION

NOD1 is expressed in the cytosolic regions of innate
immune cells, such as APCs and ECs”*"\. Peptidoglycan
(PGN) is a polymer consisting of sugars and amino
acids that constitute the cell wall of both Gram-
positive and Gram-negative bacterial”’. Small peptides
derived from the PGN layer of Gram-negative bacteria
activate intracellular NOD1""*", y-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) is considered as the
minimal motif of the NOD1 ligand, and NOD1-deficient
mice exhibit impaired responses to iE-DAPPY. Two
models have been proposed by which H. pylori activates
intracellular NOD1.

H. pylori is classified into two types according to
the expression of cag pathogenicity island (cagPAI)™.
cagPAl is a gene locus necessary to assemble type IV
secretion system (T4SS), a syringe and needle-like
structure!™!, The primary function of T4SS, encoded by
cagPAl, is the injection of pathogenic factors, such as
cytotoxin-associated gene A (CagA) into the host gastric
ECs upon attachment to the epithelium!", Thus,
cagPAl-positive H. pylori can cause gastric mucosal
injury through injection of CagA mediated by T4SS.
Hence, T4SS may enable H. pylori to deliver its cell
wall components, such as PGN, into the host ECs. Viala
et al"®. addressed this possibility and demonstrated
that intracellular NOD1 expressed in gastric ECs sense
H. pylori-derived PGN delivered to the cytosolic region
through T4SS. NOD1 activation is not observed in
gastric ECs upon exposure to H. pylori harboring non-
functional cagPAI, which supports the idea that NOD1
functions as an intracellular innate immune sensor for
cagPAl-positive H. pylori. Interestingly, H. pylori burden
in the stomach was much higher in NOD1-deficient mice
than in the NOD1-intact ones, when they were orally
challenged with cagPAI-positive H. pylori*®. In contrast,
H. pylori burden in the stomach was comparable
between NOD1-intact and NOD1-deficient mice when
mice were orally challenged with cagPAI-mutated H.
pylori. Thus, these studies showed that NOD1 is an
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intracellular receptor for cagPAI-positive H. pylori and
that NOD1 activation is necessary for eradication of this
organism.

OUTER MEMBRANE VESICLE OF H.
PYLOR/ AND NOD1 ACTIVATION

Outer membrane vesicles (OMVs), which are released
by Gram-negative bacteria during normal growth,
contain bacterial cell components, including PGNP?.,
Kaparakis et al*. addressed the possibility that
OMVs released from H. pylori activate cytosolic NOD1
through intracellular delivery of PGN. OMVs isolated
from H. pylori activate nuclear factor kappa B (NF-
xB) in AGS cells, a gastric cancer cell line, in a cagPAI-
independent manner. Importantly, knockdown of NOD1
expression by siRNA abrogated CXCL8 production in
AGS cells upon exposure to H. pylori-derived OMVs.
Furthermore, intragastrically delivered OMVs efficiently
induced gastric mucosal expression of CXCL2, a
murine chemoattractant for neutrophils, and antibody
responses against OMVs. These innate and adaptive
responses to OMVs depend on NOD1 activation
because NOD1-deficient mice exhibit defective CXCL2
expression and OMV-specific antibody responses. Thus,
these data suggest that intracellular delivery of PGN
as a form of OMVs activates NOD1 in gastric ECs in a
cagPAl-independent manner.

A study has highlighted the role of autophagy to
address the molecular mechanisms accounting for
OMV-mediated NOD1 activation®¥. Irving et a/*¥. first
found that H. pylori-derived OMVs induce autophagy
in ECs. Consistent with autophagy induction, mouse
embryonic fibroblasts (MEFs) deficient in ATG5, a
critical molecule for autophagy, exhibited diminished
production of CXCL2 compared with ATG5-intact
MEFs upon exposure to H. pylori-derived OMVs.
Autophagosome formation was diminished in NOD1-
knockdown AGS cells stimulated with H. pylori-derived
OMVs, suggesting the involvement of NOD1 activation
in autophagy induction. Fluorescent labeling studies
clearly demonstrated that EEA1 (early endosome
antigen 1)-positive early endosomes containing both
OMVs and PGN recruit NOD1 and its downstream
kinase, receptor interacting protein 2 (RIP2). Such
endosomal interactions between H. pylori-derived
OMVs, NOD1, and RIP2 are necessary for chemokine
production and autophagy induction, as RIP2 inhibitor
efficiently blocks these responses. Collectively, these
studies provide the evidence that NOD1 recognizes H.
pylori-derived PGN within EEA1" early endosomes and
subsequently activates RIP2 to induce autophagy and
pro-inflammatory chemokine responses™*!. However,
it should be noted that involvement of RIP2 in the
induction of NOD1-mediated autophagy requires future
studies, as it has been previously observed that NOD1
activation induces RIP2-independent autophagy in case
of Shigella flexneri infection.
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Figure 1 Nucleotide-binding oligomerization domain 1-mediated mucosal host defense against Helicobacter pylori infection. Nucleotide-binding
oligomerization domain 1 (NOD1) recognizes Helicobacter pylori (H. pylori)-derived peptidoglycan (PGN) or outer membrane vesicles (OMVs). Sensing of H. pylori-
derived PGN or OMVs by intracellular NOD1 in the gastric epithelial cells induces production of type | IFN and C-X-C motif chemokine ligand 10 (CXCL10) through
the receptor interacting protein 2 (RIP2)-TNF receptor-associated factor 3 (TRAF3)-interferon regulatory factor 7(IRF7)-IFN-stimulated gene factor 3 (ISGF3) pathway,
thereby promoting T helper type 1 (Th1) responses. ISGF3 is a heterotrimeric complex composed of signal transduction and activator of transcription 1 (Stat1), Stat2,
and IRF9. NOD1 activation also induces production of anti-microbial peptides (AMPs) through nuclear translocation of nuclear factor-kappa B (NF-«B) subunits. IFN-y
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and AMPs exert bactericidal effects.

CYTOKINE AND CHEMOKINE
RESPONSES AGAINST H. PYLORI BY

NOD1 ACTIVATION

NOD1 senses H. pylori-derived PGN that is delivered to
the cytosolic region of gastric ECs via T4SS and/or OMV
transport. The next question is how NOD1 activation
leads to the induction of Th1l and Th17 responses, both
of which are characteristics of chronic H. pylori infection
(Figure 1).

NOD1 activation leads to the physical interaction
between NOD1 and RIP2, its downstream effector
molecule”*, NOD1-induced RIP2 activation triggers
the pro-inflammatory signaling cascade through nuclear
translocation of NF-kB subunits”*".. In addition to NF-
kB, the interaction between NOD1 and RIP2 leads to
the activation of mitogen-activated kinases (MAPKSs),
including extracellular signal-regulated kinase, c-JUN
N-terminal kinase, and p38"''!, Thus, one major
outcome of NOD1-mediated signaling pathways is the
activation of NF-xB and MAPKs!'!, Activation of NF-kB
and MAPKs as well as production of CXCL8 is induced
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in gastric ECs, such as AGS cells, upon exposure to H.
pylori®*38, However, it remains controversial whether
activation of NF-xB/MAPKs and production of CXCL8 are
dependent upon the recognition of H. pylori by NOD1.
Grubman et al”® established a stable AGS cell line with
diminished expression of NOD1 (NOD1 knockdown,
NOD1 KD cells), and found that NF-«B activation and
CXCL8 production are markedly reduced in NOD1 KD
cells than in AGS cells with intact NOD1 expression.
Moreover, H. pylori-induced CXCL8 production by
gastric ECs is partially mediated by MAPK activation
following the recognition of this organism by NOD1,
as knockdown of NOD1 expression by siRNA results
in reduced activation of MAPKs and MAPKs inhibitors
efficiently blocks CXCL8 production™. These reports
support the idea that activation of NF-xB/MAPK and
production of CXCL8 induced by exposure to H. pylori
are dependent on NOD1. On the other hand, Hirata
et al®® reported that knockdown of NOD1 or RIP2
expression by specific siRNAs did not affect H. pylori-
induced NF-«B/MAPK activation or CXCL8 production
in AGS cells. Future in vitro studies are required to
determine the contribution of NOD1 in NF-«B activation
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in response to H. pylori infection.

Human gastric mucosa with persistent H. pylori
infection is characterized by Thl responses. CXCL9,
CXCL10, and CXCL11 are EC-derived chemokines that
play a pivotal role in the generation of Thl responses
through the attraction of Thl cells expressing C-X-C
chemokine receptor type 3 (CXCR3)"’. High expression
of CXCL9 and CXCL10 in the human gastric mucosa
with chronic H. pylori infection strongly suggests
that CXCL9 and CXCL10 contribute to the generation
of Th1 responses™*!!, We discerned from previous
studies that stimulation of colon and gastric cancer
cell lines (HT-29 and AGS cells) with NOD1 ligands
lead to the robust production of CXCL9, CXCL10, and
CXCL11"+##4_ surprisingly, NOD1-induced CXCL10
production by colonic and gastric ECs is not dependent
on NF-xB or MAPK activation, because blockade of
these pathways by specific pharmacological inhibitors
or siRNA transfection did not alter the production
of CXCL10""*"*], Instead, NOD1-induced CXCL10
production is markedly decreased by the addition of
type I IFN receptor antibody, suggesting that type I
IFN production is one of the major outcomes following
NOD1 activation. Indeed, HT-29 cells produce a large
amount of type I IFN upon stimulation with NOD1
ligand.

Next, we focused on identifying the signaling
pathways involved in type I IFN production through
NOD1 activation. Detailed knockdown and over-
expression studies revealed the involvement of TNF
receptor-associated factor 3 (TRAF3) in the induction
of type I IFN™**?) The interaction between NOD1 and
RIP2 initiates recruitment of TRAF3 to this complex
and leads to the activation of downstream signaling
molecules, TANK-binding kinase 1 (TBK1) and IxB
kinase € (IKKg), both of which play an indispensable
role in the induction of type I IFN responses through
nuclear translocation of interferon regulatory factor
3 (IRF3) and IRF7***Y, Indeed, the RIP2-TRAF3-
TBK1-IKKe-IRF7 axis plays a key role in inducing the
production of type I IFN by ECs®"*!. Furthermore,
NOD1-mediated type I IFN production promotes the
transcription of CXCL10 through nuclear translocation
of the heterotrimeric complex, IFN-stimulated gene
factor 3 (ISGF3), composed of signal transduction and
activator of transcription 1 (Statl), Stat2, and IRF9,
because gene silencing of Statl or Stat2 by siRNA
leads to a marked reduction in CXCL10 production.
Thus, these data suggest that NOD1 activation induces
the production of type I IFN and CXCL10 through
activation of the RIP2-TRAF3-TBK1-IKKe-IRF7-ISGF3
pathway[“'”'“].

The relevance of NOD1-mediated type I IFN
responses was examined in animal studies in which
NOD1-intact and NOD1-deficient mice were challenged
with H. pylori. As expected, NOD1-deficient mice
exhibited a higher bacterial burden in the stomach
two weeks after the infection, and the effects were
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accompanied by reduced expression of type I IFN-
related factors, such as IFN-B, IFN-y and CXCL10,
rather than NF-xB-related factors, such as TNF-a
and CXCL2M'?7*4, Reduced expression of phospho-
Statl (p-Statl) and p-Stat2 is observed in the gastric
mucosa of NOD1-deficient mice, when compared with
that in NOD1-intact mice. However, comparable levels
of NF-xB activation are observed in both mice. Finally,
the blockade of type I IFN signaling pathways by Statl
siRNA increased bacterial burden in the stomach upon
oral infection with H. pylori in NOD1-intact mice. Its
effects were accompanied by reduced expression
of IFN-y and CXCL10 in the stomach. In contrast,
blockade of NF-«B signaling pathways by NF-xB decoy
oligonucleotide did not alter the bacterial burden or
expression of IFN-y or CXCL10 in the stomach, although
these treatments reduced the gastric expression of
TNF-a and CXCL2. Collectively, these data suggest
that sensing of H. pylori-derived PGN by intracellular
NOD1 in gastric ECs induces production of type I IFN
and CXCL10 through the RIP2-TRAF3-TBK1-IKKe-IRF7-
ISGF3 pathway and thereby promotes Thl responses.
Because IFN-y produced by Th1l cells enhances the
expression of NOD1%**! we propose that the type
I IFN-CXCL10-IFN-y axis induced by NOD1 activation
forms a positive feedback loop for the generation of
Th1 responses in the gastric mucosa with persistent H.
pylori infection.

Little is known about the molecular mechanisms
accounting for NOD1-mediated Th17 responses in
H. pylori infection. In this regard, a recent study has
highlighted the importance of NOD1 activation in non-
hematopoietic cells, i.e. ECs, in the generation of Th17
responses'*®, Therefore, it is possible that the sensing
of H. pylori-derived PGN or OMVs by intracellular NOD1
in gastric ECs is involved in Th17 responses.

RESPONSE OF ANTI-MICROBIAL
PEPTIDES AGAINST H. PYLORI BY NOD1

ACTIVATION

Antimicrobial peptides (AMPs) constitute a part of
the innate host defense system™”), AMPs released
by APCs and ECs rapidly act to eradicate invading
microorganisms™’l, Grubman et a/®® reported that
AGS cells release p-defensins upon exposure to cagPAI-
positive H. pylori. Production of p-defensins by AGS
cells is dependent on NOD1 activation, because stable
NOD1-knockdown AGS cells exhibit reduced production
of AMPs. Moreover, AMPs induced by exposure to
H. pylori exhibit potent H. pylori eradicating activity.
Consistent with this, the expression of B-defensin 4 in
the stomach is markedly decreased in NOD1-deficient
mice than in NOD1-intact mice following H. pylori
infection*®. Collectively, these in vitro and in vivo
studies suggest the possible involvement of NOD1-
dependent production of AMPs in the mucosal host
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Reduced CDX2 expression
Prevention of intestinal metaplasia
NOD1-intact gastric mucosa
Non-cancerous portion

Enhanced CDX2 expression
Promotion of intestinal metaplasia
NOD1-deficient gastric mucosa
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Figure 2 Prevention of gastric cancer development by nucleotide-binding oligomerization domain 1. Sensing of Helicobacter pylori (H. pylori)-derived
peptidoglycan (PGN) by intracellular nucleotide-binding oligomerization domain 1 (NOD1) in gastric epithelial cells induces activation of TNF receptor associated factor
3 (TRAF3) as mentioned in Figure 1. TRAF3 activation by NOD1 negatively regulates expression of caudal-related homeobox 2 (Cdx2) via the inhibition of nuclear
factor-kappa B (NF-«B) activation to prevent intestinal metaplasia and gastric cancer (left panel). On the other hand, lack of NOD1-mediated negative regulation on

Cdx2 expression promotes the development of gastric cancer (right panel).

defenses against H. pylori infection (Figure 1).

NOD1 POLYMORPHISMS AND UPPER
GASTROINTESTINAL DISEASES

Several reports have suggested an association between
NOD1 gene polymorphisms and upper GI diseases**>,
Wang et a/®" identified the NOD1 rs7789045 TT
genotype as an increased risk for gastric cancer in
a Chinese population. Another Chinese cohort study
reported that the risk of gastric cancer is high in H.
pylori-infected subjects carrying the NOD1 rs 2709800
TT genotype®™. Moreover, Hofner et a*® reported that
the G796A NOD1 polymorphism is associated with
peptic ulcers in H. pylori-infected patients. Although
these studies support the correlation between NOD1
polymorphisms and upper GI disorders caused by H.
pylori, the mechanisms by which NOD1 polymorphisms
lead to the development of H. pylori-associated diseases
remain unknown. Because NOD1 deficiency increases
gastric H. pylori burden in animals and its expression is
lower in the cancerous tissues of the stomach than in
the non-cancerous tissues®™, it would be interesting to
study whether NOD1 function is impaired or enhanced
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in the presence of such polymorphisms associated with
gastric cancer.

PREVENTION OF GASTRIC CANCER BY
NOD1 ACTIVATION

NOD1 activation is required for mucosal host defense
against H. pylori infection. This protective effect is
partially mediated by the activation of type I IFN
signaling pathways following the molecular interaction
between NOD1 and TRAF3!'"*", Suarez et al* have
addressed the clinical relevance of NOD1-TRAF3
interaction in human H. pylori-associated diseases.
They reported that expression levels of NOD1 and
TRAF3 are much weaker in gastric cancer tissues than
in non-cancerous tissues. Thus, these studies utilizing
human gastric cancer samples strongly suggest that
impaired activation of NOD1 and TRAF3 is involved
in the pathogenesis of gastric cancer and that NOD1-
TRAF3 interaction may play a protective role in the
development of gastric cancer (Figure 2).

Thus, after confirming the possible involvement
of NOD1 activation in the development of human
gastric cancer, the next question is how NOD1 serves
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as a protective factor for gastric cancer development.
Intestinal metaplasia, wherein the gastric mucosa
exhibits an intestinal phenotype, is a pre-neoplastic
lesion of gastric cancer™'. Aberrant expression of caudal-
related homeobox 2 (Cdx2)™, a transdifferentiation
factor, in the gastric tissue induces intestinal metaplasia
and gastric carcinogenesis. We hypothesized that NOD1
activation inhibits the development of gastric cancer
through negative regulation of Cdx2””). To address this
question, we performed a long-term infection study
in which NOD1-intact and NOD1-deficient mice were
challenged with cagPAl-positive H. pylori. Interestingly,
formation of gastric intestinal metaplasia was observed
in NOD1-deficient mice, eight months after initial
challenge with H. pylori, but not in NOD1-intact mice.
This effect was accompanied with higher expression of
Cdx2 in the gastric mucosa of NOD1-deficient mice than
in the NOD1-intact mice. On the contrary, expression
of TRAF3 was lower in the gastric mucosa of NOD1-
deficient mice than in NOD1-intact mice. Furthermore,
development of gastric intestinal metaplasia in the
absence of intact NOD1 signaling pathways is associated
with enhanced activation of NF-xB, because most gastric
ECs are positive for nuclear p65 staining. Detection of H.
pylori in gastric mucosa exhibiting intestinal metaplasia
is difficult in human samples®®. Consistent with this, H.
pylori burden in the gastric mucosa was much lower in
NOD1-deficient mice than in the NOD1-intact mice®”.
Thus, the results of our long-term H. pylori infection
study support the data™" obtained from human gastric
cancer samples, demonstrating that impaired activation
of NOD1-TRAF3 signaling pathways is involved in the
development of intestinal metaplasia®”.

Regarding the molecular mechanisms by which
NOD1 activation prevents the development of intestinal
metaplasia and gastric cancer, we provided evidence
that NOD1 activation upon exposure to H. pylori
negatively regulates Cdx2 expression through activation
of TRAF3™”l, Exposure to H. pylori upregulates
Cdx2 expression in gastric cancer cell lines, and the
effects are enhanced or diminished by gene silencing
of NOD1 by siRNA or over-expression of TRAF3,
respectively™”). Furthermore, promoter gene and gel
shift assays revealed that interaction between NOD1
and TRAF3 inhibits the expression of Cdx2 through
negative regulation of NF-xB activation. Thus, these in
vitro studies have elucidated a part of the molecular
mechanisms accounting for the prevention of intestinal
metaplasia followed by gastric cancer via H. pylori-
induced NOD1 activation. Collectively, these two
recent studies strongly suggest that NOD1 activation
by H. pylori infection plays a protective role in the
development of gastric cancer.

CONCLUSION

NOD1 contributes to mucosal host defense against
H. pylori infection through the activation of type I
IFN signaling pathways and production of AMPs. In
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addition, NOD1 activation negatively regulates Cdx2
expression, and thereby inhibits the development of
gastric cancer. Molecules involved in NOD1-mediated
signaling pathways might be new therapeutic targets
for treating chronic gastric diseases and gastric cancer.
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Abstract

Diversion colitis is characterized by inflammation of
the mucosa in the defunctioned segment of the colon
after colostomy or ileostomy. Similar to diversion colitis,
diversion pouchitis is an inflammatory disorder occurring
in the ileal pouch, resulting from the exclusion of the
fecal stream and a subsequent lack of nutrients from
luminal bacteria. Although the vast majority of patients
with surgically-diverted gastrointestinal tracts remain
asymptomatic, it has been reported that diversion
colitis and pouchitis might occur in almost all patients
with diversion. Surgical closure of the stoma, with
reestablishment of gut continuity, is the only curative
intervention available for patients with diversion disease.
Pharmacologic treatments using short-chain fatty
acids, mesalamine, or corticosteroids are reportedly
effective for those who are not candidates for surgical
reestablishment; however, there are no established
assessment criteria for determining the severity of
diversion colitis, and no management strategies to
date. Therefore, in this mini-review, we summarize
and review various recently-reported treatments for
diversion disease. We are hopeful that the information
summarized here will assist physicians who treat
patients with diversion colitis and pouchitis, leading to
better case management.

Key words: Diversion colitis; Diversion pouchitis; Ileitis;
Inflammatory bowel disease

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Diversion colitis is characterized by inflam-
mation of the mucosa in the defunctioned segment
of the colon after colostomy or ileostomy. The vast
majority of diverted patients remain asymptomatic,
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however diversion colitis occurs in almost all diverted
patients. Pharmacologic treatment using short-chain
fatty acids, mesalamine, or corticosteroids are reportedly
effective for those who are not candidates for surgical
reestablishment; however, there are no established
assessment criteria for determining the severity of
diversion colitis, and no management strategies to date.
In this mini-review, we summarize and review various
recently-reported diversion disease treatments. We
hope this review will be useful for future treatment.

Tominaga K, Kamimura K, Takahashi K, Yokoyama J, Yamagiwa
S, Terai S. Diversion colitis and pouchitis: A mini-review. World
J Gastroenterol 2018; 24(16): 1734-1747 Available from: URL:
http://www.wjgnet.com/1007-9327/full/v24/i16/1734.htm DOI:
http://dx.doi.org/10.3748/wjg.v24.i16.1734

INTRODUCTION

Diversion colitis was first described by Morson et af!! in
1974 as a non-specific inflammation in the diverted colon.
Glotzer et af”! labeled this inflammation “diversion colitis”
in 1981. Since then, the disease has been reported in
both retrospective®*® and prospective studies’***”! which
have described the characteristic clinical, endoscopic, and
pathological findings. Surprisingly, the prospective study
reported that almost all cases exhibit colitis, evidenced by
endoscopic analyses, 3 to 36 mo after the colostomy™".
Symptomatic cases make up only around 30% of all
cases diagnosed via endoscopic studies, and the precise
pathogenesis of this condition remains unclarified.
Although a wide range of symptoms are reportedly asso-
ciated with the disease, including abdominal discomfort,
tenesmus, anorectal pain, mucous discharge, and rectal
bleeding™*, there are no established diagnostic criteria
for assessing disease severity. Diversion pouchitis is
similar to diversion colitis, featuring inflammation of the
ileal pouch that results from fecal stream exclusion and
the subsequent lack of nutrients from luminal bacteria.
Therefore, the difference between the pouchitis and
diversion puchitis is whether the lesion is exposed to
the fecal stream or not. Patients generally present with
varying symptoms such as tenesmus, bloody or mucus-
like discharge, and abdominal pain®®. The incidence of
diversion pouchitis is unknown; however, it appears more
commonly in patients with underlying inflammatory
bowel disease (IBD). Nonsurgical approaches for the
treatment of diversion pouchitis include the use of short
chain fatty acids (SCFA), topical 5-aminosalicylic acids,
and topical glucocorticoids. Unfortunately, efficacy study
outcomes are conflicting, and the only curative approach
is surgical re-anastomosis with the reestablishment of
gut continuity'?®”,

In their 1989 examination of non-surgical treatment
options procedure, Harig et al™ reported the efficacy
of short-chain fatty acids. The usefulness of the 5-ASA
enema in patients with diversion colitis was reported for
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the first time by Triantafillidis et a/*! in 1991; Glotzer
et al” reported the efficacy of steroid enemas in patients
with diversion colitis in 1984, and similar results were
subsequently reported by Lim et a/”* and Jowett et a/**.
Nonsurgical treatments include short-chain fatty acids,
5-aminosalicylic acids, glucocorticoids, antibiotics, and
so on. However, due to the lack established assessment
methods, the efficacy of these treatments has not been
clearly confirmed. Consequently, surgical re-anastomosis
remains the most reliable and effective treatment
option. There is an unmet need for a summary of these
therapeutic options and information regarding the
disease assessment, and this need informed the present
literature review. We believe that the information
summarized in this mini-review will help physicians treat
cases and, by increasing the number of treated cases,
we will support the establishment of novel criteria for
disease assessments and therapeutic decision trees.

LITERATURE ANALYSIS

A literature search was conducted using PubMed and
Ovid, with the terms “diversion colitis” or “diversion
proctitis” and “diversion pouchitis” used to extract
studies published over the preceding 45 years. All
appropriate English-language publications from relevant
journals were selected. We summarized the available
information on demographics, clinical symptoms,
endoscopic and histological findings, treatment, and
the clinical course.

CLINICAL CHARACTERS

Epidemiology

A total of 69 articles, including 25 case reports, were
matched to our definition of diversion colitis and
pouchitis assessment; this information is summarized
in Tables 1 and 2. Based on our review, the prevalence
estimates of these conditions appear extremely high,
reaching almost the entire population of interest if
the phenomenon is followed prospectively, beginning
at 3 to 36 mo after colostomy™*. In a recent study,
Szczepkowski et al'® described more than 90%
incidence of diversion colitis on endoscopy in a series
of 145 patients. The study further reported that there
were no significant associations between diversion
colitis and age, sex, type of stoma, or mode of surgery
performed. The frequency of disease occurrence ranged
from 70%-74% in patients without pre-existing IBD"**!
and 91% in patients with pre-existing IBD'®*!, In
patients with histories of Crohn’s disease chronic severe
inflammation, often with transmural disease, has been
described after defunctioning colostomies™. It has also
been hypothesized that diversion colitis may be a risk
factor for ulcerative colitis in predisposed individuals,
and that ulcerative colitis can be triggered by anatomi-
cally discontinuous inflammation in the large bowel.
Among the 46 reported cases of diversion colitis and
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Tominaga K et a/. Diversion colitis and pouchitis
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Tominaga K et a/. Diversion colitis and pouchitis

Table 2 Clinical course of case reports

Gender Ineffective n q
Case (No) Ref. Age (yr) (male/female) PS——— Effective treatment Prognosis
1 Glotzeretal® 49 M N/A Closure 4 mo post-diversion Asymptomatic. Proctoscopy and biopsy
normal 2.5 and 30 mo postclosure.
R .M infl. 1
56 F N/A Closure 3 mo post-diversion ecurrent Ca. Mucosa not inflamed grossly

or microscopically 18 mo post closure.
78 M N/A Closure 6 mo post-diversion Asymptomatic 1 yr postclosure.
Asymptomatic. Normal sigmoidoscopy 2

70 F N/A Closure 5 mo post-diversion
mo postclosure.
A tomatic. N 1 si id 3
43 F N/A Closure 2 yr post-diversion SYMPLOmATE. NOTmat SIgMolcescopy S yr
postclosure.
41 E N/A None Asymptomatic 2 yr after ileostomy.
Abdominal cramps purulent rectal
65 M N/A None discharge. Continued inflammation 8 yr
after colostomy.
83 Vi N/A None Asymptomatic. Continued mild

inflammation 4.5 yr after colostomy.
26 M N/A Steroid enemas Inproved. Continued 8 yr after colostomy.
Tenesmus, discharge and fever 4 yr after

70 M N/A Steroid enemas colostomy. Resolved with steroid enemas.
Continued inflammation at 8 yr.
2 Lusk et al! 28 M - Colostomy closure Normal at 16 mo follow-up.
68 M - Colostomy closure Normal at 7 wk after clousure.

One month later, the patient was examined
by flexible sigmoidoscopy, which

3 Scottetal™ 21 M - Colost 1
cottera olostomly closare demonstrated normal mucosa throughout
with no sign of pseudopolyps.
Korelitz . Tleocolic reanastomosis (ileostomy 3 mo (interval from reanastomosis to normal
4 22 F Steroid enemas i ) A
et alt*?! closure) sigmoidoscopy), 7 yr (duration normal).
1 mo (interval from reanastomosis to normal
34 F - Ileostomy closure i ) )
sigmoidoscopy), 2 yr (duration normal).
a1 M } eyl 3 r.no (ir.1terval from reanastomo.sis to normal
sigmoidoscopy), 18 mo (duration normal).
0 M . sy s 2 x'no (ir}terval from reanastomo'sis to normal
sigmoidoscopy), 14 mo (duration normal).
F d Left hemicolect d left salpingo-
5 em?ﬂ, 67 F - et hemicolectomy and Jet SAPINEO” ghe recoverd well and discharged 9 d later.
et al oophorectomy
. Abdominoperineal resection of ~ No evidence of inflammatory bowel disease
3] Oral and topical . .
6 Frank et al 38 M toroids the diverted loop and permanent  has developed. Barium study of the small
colostomy bowel was normal 1 yr after surgery.
7 Harig et al®! 63 M N/A Short-chain-fatty acid irrigation N/A
63 F N/A Short-chain-fatty acid irrigation N/A
54 M N/A Short-chain-fatty acid irrigation N/A
56 M N/A Short-chain-fatty acid irrigation N/A
. L X There were no differences in the degree of
. s 1 5 aminosalicylic acid enemas . X .
Triantafillidis R K clinical improvement, or in the endoscopic
8 311 64 F - comparison with Betamethasone . .
et al and histologic scores seen at the end of the
enemas
trials, between betamethasone and 5-ASA.
Clinicall tomatic at a 6-mo follow-
9 Tripodi etal™ 85 F - 5-aminosalicylic acid enemas featy asymp 01:111: catab-mototow
Intr, Without licati d has been doi
10 Lu et ™ 45 F " aV.enous Colectomy of the diverted segment SRR an. as beelt doffig
metronidazole well postoeratively.
11 Lai et al™ 49 M _ Daily 5-ASA supposito'ry and total 6 wk of treatment with STASA, the pa.tient
parenteral nutrition had decreased rectal pain and bleeding.
1 Lim et al™ 60 F } Oral prednisolone,. oral mesalazine, PSL was tapered off ?Ver four months and
and mesalazine enemas she remained well.
The defuncti i i
Closure of the e de.unctloned rectoagfnmd
. was partially removed, leaving the
loop ileostomy—
R lower rectum and anal canal; the
oral prednisolone, . X
0 M oral olsalazine and loop colostomy was refashioned into He subsequently made a good recovery and
. an end colostomy—colectomy and steroid therapy was discontinued.
oral metronidazole )
K . removal of residual rectal stump and
—sigmoid loop
anal canal was performed and an end
colostomy ) i
ileostomy fashioned
13 Jowett et al™ 75 I - Topical steroid enemas. ucC
14 Lim et al® 66 M - Steroid enemas 6 mo later he developed ulcerative colitis.
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Antegrade irrigations of her distal

Tominaga K et a/. Diversion colitis and pouchitis

Oral PSL was continued at the reduced rate
of 5mg on alternate days until he underwent

SCFA an uneventful rectal excision and J-pouch

anal anastomosis 1 mo later. Two months

after this, his ileostomy was closed.
SCFA His ileostomy was closed 3 mo later, and he
was remained symptom free.

Her ulceration was virtually healed and
showed a reduction in endoscopic index

from 9 to 3. Treatment was maintained

SCFA until her colostomy was reversed a month

later. After stoma closure, SCFAs were
discontinued with no further recurrence of
symptoms.
For redo pull-through
Rectal excision

SCFA
SCFA
The post endoscopic course was uneventful
without any treatment.
. . Improved quickly and remains well and
Metronidazole suppository .
asymptomatic 12 wk after treatment.
Completion proctectomy was uneventful
Completion proctectomy and from which the patient made an
unremarkable recovery.

Weekly to twice weekly irrigations

sl T et completely stopped the. malodorous and
troublesome discharge.

Colectomy(entire colon was ultimately

15 Kiely et al*! 6 M PSL and AZA
8] M Salazopyrine
8 F -
3 M N/A
10 M N/A
Komuro
16 ot gl 46 M -
Mesalazine
17 Tsironi et al*® 40 M suppository and
steroid enemas
18 Boyceetal®™ 29 M -
The water and
vinegar solution
enema, steroid
enema, bismuth
Haugen subsalicylate
19 o 36 F v
et al (standard treatment
SCFA enmas was
not option due to
insurance and spina
bifida)
Talisetti SCFA enema,
alisetti
20 of o™ 19 F steroids,
metronidazole
Kominami Short-chain fat
21 e 84 M ) ty
etal acid enema
Oral mesalazine,
Watanabe corticosteroid,
22 76 F
et al™ metronidazole, and
ciprofloxacin
Enemas containing
5-aminosalicylic
Gundli
23 l;:la l[g\g 75 F acid and steroids
and antibiotic
therapy
Corticosteroid and
Matsumoto mesalazine enemas,
# et al® 6 M dnisol
prednisolone
injections.
25 Custon et al® 44 M -

resected, Since only 15 cm of jejunum
appeared healthy, her mid and distal

N/A

small bowel was also resected up to 15

cm from the ligament of Treitz)
Undergoing 5-aminosalicylic acid enemas

5-aminosalicylic acid enemas R
maintenance therapy.

Leukocytapheresis, followin:
ytap . & After 18 mo, her condition remains stable
low dose of metronidazole and . L.
. X without the need for medication.
ciprofloxacin

All symptoms improved dramatically within
. 5 d after the first treatment. Colonoscopy 28
Autologous fecal transplantation : .

d after the first treatment showed no major

signs of inflammation in the colonic stump.

A combined mesalazine plus Finally proctectomy and ileal pouch-anal

corticosteroid enema anastomosis were successfully performed.

The patient did not experience further

Dextrose( hypertonic glucose ) spray episodes of recurrent bleeding during the

endoscopically 6-mo follow-up. No prescribed medicines

were given after the endoscopic therapy.

nutritional deficiencies, toxins, or disturbance in the
symbiotic relationship between luminal bacteria and
the mucosal layer®. Reportedly, concentrations of
carbohydrate-fermenting anaerobic bacteria and patho-
genic bacteria are reduced in de-functioned colons>**>?!
and these reports indicate that the overgrowth of
anaerobic bacteria or a pathogenic bacterium is
unlikely to be an important etiological factor. On the

JBaishideng® W]G I WWW.ngnet.COm

1741

other hand, there is an increase of nitrate-reducing
bacteria in patients with diversion colitis”’ and nitrate-
reducing bacteria produce nitric oxide (NO) which plays
a protective role in low concentrations, but at higher
levels it becomes toxic to the colonic tissue™. Thus, it
has been suggested that increases in nitrate-reducing
bacteria may result in toxic levels of NO, leading to the
diversion colitis.
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Tominaga K et a/. Diversion colitis and pouchitis

Afferent ileal loop

Immune disorder?

Figure 1 Schematic presentation of diversion colitis and pouchitis.

Recently, ischemia has been proposed as a cause
of diversion colitis™. The explanation surely lies in
changes to the luminal flora consequent to fecal stream
interruption. Normal luminal bacteria produce SCFA,
such as butyric acid. Butyrate is the principal oxidative
substrate for colonocytes™ and patients with diversion
colitis may improve following topical treatment with
SCFA, especially with butyrate enemas™?®. This
hypothesis is based on evidence that suggests SCFA
relax vascular smooth muscle and that butyrate
deficiencies may induce increased tone in the pelvic
arteries, therefore leading to relative ischemia of the
colorectal mucosa and intestinal wall®. It is obvious
that additional, basic research is necessary in order to
discern disease mechanisms. We have summarized the
pathogenesis of this disease entity in Figure 1.

Symptoms

Most patients are asymptomatic®®, however about one
third of patients may exhibit symptoms of diversion
colitis®**°1, patients generally present with varying
symptoms such as abdominal discomfort, tenesmus,
anorectal pain, mucous discharge, and rectal bleeding.
The most common symptoms include bloody, serous,
or mucous discharge in 40% of the population,
and abdominal pain and tenesmus in 15% of the
population™. There have been several reports of severe
rectal bleeding®®****®!, There is a report of massive
rectal distension causing bilateral ureteric obstruction”
and a case report of diversion colitis causing severe
sepsis requiring a colectomy™®!, These symptoms can
start within 1 mo to 3 years after surgery®***, Our

Baishidenge ~ WJG | www.wjgnet.com

Increasing of
aerobic bacteria?

Diversion colitis

Cause of diversion colitis

review also showed that clinical symptoms of rectal
bleeding were seen in 25 cases, abdominal pain in 3
cases, anal pain in 3 cases, and sepsis in 1 casel®,
On the other hand, 21 of 46 cases had no symptoms
(Table 1), as previously reported®!. Additionally, in the
presence of Crohn’s disease and ulcerative colitis, the
number of symptomatic patients rises to 33% and 87%
respectively™. Our review showed cases with primary
illness of diverticula with perforation (n = 11), fecal
incontinence (n = 6), chronic constipation or ileus (n =
5), ulcerative colitis (n = 5), Crohn’s disease (n = 4),
carcinoma (n = 3), and various other diseases (Table 1).

Macroscopic findings

Macroscopically, diversion colitis may involve the whole
de-functioned colon or isolated segments. These findings
include erythema, diffuse granularity, and blurring of
vascular pattern in about 90% of the population. It is
also associated with mucosal friability (80%) edema
(60%), apthous ulceration, and bleeding, to varying
degrees!>*#123%4 There is a case report of diversion
colitis causing mucosal tears within the defunctioned
colon™!, Recently, Hundorfean et a*”! reported a first
description and in vivo diagnosis of diversion colitis after
surgery, by virtual chromoendoscopy and fluorescein-
guided confocal laser endomicroscopy. Our literature
review showed that endoscopic findings were evidenced
in 44 out of 46 cases, and severe inflammation with
ulceration (endoscopic index = 8) in 17 cases.

Microscopic findings
The pathological finding of diversion colitis and pouchitis

April 28,2018 | Volume 24 | Issue 16 |



usually vary with degree of severity, therefore, no
specific microscopic findings have been noted. The
histological features of diversion colitis can mimic those
of IBD, even when a pre-existing IBD has not been
documented******), The most notable feature often
seen in diversion colitis is lymphoid follicular hyper-
plasia®***®], Atrophy, crypt branching, mucin depletion,
crypt distortion, regenerative hyperplasia, paneth cell
metaplasia, thickening of muscularis mucosa, diffuse
active mucosal inflammation with crypt abscesses,
ulceration, and vacuolar and epithelial degeneration
along with features of chronic inflammation (usually
confined to the mucosa) are seen with varying degrees
of severity®'***1¢173%]1 More recently, features of
ischemia, such as superficial coagulative necrosis and
fibrosis, have been described™. Our review showed
that 37 out of 46 cases exhibited pathological findings
including 15 cases of crypt abscess or cryptitis™®, and
14 cases of lymphoid follicular hyperplasia (which
was not previously identified as a feature of diversion
colitis). These features are non-specific and, to date, no
characteristic feature or features of diversion colitis have
been identified.

Treatment

Because of the small number of patients and the
unknown etiology, there is no established standard
therapy for diversion colitis and pouchitis. Szczepkowski
et al proposed a management strategy for patients
with de-functioned distal stomas. He divided patients
with diversion colitis into three groups based on a study
of 145 patients. These groups consisted of Group 1
(no clinical, morphological or endoscopic evidence of
diversion colitis), Group 2, (mild or moderate signs of
diversion colitis), and Group 3 (severe diversion colitis).
Group 1 can be treated conservatively, Group 2 can
be treated using conservative management prior to
restoration of colonic continuity and Group 3 should
ideally undergo restoration of colonic continuity. If a
surgical option is not feasible, pharmacologic treatment
options should be tried to resolve the inflammation. A
summary of the clinical courses of case reports is shown
in Table 2.

Surgery

Treatment of diversion colitis should be primarily directed
at restoring bowel continuity to restore the luminal
flow. This will resolve the symptoms and assist the
bowel to return to normal. Re-anastomosis has proven
to be consistently effective in halting the symptoms of
diversion colitis in a number of studies!>'****! Re-
anastomosis of diverted segments in patients with
preexisting inflammatory bowel disease is a more
difficult decision because inflammation in the diverted
segment could represent inflammatory bowel disease or
diversion colitis, each of which dictate different courses
of action®**?), Resection is not typically required.
Indications for resection include uncontrolled perianal

Baishidenge ~ WJG | www.wjgnet.com
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sepsis, perianal fistulous disease, anal incontinence, and
uncontrolled symptoms related to diversion colitis.

Diet and lifestyle

Nutritional imbalance in the excluded colon is likely
responsible for the pathologic changes and symptoms
of diversion colitis. However, current evidence does not
support the effectiveness of lifestyle modifications or
nutritional imbalance!®.

Pharmacologic treatment is generally indicated for
the temporary control of symptoms in preparation for
surgery. It is used occasionally for patients who are
not considered surgical candidates because of severe
medical comorbidities, poor sphincter function, or
reasons of technical difficulty.

Short-chain-fatty acid

Short-chain fatty acids, mainly butyrate, are the
major fuel source for the epithelium. Their absence in
the diverted tract may produce mucosal atrophy and
inflammation. Bacteria produce SCFAs as byproducts
of carbohydrate fermentation in the colonic lumen, and
SCFAs provide the primary energy source for colonic
mucosal cells'®, In human neutrophils, SCFAs reduce
the production of reactive oxygen species, which are
the agents of oxidative tissue damage'®". Treatment
of diversion colitis with SCFA or butyrate has shown
inconsistent results. Harig successfully improved
symptoms and endoscopic inflammatory change by
SCFAP!, Komorowski et al*® reported similar results in
four patients with diversion colitis with SCFA irrigation.
However, Guillmot et a/***!, failed to demonstrate
either histological or endoscopic improvement The
differences in response may be partially accounted for
by disease groupings. In recent years, several studies
on the usefulness of SCFA, including of butyrate, are
reported®®?, Cristina et a*”’ proposed that butyrate
enemas may prevent the atrophy of the diverted colon/
rectum, thus improving the recovery of tissue integrity.

5-aminosalicylic acid

Usefulness of 5-aminosalicylic acid (5-ASA) enemas
in diversion colitis was reported for the first time by
Triantafillidis et ai* in 1991. Tripodi et al**! has also
reported similar results in 1992. Caltabiano et aff®
reported that 5-ASA enema reduces oxidative DNA
damage in colonic mucosa and reduces mucosal damage
using rats in a diversion colitis model. It is considered
that the mucosal disorder may be improved by protective
action against oxidative DNA damage and the anti-
inflammatory action of SASA®*,

Corticosteroids

Glotzer reported on several patients with diversion
colitis treated by steroid enemas in 1984™, Lim and
Jowett also reported the efficacy of the steroid enemas
in 2000%***, Corticosteroids are first-line agents for
symptomatic diversion colitis, with varying effectiveness.
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Table 3 Summary of pharmacologic treatments

Treatment Ref. Procedure/standard dosage Efficacy Complications/main side effects
Surgical [2,3,10,21,25,39,42] Mobilization of both ends of the The most effective method Bleeding, infection, anastomotic
anastomosis bowel with either sutured or of eliminating the signs and leak, anastomotic stricture,
stapled anastomosis. symptoms anesthetic risks
Corticosteroids [2,32,33] Hydrocortisone (100 mg per 60 Response to treatment is generally Local pain and burning,
mL bottle) enema is administered seenin 3 to 5 d. occasionally rectal bleeding.
once daily for up to 3 wk.
Occasional treatment may be Prolonged treatment may result
given for 2 to 3 mo depending on in systemic absorption, causing
clinical response. systemic side effects.
5-aminosalicylic [31,43,63,64] 4 g of mesalazine in 60 mL Varying effect Occasionally produces acute
acid (5-ASA) suspensions, administered rectally intolerance manifested by
enemas once-daily dose for 4 to 5 wk. cramping, acute abdominal pain,
bloody diarrhea, fever, headache,
and rash.
Short-chain-fatty [5,10,13,18,19,26,27,61,62] = SCFA enema rectally twice a Varying effect None
acid (SCFA) day for 2 wk, and then tapered
according to response over 2 to 4
wk.
Irrigation with [65,66] Solution containing 5% fibers (10 ~ The endoscopic score which is Probably none
Fibers g/d) for 7 d. used to quantify the intensity of
the inflammation at the mucosa
at the diverted colon diminished
after treatment.
Leukocytapheresis [44] Leukocytapheresis, at flow rate  Significant improvement inher ~ The common side effects were
of 40 mL/min for 60 min, once pouchitis disease activity index nausea, vomiting, fever, chills,
weekly for 5 wk, following (PDAI) from 14 to 1. and nasal obstruction.
low dose of metronidazole and
ciprofloxacin, another set of
weekly leukocytapheresis was
added.
Autologous fecal [45] Feces were collected from the All symptoms improved None, patient's tolerance required.
transplantation colostomy bag, diluted with 600  dramatically within 5 d after the
ml of sterile saline (0.9 %), stirred first treatment. Colonoscopy 28 d
and filtered three times using an  after the first treatment showed
ordinary coffee filter, irrigation no major signs of inflammation in
endoscopically. This procedure the colonic stump
was repeated 3 times within 4 wk
(on day 0, day 10 and day 28).
Dextrose spray [29] Endoscopically sprayed with 150  Follow-up pouchoscopy 2 wk It has a very low chance of
(hypertonic glucose) mL 50% dextrose via a catheter.  after the dextrose spray showed causing transient hyperglycemia

normal pouch mucosa with no
evidence of bleeding or mucosal
friability.

because there is no direct injection
of the hypertonic solution into
blood vessels.

SCFA: Short chain fatty acids; 5-ASA: 5-aminosalicylic acid.

Irrigation with fibers

Resolution of diversion colitis, based on endoscopic and
histologic examination, has been reported following
irrigation of the diverted segment of the colon with
fibers®>®®l, Joaquim et al'® investigated the effect
of irrigating the colorectal mucosa of patients with a
colostomy using a solution of fibers. In 11 patients with
loop colostomies, the diverted colorectal segment was
irrigated with a solution containing 5% fibers (10 g/d)
for 7 d. Irrigation with fibers improves inflammation
within the defunctionalized colon, so this therapy
may play a role in the preoperative management of
colostomies, potentially decreasing the high incidence of
diarrhea after reestablishment of the intestinal transit.

Leukocytapheresis
Watanabe et al™** reported successful treatment of
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leukocytapheresis in a patient with chronic antibiotic-
refractory diversion pouchitis following IPAA for UC
with diverting ileostomy. The mucosa of the diverted
pouch is less exposed to the fecal stream and patho-
gens. Therefore, altered immunity likely plays a major
role in the maintenance of diversion pouchitis. Leukocy-
tapheresis to address the altered immunity would
seem a reasonable approach for antibiotic-refractory
pouchitis following IPAA for UC with diverting ileostomy,
and its effectiveness in the case suggests that altered
immunity may be a key contributing factor compared
with dysbiosis, bacterial pathogens, and ischemia.

Autologous fecal microbiota transplantation

Fecal microbiota transplantation (FMT), which consists of
transferring stool from a healthy donor to the patient’s
colon, is an effective treatment for some diseases of the
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colon such as Crohn’s disease and recurrent Clostridium
difficile infections'®”’. Gundling et al*' presented that
autologous FMT might be an effective and safe option
for relapsing DC after standard therapies have failed.
Since the interruption of the fecal stream is central to
the development of DC, FMT seems to be a hopeful
treatment.

Dextrose spray

Custon et af*® presented a patient with ulcerative colitis
with severe hematochezia and diffuse mucosal bleeding
in a diverted ileal pouch, which was successfully treated
with endoscopic spray of hypertonic glucose (50%
dextrose). Hypertonic glucose may work thorough
osmotic dehydration and sclerosant effects, inducing long-
term mural necrosis and fibrotic obliteration of mucosal
vessels®*, Glucose spray is safe and inexpensive, and
it carries a very low risk of complications. The approach
has the potential to reduce recurrent bleeding and need
for surgical interventions.

SUMMARY OF PHARMACOLOGIC
TREATMENTS

The goal of treatment is the reduction or elimination of
symptoms. Patients who desire stoma closure and have
acceptable risks should undergo surgery to re-establish
intestinal continuity. In their prospective study, Son et af*”
reported that the severity of DC is related to diarrhea
after an ileostomy reversal and may adversely affect
quality of life. Pharmacologic treatments are needed
for symptomatic patients with permanent stomas and
patients who are unable to undergo stoma closure for
reasons of technical difficulty, poor anal sphincter function,
or persistent perianal sepsis. In our review, SCFAP0181
262736821 5. ASA enemast*** ! steroid enemas®?**,
and irrigation with fibers®**! have been tried with various
efficacies for mucosal inflammation. Only case reports
of therapy involving leukocytapheresis'*, autologous
fecal microbiota transplantation (FMT)™ and dextrose
(hypertonic glucose) spray® have been tried with some
effect. We have summarized the method, advantages and
disadvantages of each pharmacologic treatment in Table 3.

CONCLUSION

The vast majority of diverted patients remain asym-
ptomatic, however diversion colitis occurs in almost all
diverted patients. It generally resolves following colostomy
closure. However, those patients with significant
symptoms or histories of colitis or diarrhea should
undergo a complete proximal and distal colonic evaluation
prior to stoma closure, and some treatments need not
be delayed in these patients. Patients with permanent
diversions should undergo periodic pharmacologic
treatment. This review of various treatments for diversion
colitis will hopefully be useful for determining future
treatments.
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Abstract

AIM

To comprehensively evaluate mitochondrial (dys) function
in preclinical models of nonalcoholic steatohepatitis
(NASH).

METHODS

We utilized two readily available mouse models of
nonalcoholic fatty liver disease (NAFLD) with or without
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progressive fibrosis: Lep™/Lep™ (ob/ob) and FATZO mice
on high frans-fat, high fructose and high cholesterol
(AMLN) diet. Presence of NASH was assessed using
immunohistochemical and pathological techniques, and
gene expression profiling. Morphological features of
mitochondria were assessed via transmission electron
microscopy and immunofluorescence, and function was
assessed by measuring oxidative capacity in primary
hepatocytes, and respiratory control and proton leak in
isolated mitochondria. Oxidative stress was measured
by assessing activity and/or expression levels of V71,
Sod1, Sod2, catalase and 8-OHdG.

RESULTS

When challenged with AMLN diet for 12 wk, ob/ob
and FATZO mice developed steatohepatitis in the
presence of obesity and hyperinsulinemia. NASH
development was associated with hepatic mitochondrial
abnormalities, similar to those previously observed
in humans, including mitochondrial accumulation
and increased proton leak. AMLN diet also resulted
in increased numbers of fragmented mitochondria in
both strains of mice. Despite similar mitochondrial
phenotypes, we found that ob/06 mice developed
more advanced hepatic fibrosis. Activity of superoxide
dismutase (SOD) was increased in o4/0b AMLN mice,
whereas FATZO mice displayed increased catalase
activity, irrespective of diet. Furthermore, 8-OHdG, a
marker of oxidative DNA damage, was significantly
increased in ob/0b AMLN mice compared to FATZO
AMLN mice. Therefore, antioxidant capacity reflected as
the ratio of catalase:SOD activity was similar between
FATZO and C57BL6] control mice, but significantly
perturbed in ob/0b mice.

CONCLUSION

Oxidative stress, and/or the capacity to compensate
for increased oxidative stress, in the setting of mito-
chondrial dysfunction, is a key factor for development
of hepatic injury and fibrosis in these mouse models.

Key words: Nonalcoholic steatohepatitis; Steatosis;
Fibrosis; Mitochondrial function; Oxidative stress

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: ob/ob and FATZO mice developed nonalcoholic
fatty liver disease/nonalcoholic steatohepatitis (NASH)
when fed a high frans-fat, high fructose and high
cholesterol diet, in the context of obesity and insulin
resistance, but showed differences in liver disease
severity including collagen deposition and monocyte/
macrophage infiltration. Mitochondrial dysfunction and
increased numbers of mitochondria were observed in
both models, similar to that reported in human NASH.
Oxidative damage and antioxidant capacity were as-
sociated with disease severity. FATZO mice displayed
increased catalase activity and reduced oxidative DNA
damage compared to ob/ob mice, which may explain
their lower disease burden.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), now the
most common liver disease, encompasses a spectrum
of disorders from benign simple fatty liver to the more
severe non-alcoholic steatohepatitis (NASH) that can
progress to liver cirrhosis and hepatocellular carcinoma.
Given the strong association of NAFLD with obesity,
type 1I diabetes and other aspects of the metabolic
syndrome, the current estimated NAFLD prevalence of
20%-40% worldwide is expected to increase! . While
no FDA-approved pharmacotherapies for NAFLD/NASH
currently exist, more than 100 clinical trials are now
targeting this highly significant unmet medical need.

Insulin resistance is a major pathophysiological factor
that underlies the strong association between obesity/
type I diabetes and NAFLD. Increased circulating
free fatty acids and de novo lipogenesis lead to excess
lipid storage in the hepatocyte, and accumulation
of intrahepatic lipid is linked to pathogenic insulin
resistance and subsequent onset of type 2 diabetes.
This lipid overload also places a unique burden on the
mitochondria and promotes mitochondrial dysfunction
in vitro and in animal models. Data from multiple
studies suggest that while TCA cycle activity is increased
in NAFLD, mitochondrial respiratory chain inefficiencies
lead to increased generation of reactive oxygen species
(ROS) and lipotoxic intermediates that further promote
oxidative damage and inflammation*”). Importantly,
while increased hepatic mitochondrial respiration was
observed in obese patients with and without fatty liver,
this increase was lost in obese patients with NASH and
was associated with increased mitochondrial content,
proton leakage and oxidative stress'®.

While dysregulated mitochondrial metabolism has
been implicated in NALFD pathogenesis and progression,
the specific contribution to disease etiology remains
an active area of investigation®*®. Multiple lines of
evidence suggest that therapeutically targeting the
mechanisms leading to mitochondrial dysfunction may
improve liver disease!'>'!, The use of pre-clinical models
that mimic human pathology in the context of known
risk factors, including obesity and insulin resistance,
are necessary to understand the clinical translatability
of pharmacological interventions given the difficulty of
studying humans with a slow progressing disease that
cannot be confirmed non-invasively™*,

Hepatic mitochondrial function and oxidative stress
in metabolically-relevant, pre-clinical models of simple
fatty liver vs NASH have not been fully assessed. Here,
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two pre-clinical mouse models of simple steatosis
and NASH were investigated: ob/ob mice on NASH-
inducing AMLN diet!*¥, and the recently described
polygenic FATZO mouse which develops high-fat diet-
induced obesity and impaired glucose tolerance and
which retains an intact leptin axis"***. Importantly,
these models are readily available and rapidly and
consistently develop clinically relevant disease. We
characterized the contribution of mitochondria and
oxidative stress to disease phenotype and demonstrate
that a reduced ability to combat oxidative stress in the
setting of mitochondrial dysfunction is associated with
the progression to NASH with advanced fibrosis. These
data highlight the utility of these models to dissect the
underlying pathobiology of NAFLD disease progression
and to predict pharmacological efficacy.

MATERIALS AND METHODS

Animals

Animal studies were conducted in accordance with
protocols approved by the Institutional Animal Care
and Use Committee (IACUC) at MedImmune and
in compliance with the applicable national laws and
regulations concerning use of laboratory animals and
the AstraZeneca Animal Welfare and Bioethics policies.
Eight-week old male C57BL6J or Lep®/Lep® (ob/ob)
mice (Jackson labs, Bar Harbor, ME, United States)
and 8-week-old male FATZO mice (Crown Bioscience,
Indianapolis, IN, United States) were housed in standard
caging at 22 C in a 12-h light: 12-h dark cycle at
standard temperature and humidity conditions with ad
libitum access to water and food. Mice were maintained
on test diets for 12 wk. The following test diets were
used: 2018 Tekland rodent diet (Envigo, United States),
low-fat diet (LFD; 10% kcal/fat; D09100304, Research
Diets, New Brunswick, NJ, United States) and the Amylin
Liver NASH (AMLN) diet high in fat (40% kcal), fructose
(22% by weight), and cholesterol (2% by weight)
(D09100301 Research Diets). Study groups comprised
C57BL6] chow fed (lean) mice (n = 6), ob/ob mice on
LFD (n = 8) and ob/ob mice on AMLN diet (n = 10), or
C57BL6] lean mice, FATZO mice on LFD, or FATZO mice
on AMLN diet (all n = 5 per group).

Measurement of plasma ALT

Terminal blood was collected in EDTA-coated tubes
and centrifuged at 10000 x g for 10 min. The plasma
was collected and analyzed for ALT levels using a
biochemistry analyzer (Cobas c-111, Roche Diagnostics,
Indianapolis, IN, United States).

Liver lipid quantification

Total lipids were measured in liver samples using a Bruker
LF-90 minispec system (Bruker Biospin Corporation,
Billerica, MA, United States). The data are expressed as
the percent lipid relative to the total tissue mass.
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Plasma insulin and pancreatic insulin content

To isolate pancreatic insulin, the tissue was incubated
in a 1.5% HCI/70% EtOH solution overnight at -20 C.
The tissue was homogenized and frozen again overnight
at -20 C. Following centrifugation at 2000 rpm for 15
min, the aqueous layer was transferred to a new tube
and neutralized upon the addition of 1 mol/L Tris, pH
7.5 at a 1:1 ratio. Plasma and pancreatic insulin levels
were measured via immunoassay (K152BZC, MesoScale
Diagnostics, Rockville, MD, United States).

Histological analysis and quantification of liver tissue
Livers were fixed in 10% neutral buffered formalin for
24 h. Paraffin-embedded tissue sections were stained
with hematoxylin and eosin using standard procedures.
Histological assessments were conducted by a pathologist
under blinded conditions. A modified scoring system,
based on the Brunt and Kleiner NAFLD activity score,
previously developed and validated to enable a more
reproducible and semi-quantitative assessment of murine
liver was used to quantify various parameters of liver
phenotype!™®’. The following parameters were graded to
generate the overall NASH score: macrovesicular stea-
tosis (0: < 5%, 1: 5%-33%, 2: 34%-66%, 3: > 66%);
ballooning degeneration (0 = absent, 1 = present);
lobular inflammation (0 = no foci, 1 = rare foci, 2 =
occasional foci, 3 = frequent foci); biliary hyperplasia (0 =
none, 1 = mild, 2 = prominent); CD68 immunoreactivity
(0 = normal, 1 = minimal increased, 2 = more than
minimal increase).

Customized algorithms (Definiens, Munich, Germany)
were applied to the liver sections to quantify macro-
steatosis per liver area, total collagen area and number
of CD68-positive cells. White spaces, non-native liver
tissues, large blood vessels and bile ducts were excluded
from the analyses.

Immunohistochemistry

Immunohistochemistry was performed using a Ventana
Discovery ULTRA Staining Module (Ventana Medical
Systems, Tucson, AZ, United States). Formalin-fixed,
paraffin embedded liver sections were stained with
anti-CD68 (ab125212 Abcam, Cambridge, MA, United
States), anti-collagen type 1 Al (1310-01 Southern
Biotech, Birmingham, AL, United States), or anti-catalase
(PA5-29183, ThermoFisher).

Transmission electron microscopy

Freshly isolated liver was chemically fixed in 0.1 mol/L
cacodylate buffer containing 4% paraformaldehyde and
2% glutaraldehyde. Samples were resin-embedded,
sectioned, and stained as previously described™”.
Samples were imaged using the FEI Tecnai G2 SPIRIT
electron microscope equipped with a CCD camera
(Pleasanton, CA, United States) at 120000 V. Images
were acquired using GATAN digital micrograph software
(Warrendale, PA, United States). Electron micrographs
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were viewed in a blinded fashion using 3Dmod software™

on a Wacom Cintig 22HD art tablet (Vancouver, WA,
United States). Mitochondrial area and number were
quantified per total cytoplasmic area from = 10 electron
micrographs per group via manual tracing using the art
tablet as previously described (N = 3 biological replicates,
= 1.5 mm? total cytoplasmic area)!*..

Immunofluorescence

FFPE liver sections were deparaffinized followed by
blocking of endogenous peroxidases. Antigen retrieval
was carried out by heating samples at 119 C for 6.5
min in citrate buffer solution (Dako Target Retrieval
Solution, Agilent Technologies, Santa Clara, CA, United
States). After blocking with 1.5% horse serum, slides
were incubated overnight in anti-HSP60 (D6F1, Cell
Signaling Technology, Danvers, MA, United States) in
Dako antibody diluent (S3022, Agilent Technologies).
Secondary antibody incubation with goat anti-rabbit
Alexa 488 (ThermoFisher) was carried out at room
temperature for 1 h. Slides were mounted using Prolong
Gold plus DAPI (ThermoFisher). Slides were imaged
using a Leica TCS SP5 X confocal microscope. Confocal
images were viewed in a blinded fashion using 3Dmod
software on a Wacom Cintiq 22HD art tablet (Vancouver,
WA, United States). Mitochondrial length and number
per total cytoplasmic area were quantified from =
15 images per group (n = 3 biological replicates) via
manual tracing of cell boundaries, nuclei, lipid droplets
and mitochondria. Total cytoplasmic area was calculated
as area within the cell boundary minus the nuclei and
lipid droplet areas.

Primary hepatocyte isolation
Murine primary hepatocytes were isolated using a
modified two-step non-recirculating perfusion method
as previously described™®. All assays were carried out
within 18-24 h post-plating.

Mitochondrial oxygen consumption

Mitochondrial oxygen consumption was measured using
the Seahorse Xfe96 analyzer (Agilent Technologies).
Primary hepatocytes were plated at a density of 7500
cells per well and allowed to recover overnight. The
medium was exchanged (DMEM containing 5 mmol/L
glucose, 4 mmol/L L-glutamine, 2 mmol/L sodium
pyruvate, pH 7.4) and the plate was placed in a CO2-
free incubator for 30 min prior to being placed in the
analyzer. The following compounds were used in the
mitochondrial stress test: 1 pmol/L oligomycin (Sigma,
St Louis, MO, United States), 0.5 umol/L FCCP (Sigma),
and 5 pymol/L antimycin A (Sigma). The data represent
the average of three independent experiments each
with @ minimum of 8 replicates per group.

Mitochondrial coupling and proton leak

The respiratory control ratio (RCR) and leak control ratio
(LCR) were quantified using freshly isolated hepatic
mitochondria as an index of mitochondrial coupling and
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proton leak, respectively™. Briefly, 5 ug of mitochondria

were loaded per well of the seahorse plate in assay
medium (70 mmol/L sucrose, 220 mmol/L mannitol, 10
mmol/L KH2PO4, 5 mmol/L MgClz, 2 mmol/L HEPES, 1
mmol/L EGTA, 0.2% (w/v) fatty acid-free BSA, pH 7.2
supplemented with complex I substrate succinate at
10 mmol/L). The following injections were performed:
4 mmol/L ADP (state 3), 1 umol/L oligomycin (state
30), 1 umol/L FCCP (state 3v) and 4 pmol/L antimycin
A/ 2 umol/L rotenone. RCR is represented by the ratio
of ADP-stimulated respiration (state 3) to respiration
in the presence of oligomycin (state 3.), and LCR is
represented by the ratio of respiration in the presence
of oligomycin (State 3.) to FCCP-stimulated respiration
(state 3u).

Citrate synthase activity

Mitochondrial content was quantified by citrate synthase
activity (CSA) of freshly isolated primary hepatocytes
or liver mitochondria using the Citrate Synthase Activity
Colorimetric Assay Kit (BioVision, Milpitas, CA, United
States) according to the manufacturer’s instructions and
normalized to total protein assessed by the Pierce BCA
protein assay kit (ThermoFisher).

Isolation of liver mitochondria

Excised liver was rinsed in several changes of PBS and
homogenized in ice cold isolation buffer (70 mmol/L
sucrose, 210 mmol/L mannitol, 5 mmol/L HEPES, 1
mmol/L EGTA, 0.5% w/v fatty acid-free BSA, pH 7.2)
using a Wheaton™ Dounce Tissue Grinder (Fisher
Scientific). After centrifugation at 800 x g for 10 min at
4 °C, the supernatants were collected and centrifuged at
8000 x g for 10 min at 4 C. The resulting mitochondrial
pellet was washed two times and resuspended in a
minimal volume of isolation buffer. The isolated mitochon-
dria were kept on ice until use. Protein concentration
was determined using the Pierce BCA Protein Assay Kit
(ThermoFisher).

RNA isolation and real-Time PCR

Total liver RNA and genomic DNA were isolated using
standard procedures. Qiagen RNeasy® columns
(Qiagen, United States) were used for RNA purification
according to the manufacturer’s protocol, including
an on-column DNA digestion using DNasel. Equal
amounts of RNA were reverse transcribed to cDNA
using SuperScript II First Strand cDNA synthesis kit
(Invitrogen, Carlsbad, CA, United States) according to
the manufacturer’s instructions. Real-Time PCR was
performed on a QuantStudio-7 Flex System (Applied
Biosystems, Foster City, CA, United States) using Applied
Biosystems TagMan Fast Universal PCR Master Mix and
TagMan probes. Each sample was assayed in triplicate
and quantified using the AACT method normalized to
endogenous control Ppia (mMRNA) or nuclear encoded
gene B-globin (gDNA). The following Tagman probes
were used in gqPCR assays: collagen type 1 alpha 1
(Collal, Mm00801666_g1), collagen type 1 alpha 2
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(Colla2, MmM00483888_m1), TIMP metallopeptidase
inhibitor 1 (Timpl, Mm01341361_m1), interleukin 1
beta (Illb, Mm00434228_m1), cluster of differentiation
68 (Cd68, Mm03047343_m1), tumor necrosis factor
alpha (Tnf, Mm00443258_m1), PPARG coactivator 1
alpha (Ppargcla, Mm01208835_m1), nuclear respiratory
factor 1 (Nrfl, Mm01135606_m1), transcription factor
A, mitochondrial (Tfam, MmM00447485_m1), superoxide
dismutase 1, soluble (Sod1, Mm1344233_gl), superoxide
dismutase 2, mitochondrial (Sod2, Mm01313000_m1),
catalase (Cat, Mm00437992_m1), glutathione per-
oxidase (Gpx1l, Mm00656767_gl), and peptidylprolyl
isomerase A (Ppia, Mm02342430_g1).

Oxidative stress assays

Superoxide dismutase activity (7501-500-K, Trevigen,
Gaithersburg, MD, United States) and catalase activity
(707002, Cayman Chemical, Ann Arbor, MI, United
States) were measured in freshly prepared liver homo-
genates according to the manufacturer’s protocols. The
levels of 8-hydroxydeoxyguanosine (8-OHdG) were
measured via ELISA using approximately 20 pg of total
hepatic genomic DNA (4380-096-K, Trevigen).

Statistical analysis

All statistical analyses were carried out using GraphPad
Prism 7 (GraphPad Software, San Diego, CA, United
States). The data were analyzed via one-way or two-
way ANOVA and Tukey’s post-test. Data are shown as
the mean *+ SE. Values of P < 0.05 were considered
significant.

RESULTS

Ob/ob mice develop NASH with fibrosis in the setting of
obesity and insulin resistance

NASH induction was assessed in ob/ob mice, a
proposed NASH model when challenged with AMLN diet.
C57BL6] mice served as healthy age-matched controls
(lean) and were compared to ob/ob mice maintained
on LFD (ob/ob LFD) or AMLN diet (ob/ob AMLN) for 12
wk. After the 12-wk disease induction period, ob/ob
LFD and ob/ob AMLN mice weighed significantly more
than lean controls (P < 0.0001), but did not significantly
differ from one another (Figure 1A). While non-fasting
blood glucose was slightly reduced in ob/ob AMLN
animals compared to lean controls (132 mg/dL vs 186
mg/dL, P < 0.05; Figure 1B), plasma insulin levels (P
< 0.05; Figure 1C) and pancreatic insulin content (P <
0.01; Figure 1D) were concomitantly increased.

We measured markers associated with NAFLD
including liver weight, liver lipid, and plasma alanine
aminotransferase (ALT). Liver weight was significantly
greater in ob/ob LFD vs lean animals (8.6% vs 4.5%,
P < 0.0001), and was further increased in ob/ob AMLN
animals (12.7%, P < 0.0001; Figure 2A). Similarly, ob/
ob AMLN livers contained approxiately 34% intrahepatic
lipid, which was significantly greater than livers from
ob/ob LFD (25% lipid, P < 0.0001) and lean animals
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(5% lipid, P < 0.0001; Figure 2B). Plasma ALT was also
significantly increased in ob/ob LFD vs lean animals (771
U/L vs 160 U/L, P < 0.0001) and was further elevated
in ob/ob AMLN animals (1160 U/L, P < 0.001 vs ob/ob
LFD; Figure 2C).

Macrovesicular steatosis was prominent in both
ob/ob LFD (60%) and ob/ob AMLN animals (67%, P
< 0.001 vs ob/ob LFD; Figure 2D). Hepatic fibrosis
assessed by quantification of type 1 collagen stained
area was significantly greater in ob/ob LFD vs lean
livers (P < 0.01) and even greater in ob/ob AMLN liver (P
< 0.0001 vs ob/ob LFD) (Figure 2E). Immunolabeling
with the monocyte/macrophage marker CD68 was also
markedly elevated in ob/ob AMLN livers compared to
ob/ob LFD and lean controls (P < 0.0001 vs ob/ob LFD;
Figure 2F).

We analyzed hepatic transcript levels of genes
involved in fibrosis and inflammation that differentiate
the more benign disease observed in ob/ob LFD liver
histopathology from the steatohepatitis observed in ob/
ob AMLN livers. Transcripts encoding the most abundant
form of liver collagen, type 1 (Colial and ColiaZ2), in
addition to type 3 collagen (Col3al1) were significantly
elevated in ob/ob AMLN livers vs lean and ob/ob LFD
livers (P < 0.001, P < 0.01, P < 0.0001, respectively, vs
ob/ob LFD; Figure 2G). Timp1, another gene associated
with increased extracellular matrix turnover, was
significantly elevated in ob/ob AMLN compared to ob/ob
LFD and lean livers (P < 0.001 vs ob/ob LFD; Figure
2G). The expression of cytokines including Tgfb, Tnf,
Il1b, and I/10, and chemokines including Ccl2, Ccl3, and
Ccl11 were similarly upregulated in ob/ob AMLN livers
compared to ob/ob LFD and lean controls (P < 0.01, P
<0.05, P<0.05,P=0.2; P<0.01,P<0.001, P<0.01,
respectively, vs ob/ob LFD; Figure 2H). Additionally,
Lgals3, a marker associated with multiple inflammatory
cell types and thought to contribute to fibrogenesis,
was highly expressed in the livers of ob/ob AMLN but
not lean or ob/ob LFD mice (30-fold induction vs lean
controls, P < 0.001 vs ob/ob LFD; Figure 2H).

The steatosis grade was significantly higher in
ob/ob LFD (grade 2.5, P < 0.0001) and ob/ob AMLN
(grade 3, P < 0.0001) compared to lean livers (grade
0; Figure 3A). A significant increase in the number
of inflammatory foci (Figure 3B), biliary hyperplasia
(Figure 3C) and CD68-positive cells (Figure 3D) was
observed in ob/ob AMLN vs lean (P < 0.0001) and
ob/ob LFD livers (P < 0.0001). Ballooned hepatocytes
were only observed in ob/ob AMLN livers (Figure
3E). An integrated NASH score was generated by
combining the grades of steatosis, inflammation,
biliary hyperplasia, CD68 positive cells, and ballooning
degeneration (Figure 3F), which reflected the clear
distinction between ob/ob LFD and ob/ob AMLN liver
histopathology.

Fragmented mitochondria in ob/ob AMLN hepatocytes
We examined mitochondrial ultrastructure in livers from
lean, ob/ob LFD and ob/ob AMLN mice by transmission
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electron micrography (TEM; Figure 4A). Quantitative
assessment of TEM images showed ob/ob AMLN
hepatocytes had increased numbers of mitochondria
(approximately 1.5-fold, P < 0.001 vs ob/ob LFD; Figure
4B). While lean and ob/ob LFD hepatocytes contained
a mixture of elongated and fragmented mitochondria,
ob/ob AMLN hepatocytes contained smaller, more
fragmented mitochondria (average area = 70 pm? for
lean controls vs 45 um? for ob/ob AMLN, P < 0.01; Figure
4C); however, no overt defects in outer membrane
integrity or cristae formation were observed. Similarly,
quantification of mitochondrial length and number from
HSP60 immunostained liver sections revealed increased
numbers of mitochondria overall in ob/ob AMLN livers
(P < 0.005 vs lean controls; Figure 4D) and a significant
increase in shorter, more fragmented mitochondria
(Figure 4E). Citrate synthase activity (CSA), another
measure of mitochondrial content, was increased over
2-fold in primary hepatocytes isolated from ob/ob AMLN
mice vs lean controls (P < 0.05; Figure 4F). In line with
smaller mitochondria in ob/ob AMLN hepatocytes, the
expression of proteins required for mitochondrial fusion,
mitofusin 1 (Mfn1) and dynamin-like 120 kDa protein,
mitochondrial (Opal), was significantly decreased in ob/
ob AMLN livers compared to lean controls (P < 0.01 and
P < 0.05, respectively; Supplementary Figure 4G).
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To assess whether this increase in mitochondrial
number was due to increased biogenesis, we quantified
the expression of transcription factors required for
mitochondrial biogenesis and components of the
electron transport chain (ETC). While the expression of
PPARy-coactivator 1a (Ppargcla) was slightly increased
in ob/ob LFD livers (1.4-fold, P = 0.06 vs lean controls),
it was unchanged in ob/ob AMLN vs lean livers (data
not shown). Similarly, nuclear respiratory factor 1 (Nrf1)
and mitochondrial transcription factor A (Tfam) mRNA
levels were unchanged in ob/ob AMLN vs lean and ob/
ob LFD livers (data not shown). Additionally, expression
of mitochondrial autophagy genes Bnip3, Park2 and
Pink1 was not different between groups (Figure 4G).
Although ob/ob AMLN hepatocytes displayed increased
mitochondrial number, they contained significantly
less mitochondrial DNA (mtDNA) as assessed by the
expression of mitochondrially-encoded genes Cytb and
Nd-1 relative to the expression of nuclear encoded
B-globin (approximately 30% reduction, P < 0.05 vs
lean controls; Supplementary Figure 4H).

Hepatic ob/ob AMLN mitochondria have reduced
respiratory capacity and increased proton leak

To assess mitochondrial function, oxygen consumption
of intact primary hepatocytes from lean, ob/ob LFD
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and ob/ob AMLN animals was measured (Figure 50% lower compared to lean (P < 0.01) and ob/ob
5A). ob/ob AMLN hepatocytes displayed significantly LFD hepatocytes (P < 0.05) (Figure 5B). Maximal
reduced basal respiration that was approximately mitochondrial respiratory capacity was significantly
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increased in ob/ob LFD compared to lean hepatocytes
(+45%, P < 0.05; Figure 5B). In contrast, ob/ob AMLN
hepatocytes displayed significantly reduced maximal
respiration compared to lean (-45%, P < 0.05) and ob/
ob LFD hepatocytes (-60%, P < 0.001; Figure 5B).

We also assessed mitochondrial coupling and
proton leak. The mitochondrial respiratory control ratio
(RCR) and leak control ratio (LCR) were quantified
using isolated mitochondria from lean, ob/ob LFD and
ob/ob AMLN livers. Mitochondria from ob/ob mouse
liver displayed slightly increased proton leak without a
significant decrease in respiratory control®), and AMLN
diet further increased proton leak and reduced RCR.
Mitochondrial coupling was decreased in ob/ob AMLN
mice compared to mitochondria from lean mice (4.2 vs
5.6; Figure 5C), although this difference did not reach
statistical significance. ob/ob AMLN mitochondria also
displayed a higher LCR compared to lean controls (0.35
vs 0.23, P = 0.06; Figure 5D), indicating increased
proton leak.

FATZO mice fed AMLN diet display enhanced
microvesicular steatosis and lobular inflammation but
minimal fibrosis

While the ob/ob mouse exhibits key aspects of human
metabolic disease and, importantly, develops diet-
induced NASH with consistent grade 2-3 fibrosis, most
humans with NAFLD/NASH are likely hyperleptinemic as
opposed to leptin-deficient. We therefore investigated
the FATZO mouse, an inbred polygenic cross of AKR/J
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and C57BL6] strains with a predisposition to obesity and
insulin resistance, but intact leptin axis™*'.

After 12 wk on diet, FATZO mice fed LFD (FATZO
LFD) weighed significantly more than lean (C57BL6J)
controls (43 g vs 35 g, P < 0.0001), while FATZO mice
fed AMLN diet (FATZO AMLN) weighed significantly
more than both FATZO LFD and lean controls (50 g, P
< 0.001 vs FATZO LFD; Figure 6A). Plasma glucose was
slightly elevated in FATZO LFD (271 mg/dL) and FATZO
AMLN mice (236 mg/dL) compared to lean controls (186
mg/dL; Figure 6B). FATZO AMLN mice displayed severe
hyperinsulinemia with average plasma insulin levels that
were significantly greater compared to FATZO LFD and
lean controls (P < 0.01 for ob/ob AMLN vs lean controls;
Figure 6C). Both FATZO LFD and FATZO AMLN mice
had increased pancreatic insulin content, which was
significantly greater in FATZO AMLN mice compared to
lean controls (+50%, P < 0.05; Figure 6D).

Markers of liver disease including hepatomegaly,
hepatic steatosis and elevated plasma ALT levels
were present in both FATZO LFD and FATZO AMLN
mice. Relative liver weight was significantly increased
in FATZO LFD vs lean animals (7.3% vs 4.4%, P <
0.0001), and was further increased in FATZO AMLN
animals (10.6%, P < 0.001 vs FATZO LFD) (Figure 7A).
Similarly, hepatic lipid content was significantly greater
in FATZO LFD compared to lean controls (20% vs 6%)
and was greatest in FATZO AMLN mice (30%, P <
0.0001 vs FATZO LFD; Figure 7B). Plasma ALT was also
significantly increased in FATZO LFD vs lean animals
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Figure 4 ob/ob AMLN hepatocytes display increased numbers of fragmented mitochondria. (A) Transmission electron micrographs (TEM) showing
mitochondrial morphology and ultrastructure in the liver. Scale bar = 0.2 um. Quantification of the number of mitochondria (B) and mitochondrial area (C) from TEM

images; (D): Confocal images of HSP60 stained liver sections and quantification of

mitochondrial number per cytoplasmic area. Scale bar = 10 um; (E): Histogram

depicting the number of mitochondria per binned mitochondrial length as a percentage of total mitochondria per cell; (F): Mitochondrial content measured by citrate
synthase activity in isolated primary hepatocytes; (G): Relative hepatic expression of genes associated with mitophagy; (H): Quantification of mitochondrial genome-
encoded CytB or Nd1 relative to nuclear-encoded B-globin from total genomic DNA extracted from the liver. °P < 0.05, °P < 0.01, vs C57BL6J; °P < 0.05, P < 0.01,

9P < 0.001, "P < 0.0001 vs LFD. LFD: Low-fat diet.

(260 U/L vs 50 U/L, P < 0.0001) and was further
elevated in FATZO AMLN animals (370 U/L, P < 0.01 vs
FATZO LFD; Figure 7C), but was nonetheless still much
lower than levels observed in ob/ob AMLN mice (>1100
U/L, Figure 1C).

Assessment of HE-stained liver samples revealed
the presence of prominent steatosis, both micro- and
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macrovesicular, in both FATZO LFD and FATZO AMLN
animals (Figure 7D). Increased macrophage/monocyte
infiltration was also observed in FATZO LFD and
FATZO AMLN mice (Figure 7E), paralleled by increased
expression of hepatic Cd68 (3.5-fold in FATZO LFD and
5.2-fold in FATZO AMLN; P < 0.05 FATZO LFD vs FATZO
AMLN; Figure 7H). Mild collagen deposition was also
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Figure 5 Mitochondria from ob/ob AMLN livers display reduced respiratory capacity and increased proton leak. (A): Oxygen consumption of primary
hepatocytes isolated from C57BL6J, ob/ob LFD and ob/ob AMLN livers normalized to mitochondrial content (citrate synthase activity, CSA). Changes in mitochondrial
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Mitochondrial respiratory control ratio, a measure of mitochondrial coupling, defined as state 3/ state o respiration of mitochondria isolated from the livers of C57BL6J,
ob/ob LFD and ob/ob AMLN mice; (D): Mitochondrial leaking control ratio, a measure of proton leak, defined as state of state 3u respiration. °P < 0.05, °P < 0.01, vs

C57BL6J;'P < 0.01,°P < 0.001, vs LFD. LFD: Low-fat diet.

apparent in FATZO animals but did not worsen upon
AMLN diet feeding (Figure 7F).

Transcriptional profiling of genes involved in
hepatic fibrosis and inflammation revealed additional
evidence of active liver disease in FATZO mice.
Collagens including Col1al1, Colla2 and Col3al were
increased in FATZO LFD livers compared to lean
controls (approximately 6-8-fold for each), and were
further induced in FATZO AMLN livers (Figure 7G). All

JBaishideng® W]G I WWW.ngnet.COm

cytokines assayed including Tgfb, Tnf, I/1b, and I/10,
and chemokines including Cc/2, Ccl3, and Ccl11 were
similarly upregulated in FATZO LFD livers compared to
lean controls and even further induced in FATZO AMLN
livers (Figure 7H). Additional fibrosis related genes
Timp1 and Lgals3 were significantly elevated in FATZO
LFD livers compared to lean controls, with even further
induction observed in FATZO AMLN livers (Figure 7G,
H). Integrated NASH scores generated from combining
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Figure 6 AMLN diet exacerbates obesity and hyperinsulinemia in FATZO mice. (A): Average body weight over 12-wk disease induction period; (B): Terminal
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grades of steatosis (Figure 8A), inflammation (Figure
8B), biliary hyperplasia (Figure 8C), CD68-positive cells
(Figure 8D) and hepatocyte ballooning (Figure 8E) were
significantly greater for FATZO LFD and FATZO AMLN
mice compared to lean controls, but did not significantly
differ from one another (Figure 8F).

Increased mitochondrial fragmentation in FATZO mice is
associated with mild mitochondrial dysfunction

Similar to ob/ob mice, FATZO AMLN mice displayed
significantly increased numbers of fragmented mito-
chondria (Figure 9A, B) and hepatic CSA (Figure 9C)
compared to FATZO LFD and lean controls. In contrast,
this increase was associated with a significant induction
of mitochondrial biogenesis genes in FATZO mice.
Nrf1 was consistently induced in both FATZO LFD and
FATZO AMLN livers compared to lean controls (P <
0.01 for FATZO LFD, P < 0.0001 for FATZO AMLN vs
lean), Ppargcla was significantly induced in FATZO LFD
livers compared to lean controls (1.75-fold, P < 0.001)
and Tfam was significantly induced in FATZO AMLN
livers vs lean controls 1.4-fold, P < 0.01; Figure 9D).
Additionally, decreased mitophagy may contribute to
increased mitochondrial content, although only Bnip3
expression was significantly reduced in FATZO LFD and
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FATZO AMLN livers compared to lean controls (-40%, P
< 0.05 for FATZO LFD, -25%, P = 0.08 for FATZO AMLN
vs lean) with no changes observed in Park2 or Pinkl
expression (Supplementary Figure 9E). No differences
in the mitochondrial:nuclear DNA ratio were observed
(Figure 9F), suggesting that mtDNA replication is
occurring normally in contrast to that observed in the
ob/ob AMLN model.

To assess hepatic mitochondrial function in the
FATZO mice we measured mitochondrial coupling and
proton leak in isolated mitochondria. While there was
a trend for reduced RCR in FATZO AMLN mitochondria
compared to lean controls, this reduction was small
and did not reach statistical significance (4.1 vs 4.9, P
= 0.5; Figure 9G). Similar to the ob/ob models, both
FATZO LFD and FATZO AMLN mitochondria displayed
a trend for increased proton leak compared to lean
controls (0.43 for both FATZO LFD and AMLN vs 0.32
for lean controls; P = 0.08 and P = 0.07, respectively;
Figure 9H).

Ob/ob mice display a reduced ability to manage
oxidative stress compared to FATZO mice

The oxidative stress responsive transcription factor
Nrf2 was significantly induced in both ob/ob and
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FATZO mice on LFD and further induced by AMLN
diet, indicating that the antioxidant response system
was induced. Interestingly, when we quantified the
expression levels of antioxidant enzymes that are
collectively required for ROS detoxification, including
superoxide dismustase 1 (Sod1), superoxide dismutase
2 (Sod2) and catalase (Cat), we detected unchanged or
reduced hepatic expression in all diseased livers. Sod1
mMRNA was significantly reduced in both ob/ob LFD and
ob/ob AMLN livers compared to lean controls (-25%, P
< 0.001 for both; Figure 6A), while Sod2 expression was
significantly reduced in ob/ob AMLN livers compared to
lean controls (-25%, P < 0.05; Figure 10A). All diseased
livers displayed significantly reduced Cat expression
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compared to lean controls (-50%, P < 0.0001 for ob/
ob LFD and AMLN vs lean controls; -20%, P < 0.05 for
FATZO LFD and AMLN vs lean controls; Figure 10A).
FATZO AMLN livers, however, did display significantly
increased glutathione peroxidase (Gpx1) mRNA levels
(+50%, P < 0.01 vs C57BL6J, Figure 10A).

Despite reduced (ob/ob mice) or unchanged (FATZO
mice) Sod1 and Sod2 mRNA, there was a trend for
increased hepatic superoxide dismutase activity for
ob/ob and FATZO mice compared to lean controls (P
< 0.05 ob/ob AMLN vs lean; Figure 10B). Catalase
activity was increased approximately 2-fold in both
FATZO LFD (P < 0.001) and FATZO AMLN livers (P <
0.01), but unchanged in ob/ob LFD and ob/ob AMLN
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Figure 8 Histopathological scoring of FATZO mice. Individual grades of macrovesicular steatosis (A), lobular inflammation (B), biliary hyperplasia (C), CD68-
positive cells (D) and ballooning degeneration. (E) Composite NASH scores. °P < 0.05, °P < 0.001, °P < 0.0001 vs C57BL6J.

livers compared to lean controls (Figure 10C). We also
detected increased catalase expression in liver sections
from FATZO LFD and FATZO AMLN mice compared
to lean controls (Figure 10D). Further, the ratio of
hepatic catalase:SOD activity was reduced in ob/ob
LFD mice and worsened by AMLN diet, but unchanged
in FATZO animals compared to lean controls (Figure
10E). Hepatic 8-hydroxydeoxyguanosine (8-OHdG), a
marker of oxidative DNA damage, tended to be higher
in ob/ob LFD animals compared to both lean controls
and FATZO LFD mice (Figure 10F). In ob/ob AMLN
mice, hepatic 8-OHdG levels were significantly higher
than both FATZO mice and lean controls (2.5-fold, P <
0.01 vs lean; Figure 10E). Additionally, we observed
a negative correlation between catalase activity and
hepatic 8-OHdG levels (Figure 10G). Taken together
these data suggest that a reduced ability to manage
ROS may be a key mechanism underlying the more
severe liver phenotype observed in ob/ob AMLN mice.

DISCUSSION

The increasing health and economic burden and lack
of FDA-approved therapies underscore the importance
of appropriate pre-clinical models for NAFLD/NASH™.
Surprisingly, only a handful of animal models are av-
ailable that reflect human disease with respect to
metabolic status and liver pathology'>?**, These models
are similar in that their genetic background predisposes
to diet-induced NASH, and include the DIAMOND
model'*, the ob/ob mouse!**®, and the LDLR knockout
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mouse?. To a lesser extent, C57BL6J mice fed a high-fat
(AMLN) diet will also develop NASH when given enough
time (> 24 wk), but this model does not develop as
advanced fibrosis®®*®!, Other reported models of liver
disease do not develop liver inflammation, such as the
APOE2 knock-in mouse'”, or lack metabolic context,
such as the CCls and MCDD models.

We report herein that both the leptin-deficient ob/
ob mouse and hyperleptinemic FATZO mouse develop
steatohepatitis within 12 wk of AMLN diet feeding.
Despite similar levels of liver lipid and less severe
hyperinsulinemia, ob/ob AMLN mice displayed a worse
liver phenotype with increased inflammation and more
advanced fibrosis relative to FATZO mice. Notably,
hepatic expression of macrophage markers and related
inflammatory chemokines were more prominently
upregulated in ob/ob AMLN compared to FATZO AMLN
mice, but were similar in ob/ob LFD and FATZO LFD
animals, suggesting that the baseline inflammatory
status and matrix deposition of the livers is similar in
these models and that leptin deficiency per se does
not predispose the liver to inflammation and fibrosis,
but nonetheless may contribute to a proinflammatory,
profibrotic phenotype upon dietary challenge.

While the precise pathophysiology of NASH remains
to be fully determined, one aspect that has emerged in
recent years is the role of mitochondrial (dys)function
in hepatocytes associated with NAFLD/NASH. Evidence
from human studies has recently emerged®*”, however
similar analyses in mouse models of NASH has not
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Figure 9 Mitochondrial content alterations in FATZO mice are associated with increased biogenesis and elevated proton leak. (A): Confocal images
of HSP60 stained liver sections with quantification of mitochondrial number per cytoplasmic area. Scale bar = 10 um; (B): Histogram depicting the number of
mitochondria per binned mitochondrial length as a percentage of total mitochondria per cell; (C): Mitochondrial content measured by citrate synthase activity of
isolated hepatic mitochondria; (D): Expression of hepatic mitochondrial biogenesis genes; (E): Relative hepatic expression of mitophagy-associated genes; (F):
Quantification of mitochondrial genome-encoded CytB or Nd1 relative to nuclear-encoded B- globin from total genomic DNA extracted from the liver; (G): Mitochondrial
respiratory control ratio; (H): Mitochondrial leak control ratio. °P << 0.05, °P << 0.01, °P < 0.001, °P < 0.0001 vs C57BL6J; °P < 0.05, "P < 0.0001 vs LFD. LFD:
Low-fat diet.

been reported. Multiple interconnected facets of
mitochondrial biology including morphology, overall
content (numbers and size), and respiratory capacity
influence mitochondrial function. Our data show that
ob/ob AMLN mice developed NASH associated with
increased numbers of fragmented mitochondria with
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reduced respiratory capacity but without overt defects
in mitochondrial membrane integrity or cristae struc-
ture. Similarly, FATZO AMLN mice displayed fragment-
ed mitochondria with a trend for reduced respiratory
control, but nonetheless better responded to oxidative
damage and presented less overall fibrosis.
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NAFLD®*, Mfn1 and Opal expression were significantly
reduced in ob/ob mice when fed AMLN diet. Consistent

Mitochondrial morphology is appreciated to play an
active role in regulating energy metabolism and cell

death and can therefore influence NASH development
at numerous stages®®*?, Leptin has previously been
shown to alter mitochondrial morphology and function.
In primary mouse hepatocytes, leptin treatment induced
mitochondrial fusion through induction of Ppargcla
and Mfnl and was associated with protection from
high-glucose induced fatty acid accumulation®™. Com-
plementary work demonstrated that inhibition of mito-
chondrial fission reduced steatosis and development of
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with transcript levels, we observed smaller but more
numerous mitochondria in both ob/ob AMLN and
FATZO AMLN hepatocytes. Increased mitochondrial
fragmentation and uncoupling have been proposed as
adaptive mechanisms to reduce ROS levels and maintain
energy balance by limiting ATP production in states of
excess substrate supply which may explain the more
fragmented, leaky mitochondria in ob/ob AMLN and
FATZO AMLN livers.
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Reduced mitochondrial function assessed by cou-
pling efficiency and proton leak was also observed in
both models; however, only ob/ob AMLN livers displayed
significantly reduced mtDNA levels, similar to patients
with NAFLD™*?*® which may affect other aspects of
mitochondrial function including ATP generation and
ROS production. Moreover, ROS itself may promote
mtDNA mutation and degradation™”, leading to a feed-
forward loop of continuous oxidative damage that leads
to hepatocyte cell death, inflammation and fibrosis
development. As such, targeting hepatic oxidative stress
driven by chronic overnutrition could be an important
therapeutic target for NASH prevention.

The capacity to manage oxidative stress was
dissimilar between ob/ob and FATZO mice. Multiple
antioxidant molecules within the cell are regulated
by the transcription factor NRF2. While hepatic Nrf2
expression was significantly upregulated in both ob/
ob and FATZO livers, indicative of increased oxidative
stress, oxidative DNA damage was only detected in
ob/ob livers. Increased hepatic superoxide dismutase
activity was detected in both ob/ob and FATZO
animals, suggestive of elevated hydrogen peroxide
in these livers, but concomitantly increased catalase
activity and Gpx1 expression was detected only in
FATZO liver. Increased hepatic hydrogen peroxide
levels have been reported for humans with NASH and
correlated with catalase activity and oxidative DNA
damage®®. In line with these human studies, hepatic
catalase activity was indeed negatively correlated with
8-OHdG levels.

In the clinic, single antioxidant therapy has shown
mixed efficacy. Among these agents, vitamin E
(despite its limited antioxidant efficacy) is the most
investigated®**?!, While the majority of studies showed
improvements in select features, including steatosis,
serum ALT and histopathology, none have demonstrated
improvement in fibrosis, the key feature linked to
disease progression*’), Strategies to enhance antioxidant
defenses are also being actively explored. One such
target is NRF2, which can be activated by numerous
natural products, including resveratrol and synthetic
compounds*!. Combination strategies that include the
oxidant scavenging effects with an anti-fibrotic molecule
such as the anti-galectin 3 drug GR-MD-02, currently in
Phase 2 trials" may be informative.

In summary, we have described convenient mouse
models of NAFLD/NASH that accurately reflect human
disease context (obesity and insulin resistance) and
liver pathology (steatosis, ballooning degeneration,
inflammation and fibrosis). Additionally, both models
appear to mimic reported aspects of mitochondrial
phenotype in human NASH, including elevated mitoch-
ondrial numbers and increased proton leak. The unanti-
cipated differences in disease severity may in part be
due to an increased ability to manage oxidative stress
in the FATZO mouse. These models may better predict
therapeutic efficacy of putative NASH treatments in the
clinic, particularly for agents targeting mitochondrial/
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oxidative pathways.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic steatohepatitis (NASH) is an unmet medical need with no
approved therapies. Studies here characterize the hepatic phenotype of two
different diet-induced mouse models of NASH with a focus on mitochondrial
function and ability to regulate oxidative damage.

Research motivation

Emerging evidence from cross-sectional human studies suggests a role for
mitochondrial function in the development of NASH. As the pathogenesis
of NASH remains largely unknown it is imperative to characterize potential
therapeutic agents in a relevant preclinical model.

Research objectives

The primary objective was to characterize NASH histopathology (e.g., NASH
activity score for steatosis, inflammation, ballooning and fibrosis) and function
with a focus on mitochondrial biology and capacity to respond to oxidative
stress. We contrast these endpoints in two distinct mouse strains (genetically
obese Lep™/Lep™ (ob/ob) and polygenic obesity-prone FATZO mice) on a
previously validated NASH-inducing diet that is high in trans-fat, fructose and
cholesterol (AMLN diet).

Research methods

Development of NASH was assessed using blinded qualitative (HE stained
sections) and quantitative (% collagen-stained area) methods. Mitochondria
were assessed via transmission electron micrography and immunofluorescent
detection of HSP60. Mitochondrial function was assessed in primary
hepatocytes using Seahorse. Activity of superoxide dismutase and catalase
were measured from whole liver tissue homogenates. Candidate genes from
total liver RNA were measured using quantitative PCR.

Research results

Both ob/ob and FATZO mice developed NASH with concomitant obesity
and hyperinsulinemia when challenged with AMLN diet for 12 wk, and was
associated with mitochondrial accumulation and reduced function. The degree
of hepatic fibrosis, however, was markedly greater in ob/ob mice and was
associated with increased activity of superoxide dismutase (SOD), whereas
FATZO mice displayed increased catalase activity. Antioxidant capacity,
reflected as the ratio of catalase: SOD activity, was significantly perturbed in
ob/ob mice with diet-induced NASH.

Research conclusions

Both of these commonly available mouse models develop AMLN diet-induced
NASH after 12 wk, associated with reduced mitochondrial function and
perturbed morphology. The intrinsic capacity of the FATZO mice to increase
antioxidant capacity in the face of impaired mitochondrial function/increased
oxidative damage due to diet may be contributory towards the reduced level of
fibrosis in that model.

Research perspectives

The AMLN mouse model of NASH is gaining widespread academic and
industry acceptance as a translatable model of NASH. These studies extend
previous observations in the model to highlight mitochondrial dysfunction thus
confirming the model as relevant for prosecution of therapeutic agents targeting
improvement in mitochondrial function for NASH. Furthermore, the contrasting
fibrosis between ob/ob and FATZO mice implicates the capacity to adapt to
oxidative damage as a key regulator of liver fibrosis in diet-induced NASH.

ACKNOWLEDGMENTS

We gratefully acknowledge the assistance of Sally Lee,
Holly Koelkebeck, Wanda King, Kenesha Riley and
Charles Brown (MedImmune, Gaithersburg, MD, United

April 28,2018 | Volume 24 | Issue 16 |



Boland ML et a/. Mitochondrial and antioxidant capacity define NASH

States) for expert technical assistance with tissue
processing and immunohistochemistry. We thank Lorenz
Rognoni and Farzad Sekhavati (Definiens, Germany) for
tissue image analysis. We also thank Donna Goldsteen,
Krystal Nacel and the Laboratory Animal Resource staff
(MedImmune, Gaithersburg, MD) for their assistance
with animal husbandry and care.

REFERENCES

1

10

JBaishideng®

Younossi ZM, Blissett D, Blissett R, Henry L, Stepanova M,
Younossi Y, Racila A, Hunt S, Beckerman R. The economic and
clinical burden of nonalcoholic fatty liver disease in the United
States and Europe. Hepatology 2016; 64: 1577-1586 [PMID:
27543837 DOI: 10.1002/hep.28785]

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]
Kabbany MN, Conjeevaram Selvakumar PK, Watt K, Lopez R,
Akras Z, Zein N, Carey W, Alkhouri N. Prevalence of Nonalcoholic
Steatohepatitis-Associated Cirrhosis in the United States: An
Analysis of National Health and Nutrition Examination Survey Data.
Am J Gastroenterol 2017; 112: 581-587 [PMID: 28195177 DOI:
10.1038/ajg.2017.5]

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]

Satapati S, Kucejova B, Duarte JA, Fletcher JA, Reynolds L,
Sunny NE, He T, Nair LA, Livingston KA, Fu X, Merritt ME,
Sherry AD, Malloy CR, Shelton JM, Lambert J, Parks EJ, Corbin
I, Magnuson MA, Browning JD, Burgess SC. Mitochondrial
metabolism mediates oxidative stress and inflammation in fatty
liver. J Clin Invest 2016, 126: 1605 [PMID: 27035816 DOI:
10.1172/JCI186695]

Begriche K, Massart J, Robin MA, Bonnet F, Fromenty B.
Mitochondrial adaptations and dysfunctions in nonalcoholic fatty
liver disease. Hepatology 2013; 58: 1497-1507 [PMID: 23299992
DOI: 10.1002/hep.26226]

Satapati S, Sunny NE, Kucejova B, Fu X, He TT, Méndez-Lucas A,
Shelton JM, Perales JC, Browning JD, Burgess SC. Elevated TCA
cycle function in the pathology of diet-induced hepatic insulin
resistance and fatty liver. J Lipid Res 2012; 53: 1080-1092 [PMID:
22493093 DOLI: 10.1194/j1r.M023382]

Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak
F, Herder C, Carstensen M, Krausch M, Knoefel WT, Schlensak
M, Roden M. Adaptation of hepatic mitochondrial function in
humans with non-alcoholic fatty liver is lost in steatohepatitis.
Cell Metab 2015; 21: 739-746 [PMID: 25955209 DOI: 10.1016/
j.cmet.2015.04.004]

Auger C, Alhasawi A, Contavadoo M, Appanna VD. Dysfunctional
mitochondrial bioenergetics and the pathogenesis of hepatic
disorders. Front Cell Dev Biol 2015; 3: 40 [PMID: 26161384 DOI:
10.3389/fcell.2015.00040]

Sunny NE, Bril F, Cusi K. Mitochondrial Adaptation in
Nonalcoholic Fatty Liver Disease: Novel Mechanisms and
Treatment Strategies. Trends Endocrinol Metab 2017; 28: 250-260
[PMID: 27986466 DOI: 10.1016/j.tem.2016.11.006]

Gusdon AM, Song KX, Qu S. Nonalcoholic Fatty liver disease:
pathogenesis and therapeutics from a mitochondria-centric
perspective. Oxid Med Cell Longev 2014; 2014: 637027 [PMID:
25371775 DOI: 10.1155/2014/637027]

Machado MV, Michelotti GA, Xie G, Almeida Pereira T, Boursier
J, Bohnic B, Guy CD, Diehl AM. Mouse models of diet-induced
nonalcoholic steatohepatitis reproduce the heterogeneity of the

WJG | www.wjgnet.com

13

15

16

17

18

19

20

21

22

23

24

25

26

human disease. PLoS One 2015; 10: €0127991 [PMID: 26017539
DOI: 10.1371/journal.pone.0127991]

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. A4m J Physiol Gastrointest Liver Physiol
2012; 302: G762-G772 [PMID: 22268099 DOI: 10.1152/
ajpgi.00476.2011]

Droz BA, Sneed BL, Jackson CV, Zimmerman KM, Michael MD,
Emmerson PJ, Coskun T, Peterson RG. Correlation of disease
severity with body weight and high fat diet in the FATZO/Pco
mouse. PLoS One 2017; 12: ¢0179808 [PMID: 28640904 DOI:
10.1371/journal.pone.0179808]

Peterson RG, Jackson CV, Zimmerman KM, Alsina-Fernandez J,
Michael MD, Emmerson PJ, Coskun T. Glucose dysregulation and
response to common anti-diabetic agents in the FATZO/Pco mouse.
PLoS One 2017; 12: 0179856 [PMID: 28640857 DOI: 10.1371/
journal.pone.0179856]

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]

Alarcon C, Boland BB, Uchizono Y, Moore PC, Peterson B, Rajan
S, Rhodes OS, Noske AB, Haataja L, Arvan P, Marsh BJ, Austin
J, Rhodes CJ. Pancreatic B-Cell Adaptive Plasticity in Obesity
Increases Insulin Production but Adversely Affects Secretory
Function. Diabetes 2016; 65: 438-450 [PMID: 26307586 DOI:
10.2337/db15-0792]

Kremer JR, Mastronarde DN, McIntosh JR. Computer
visualization of three-dimensional image data using IMOD. Journal
of Structural Biology 1996; 116: 71-76 [PMID: 8742726 DOI:
10.1006/jsbi.1996.0013]

Boland BB, Brown C Jr., Alarcon C, Demozay D, Grimsby JS,
Rhodes CJ. B-Cell Control of Insulin Production During Starvation-
Refeeding in Male Rats. Endocrinology 2018; 159: 895-906 [PMID:
29244064 DOI: 10.1210/en.2017-03120]

Glick D, Zhang W, Beaton M, Marsboom G, Gruber M, Simon MC,
Hart J, Dorn GW 2nd, Brady MJ, Macleod KF. BNip3 regulates
mitochondrial function and lipid metabolism in the liver. Mol
Cell Biol 2012; 32: 2570-2584 [PMID: 22547685 DOI: 10.1128/
MCB.00167-12]

Chavin KD, Yang S, Lin HZ, Chatham J, Chacko VP, Hoek
JB, Walajtys-Rode E, Rashid A, Chen CH, Huang CC, Wu TC,
Lane MD, Diehl AM. Obesity induces expression of uncoupling
protein-2 in hepatocytes and promotes liver ATP depletion. J Biol
Chem 1999; 274: 5692-5700 [PMID: 10026188]

Abdelmalek MF. NAFLD: The clinical and economic burden
of NAFLD: time to turn the tide. Nat Rev Gastroenterol
Hepatol 2016; 13: 685-686 [PMID: 27826139 DOI: 10.1038/
nrgastro.2016.178]

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]

Larter CZ, Yeh MM. Animal models of NASH: getting
both pathology and metabolic context right. J Gastroenterol
Hepatol 2008; 23: 1635-1648 [PMID: 18752564 DOI: 10.1111/
j-1440-1746.2008.05543 x]

Asgharpour A, Cazanave SC, Pacana T, Seneshaw M, Vincent
R, Banini BA, Kumar DP, Daita K, Min HK, Mirshahi F, Bedossa
P, Sun X, Hoshida Y, Koduru SV, Contaifer D Jr, Warncke UO,
Wijesinghe DS, Sanyal AJ. A diet-induced animal model of
non-alcoholic fatty liver disease and hepatocellular cancer. J
Hepatol 2016; 65: 579-588 [PMID: 27261415 DOI: 10.1016/
j-jhep.2016.05.005]

Clapper JR, Hendricks MD, Gu G, Wittmer C, Dolman CS, Herich
J, Athanacio J, Villescaz C, Ghosh SS, Heilig JS, Lowe C, Roth JD.

April 28,2018 | Volume 24 | Issue 16 |



27

28

29

30

31

32

33

34

35

JBaishideng®

Boland ML et a/. Mitochondrial and antioxidant capacity define NASH

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 DOTI: 10.1152/ajpgi.00079.2013]
Bieghs V, Van Gorp PJ, Wouters K, Hendrikx T, Gijbels MJ, van
Bilsen M, Bakker J, Binder CJ, Liitjohann D, Staels B, Hofker MH,
Shiri-Sverdlov R. LDL receptor knock-out mice are a physiological
model particularly vulnerable to study the onset of inflammation in
non-alcoholic fatty liver disease. PLoS One 2012; 7: €30668 [PMID:
22295101 DOI: 10.1371/journal.pone.0030668]

Liedtke C, Luedde T, Sauerbruch T, Scholten D, Streetz K, Tacke
F, Tolba R, Trautwein C, Trebicka J, Weiskirchen R. Experimental
liver fibrosis research: update on animal models, legal issues and
translational aspects. Fibrogenesis Tissue Repair 2013; 6: 19 [PMID:
24274743 DOI: 10.1186/1755-1536-6-19]

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]
Hyétyldinen T, Jerby L, Petdjda EM, Mattila I, Jantti S, Auvinen P,
Gastaldelli A, Yki-Jarvinen H, Ruppin E, Oresi¢ M. Genome-scale
study reveals reduced metabolic adaptability in patients with non-
alcoholic fatty liver disease. Nat Commun 2016; 7: 8994 [PMID:
26839171 DOI: 10.1038/ncomms9994]

Westermann B. Mitochondrial fusion and fission in cell life and
death. Nat Rev Mol Cell Biol 2010; 11: 872-884 [PMID: 21102612
DOI: 10.1038/nrm3013]

Wai T, Langer T. Mitochondrial Dynamics and Metabolic
Regulation. Trends Endocrinol Metab 2016; 27: 105-117 [PMID:
26754340 DOI: 10.1016/j.tem.2015.12.001]

Hsu WH, Lee BH, Pan TM. Leptin-induced mitochondrial fusion
mediates hepatic lipid accumulation. Int J Obes (Lond) 2015; 39:
1750-1756 [PMID: 26119995 DOI: 10.1038/ij0.2015.120]
Galloway CA, Lee H, Brookes PS, Yoon Y. Decreasing
mitochondrial fission alleviates hepatic steatosis in a murine model
of nonalcoholic fatty liver disease. Am J Physiol Gastrointest Liver
Physiol 2014; 307: G632-G641 [PMID: 25080922 DOI: 10.1152/
ajpgi.00182.2014]

Sookoian S, Rosselli MS, Gemma C, Burgueio AL, Fernandez

WJG | www.wjgnet.com

1765

36

37

38

39

40

41

42

Gianotti T, Castafio GO, Pirola CJ. Epigenetic regulation of insulin
resistance in nonalcoholic fatty liver disease: impact of liver
methylation of the peroxisome proliferator-activated receptor y
coactivator 1a promoter. Hepatology 2010; 52: 1992-2000 [PMID:
20890895 DOI: 10.1002/hep.23927]

Sookoian S, Flichman D, Scian R, Rohr C, Dopazo H, Gianotti
TF, Martino JS, Castafio GO, Pirola CJ. Mitochondrial genome
architecture in non-alcoholic fatty liver disease. J Pathol 2016;
240: 437-449 [PMID: 27577682 DOI: 10.1002/path.4803]
Shokolenko I, Venediktova N, Bochkareva A, Wilson GL,
Alexeyev MF. Oxidative stress induces degradation of
mitochondrial DNA. Nucleic Acids Res 2009; 37: 2539-2548
[PMID: 19264794 DOI: 10.1093/nar/gkp100]

Al-Busafi SA, Bhat M, Wong P, Ghali P, Deschenes M. Antioxidant
therapy in nonalcoholic steatohepatitis. Hepat Res Treat 2012;
2012: 947575 [PMID: 23227320 DOI: 10.1155/2012/947575]
Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM,
Bass NM, Neuschwander-Tetri BA, Lavine JE, Tonascia J, Unalp
A, Van Natta M, Clark J, Brunt EM, Kleiner DE, Hoofnagle JH,
Robuck PR; NASH CRN. Pioglitazone, vitamin E, or placebo for
nonalcoholic steatohepatitis. N Engl J Med 2010; 362: 1675-1685
[PMID: 20427778 DOI: 10.1056/NEJM0a0907929]

Hagstrom H, Nasr P, Ekstedt M, Hammar U, Stil P, Hultcrantz
R, Kechagias S. Fibrosis stage but not NASH predicts mortality
and time to development of severe liver disease in biopsy-proven
NAFLD. J Hepatol 2017; 67: 1265-1273 [PMID: 28803953 DOI:
10.1016/j.jhep.2017.07.027]

Musso G, Cassader M, Gambino R. Non-alcoholic steatohepatitis:
emerging molecular targets and therapeutic strategies. Nat Rev
Drug Discov 2016; 15: 249-274 [PMID: 26794269 DOI: 10.1038/
nrd.2015.3]

Harrison SA, Marri SR, Chalasani N, Kohli R, Aronstein W,
Thompson GA, Irish W, Miles MV, Xanthakos SA, Lawitz E,
Noureddin M, Schiano TD, Siddiqui M, Sanyal A, Neuschwander-
Tetri BA, Traber PG. Randomised clinical study: GR-MD-02, a
galectin-3 inhibitor, vs. placebo in patients having non-alcoholic
steatohepatitis with advanced fibrosis. Aliment Pharmacol Ther
2016; 44: 1183-1198 [PMID: 27778367 DOI: 10.1111/apt.13816]

P- Reviewer: Garcia-Fernandez MI, Novo E, Streba LAM
S- Editor: MaYJ L- Editor: A E- Editor: Huang Y

April 28,2018 | Volume 24 | Issue 16 |



W J

World Journal of
Gastroenterology

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

DOI: 10.3748 / wjg.v24.i16.1766

World | Gastroenterol 2018 April 28; 24(16): 1766-1778

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

Basic Study
Mucosa repair mechanisms of Tong-Xie-Yao-Fang mediated
by CRH-R2 in murine, dextran sulfate sodium-induced colitis

ORIGINAL ARTICLE

Shan-Shan Gong, Yi-Hong Fan, Shi-Yi Wang, Qing-Qing Han, Bin Ly, Yi Xu, Xi Chen, Yao-Er He

Shan-Shan Gong, Shi-Yi Wang, Qing-Qing Han, Xi Chen,
Yao-Er He, The First Clinical Medical College of Zhejiang
Chinese Medical University, Hangzhou 310053, Zhejiang
Province, China

Yi-Hong Fan, Bin Lv, Yi Xu, Department of Gastroenterology,
The First Affiliated Hospital of Zhejiang Chinese Medical
University, Hangzhou 310006, Zhejiang Province, China

ORCID number: Shan-Shan Gong (0000-0001-5483-720X);
Yi-Hong Fan (0000-0001-8217-9793); Shi-Yi Wang (0000-0002
-2134-3892); Qing-Qing Han (0000-0002-3155-3746); Bin Lv
(0000-0002-6247-571X); Yi Xu (0000-0002-3265-9534); Xi Chen
(0000-0002-6236-6345); Yao-Er He (0000-0003-3511-8554).

Author contributions: Gong SS and Wang SY performed the
experiments, analyzed the data and wrote the paper; Fan YH and
Han QQ designed the research, revised the paper and contributed
equally to this study; Xu Y and Lv B performed parts of the
experiments and provided valuable suggestions for this study;
Chen X and He YE contributed new analytic tools; All authors
have read and approved the final manuscript.

Supported by National Natural Science Foundation of China,
No. 81473506, Natural Science Foundation of Zhejiang Province,
No.LY13H030011 and No. LY17H290009; State Administration
of Traditional Chinese Medicine of Zhejiang Province, No.
2013ZB050; Department of Zhejiang Province to Build Funded
Project, No. WKIJ-ZJ-1531; Zhejiang TCM Science and Technology
Project, No. 2016ZB047, No. 2017ZA056 and No. 2018ZB046.

Institutional review board statement: The study was reviewed
and approved by the Institutional Review Board of Zhejiang
Chinese Medical University.

Institutional animal care and use committee statement:
All procedures involving animals were reviewed and approved
by the Institutional Animal Care and Use Committee of Zhejiang
Chinese Medical University.

Conflict-of-interest statement: No potential conflicts of interest
exist.

Data sharing statement: No additional data are available.

Baishidenge ~ WJG | www.wjgnet.com

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 distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Manuscript source: Unsolicited manuscript

Correspondence to: Yi-Hong Fan, PhD, Associate Professor,
Department of Gastroenterology, The First Affiliated Hospital
of Zhejiang Chinese Medical University, No. 54, Youdian Road,
Shangcheng District, Hangzhou 310006, Zhejiang Province,
China. yhfansjr@163.com

Telephone: +86-571-87608001

Fax: +86-571-87608001

Received: February 12, 2018
Peer-review started: February 13,2018
First decision: March 9, 2018

Revised: March 14, 2018

Accepted: March 31,2018

Article in press: March 31, 2018
Published online: April 28, 2018

Abstract

AIM

To explore the significance of corticotropin-releasing
hormone (CRH)-receptor (R)2 in mucosal healing
of dextran sulfate sodium (DSS)-induced colitis and
the effect of Tong-Xie-Yao-Fang (TXYF) on CRH-R2
expression and regulation.

METHODS

Ulcerative colitis was induced in mice by administration of
3% (w/v) DSS for 7 d. Once the model was established,

April 28,2018 | Volume 24 | Issue 16 |



mice were administered urocortin-2 (30 pg/kg), a peptide
which binds exclusively to CRH-R2, or various doses
of aqueous TXYF extracts (2.8-11.2 g/kg), a CRH-R2
antagonist Astressin (Ast)2B (20 ug/kg), Ast2B + Ucn2,
or Ast2B with various doses of aqueous TXYF extracts for
9 d. Colonic mucosal permeability was then evaluated by
measuring the fluorescence intensity in serum. The colitis
disease activity index (DAI), histology, body weight loss
and colon length were assessed to evaluate the condition
of colitis. Terminal deoxynucleotidyl transferase dUTP
nick-end labeling was used to detect apoptosis of the
intestinal epithelial cells. The expression level of Ki-67
represented the proliferation of colonic epithelial cells and
was detected by immunohistochemistry. The expression
levels of inflammation cytokines IL-6, TNF-a. and CXCL-1
were examined in colon tissues using real-time PCR and
ELISA kits.

RESULTS

Compared with the DSS group, mice treated with the
CRH-R2 antagonist Ast2B showed greater loss of body
weight, shorter colon lengths (4.90 + 0.32 vs 6.21 +
0.34 cm, P < 0.05), and higher DAI (3.61 £+ 0.53 vs
2.42 £ 0.32, P < 0.05) and histological scores (11.50
+ 1.05 vs 8.33 £ 1.03, P < 0.05). Additionally, the
Ast2B group showed increased intestinal permeability
(2.76 £ 0.11 pg/mL vs 1.47 £ 0.11 pg/mL, P < 0.001),
improved secretion of inflammatory cytokines in colon
tissue, and reduced colonic epithelial cell proliferation
(4.97 £ 4.25 vs 22.51 + 8.22, P < 0.05). Increased
apoptosis (1422.39 + 90.71 vs 983.01 + 98.17, P
< 0.001) was also demonstrated. The Ucn2 group
demonstrated lower DAI (0.87 + 0.55 vs 2.42 £+ 0.32,
P < 0.001) and histological scores (4.33 £ 1.50 vs
8.33 = 1.03, P < 0.05). Diminished weight loss, longer
colon length (9.58 + 0.62 vs 6.21 £ 0.34 cm, P <
0.001), reduced intestinal permeability (0.75 £ 0.07 vs
1.47 £ 0.11 pg/mL, P < 0.001), inhibited secretion of
inflammatory cytokines in colon tissue and increased
colonic epithelial cell proliferation (90.04 + 15.50 vs
22.51 + 8.22, P < 0.01) were all observed. Reduced
apoptosis (149.55 + 21.68 vs 983.01 + 98.17, P <
0.05) was also observed. However, significant statistical
differences in the results of the Ast2B group and Ast2B
+ Ucn2 group were observed. TXYF was also found to
ameliorate symptoms of DSS-induced colitis in mice
and to promote mucosal repair like Ucn2. There were
significant differences between the Ast2B + TXYF
groups and the TXYF groups.

CONCLUSION

CRH-R2 activates the intestinal mucosal antiinflam-
matory response by regulating migration, proliferation
and apoptosis of intestinal epithelial cells in colitis-
induced mice, and plays an important antiinflammatory
role. TXYF promotes mucosal repair in colitis mice by
regulating CRH-R2.

Key words: Tong-Xie-Yao-Fang; Aqueous extracts;
Corticotropin-releasing hormone receptor 2; Urocortin 2;
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Core tip: Mucosal healing is a desired therapeutic
endpoint in the treatment of inflammatory bowel
disease. However, it is difficult to treat inflammatory
bowel disease thoroughly, and there are some adverse
reactions. Studies have shown that corticotropin-
releasing hormone (CRH)-receptor (R)2 can activate
the inflammatory response of intestinal mucosa and
exert an antiinflammatory effect. Our preliminary
study found that Tong-Xie-Yao-Fang could reduce the
expression of CRH-R1, increase CRH-R2, and participate
in reconstruction of the intestinal barrier. The aim of
this study was to explore the significance of CRH-R2 in
the mucosal healing of dextran sulfate sodium-induced
colitis and study the effect of Tong-Xie-Yao-Fang on
CRH-R2 expression and regulation.

Gong SS, Fan YH, Wang SY, Han QQ, Lv B, Xu Y, Chen X, He
YE. Mucosa repair mechanisms of Tong-Xie-Yao-Fang mediated
by CRH-R2 in murine, dextran sulfate sodium-induced colitis.
World J Gastroenterol 2018; 24(16): 1766-1778 Available from:
URL: http://www.wjgnet.com/1007-9327/full/v24/i16/1766.htm
DOI: http://dx.doi.org/10.3748/wjg.v24.116.1766

INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s
disease and ulcerative colitis (UC), are a group of chronic
inflammatory disorders of the gastrointestinal tract,
characterized by intestinal inflammation and mucosal
damage!'. In traditional Chinese medicine theory, UC
is known as the “changpi” and chronic dysentery™,
Characterized by chronic mucosal inflammation and
damage of the colon, UC presents with bloody diarrhea,
tenesmus, abdominal pain, weight loss, anemia, and
even toxic megacolon. Intestinal perforation, intestinal
obstruction, intestinal bleeding and cancer are also
observed, thus affecting an individual’s quality of life™’.

Treatment targets for IBD have changed over the
recent years. Previous therapeutic strategies focusing
on induction and maintenance of clinical remission have
shown no effect on the natural course of the disease'™..
However, in the late 1990s, the advent of biologic
agents for the treatment of IBD showed that while
patients may be in clinical remission, ongoing mucosal
inflammation may still be present, resulting in structural
damage!®*!,

This finding has led to the concept of mucosal healing
as a more meaningful therapeutic target in clinical
practice. Indeed, emerging data suggests that mucosal
healing is strongly associated with a reduction in steroid
use, complications, hospitalizations, and surgeries*?.,
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Mucosal repair of the intestinal barrier is a tightly
coordinated response to injury that preserves homeo-
stasis and limits the adverse effects of inflammation.
After damage to the epithelial tissue, intestinal epithelial
cells migrate to the site of injury in a critical process
known as epithelial restitution™* . Restitution is fo-
llowed by epithelial cell proliferation and differentiation
which is regulated by factors that promote cell viability
and limit apoptosis!**®. IBD is a chronic relapsing
inflammatory disorder that involves a defective epithelial
barrier”.

Corticotropin-releasing hormone (CRH), the primary
mediator of the stress response, is expressed in both
the central nervous system and the periphery, including
the intestine!’®. The CRH family of peptides interacts
with a variety of cell types in the intestinal mucosa,
including epithelial cells, enteric neurons, and immune
cells!®, In addition to CRH, three distinct peptides
known as urocortins (Ucnl, Ucn2, and Ucn3) bind to
two types of G protein-coupled receptors to exert their
effects, CRH receptor (R)1 and CRH-R2. Yet, Ucnl has
greater affinity for CRH-R2 than CRH-R1, and Ucn2
and Ucn3 bind exclusively to CRH-R2?%. Interactions
between CRH-Rs and their ligands modulate several
functional and pathophysiologic responses within the
gut, including stress-induced alterations in motility, ion
secretion, and visceral pain, and the development and
maintenance of intestinal inflammation®™".,

Studies from others have found that CRH may be
involved in the maintenance of intestinal barrier integrity
by regulating autophagy in the intestinal epithelial
cells™®, Our previous studies have also found that CRH
could cause an increase in intercellular permeability in
the intestinal epithelium™. Some studies have found
that CRH-R2 can activate the antiinflammatory response
of intestinal mucosa and exert an antiinflammatory
effect™. In addition, activation of CRH-R2 can promote
the migration and proliferation of colon cancer cells and
gastric mucosa cells®***, Furthermore, the expression
of CRH-R2 was found to be down-regulated in the
biopsy specimens of UC patients® and CRH-deficient
mice are unable to initiate healing responses after acute
experimental colitis®”, suggesting a role for the CRH
peptide family, especially CRH-R2, in mucosal repair
mechanisms.

Tong-Xie-Yao-Fang (TXYF) is a prescription in
traditional Chinese medicine, used for relieving abdo-
minal pain and diarrhea. TXYF has also been shown
to be involved in the reconstruction of the intestinal
epithelial barrier and to promote the healing of mucosa
in UC?®*1, While the mechanism is not understood, it
is thought to target and intervene with CRH-R2. This
regulates the migration, proliferation and apoptosis of
epithelial cells, like the role of Ucn2P°Y,

The overall aim of the present investigation was to
determine whether CRH-R2 regulates mucosal repair
on dextran sulfate sodium (DSS)-induced colitis in mice
and to examine the relationship between TXYF and

Baishidenge ~ WJG | www.wjgnet.com

Table 1 Criteria for disease activity index

Score Weight loss, % Stool consistency Bloodstain or gross bleeding

0 None Normal Negative

1 1-5 -

2 5-10 Loose stool Positive

® 10-15 - -

4 >15 Diarrhea Gross bleeding

CRH-R2 signaling.

MATERIALS AND METHODS

TXYF composition and dosage preparation

TXYF was prepared with large head atractylodes
rhizome (Rhizoma Atractylodis Macrocephalae), white
peony root (Radix Paeoniae Alba), dried tangerine
peel (Pericarpium Citri Reticulatae) and divaricate
saposhnikovia root (Radix Saposhnikoviae)®®, which
were used in a 15:12:6:10 proportion. Raw components
were soaked in an 8-fold volume of distilled water for 1
h and boiled twice for 0.5 h each time. Two of the boiled
ingredients were filtered, mixed together, concentrated
at a 1:1 ratio (100% concentration), and stored at 4 'C
for later use.

Animal modeling and drug treatment

Male CD-1(ICR) mice (8-10 wk old) were purchased
from Shanghai Xipuer-bikai Experimental Animal Co.,
Ltd., (Shanghai, China) and housed 1 wk under a 12 h
light/dark cycle at 22-24 °C with 50%-60% humidity
and a noise level < 50 d. Prior to experimentation,
mice were allowed free access to food and tap water.
All the procedures involving animals were conducted
in accordance with the ethical principles adopted by
the Animal Experimental Center of Zhejiang Chinese
Medical University and were approved by the Ethics
Committee on Animal Experiments at Zhejiang Chinese
Medical University.

Mice (n = 110) were randomized into 11 assigned
groups as follows: control group (n = 10), DSS group
(n = 10), DSS + Astressin (Ast)2B group (Ast2B group;
n = 10), DSS + Ucn2 group (Ucn2 group; n = 10),
DSS + Ast2B + Ucn2 group (Ast2B + Ucn2 group; n
= 10), DSS + Ast2B + low-dose (2.8 g/kged) aqueous
TXYF extract group (Ast2B + TXYF-L group; n = 10),
DSS + Ast2B + medium-dose (5.6 g/kged) aqueous
TXYF extract group (Ast2B + TXYF-M group; n = 10),
DSS + Ast2B + high-dose (11.2 g/kged) aqueous TXYF
extract group (Ast2B + TXYF-H group; n = 10), DSS
+ low-dose (2.8 g/kged) aqueous TXYF extract group
(TXYF-L group; n = 10), DSS + medium-dose (5.6
g/kged) aqueous TXYF extract group (TXYF-M group;
n = 10), and DSS + high-dose (11.2 g/kgsd) aqueous
TXYF extract group (TXYF-H group; n = 10). Colitis
was induced in mice by administering 3% (w/v) DSS
(MP Biomedicals, Inc., Aurora, OH, United States) in
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Table 2 Histological score to quantify the degree of colitis
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Score Inflammation Depth of lesions Destruction of crypt Width of lesions, %
0 None None None

1 Slight Mucosa Basal 1/3 damaged 1-25

2 Moderate Mucosa and submucosa Basal 2/3 damaged 26-50

3 Severe Transmural Intact epithelium only 51-75

4 Total crypt and epithelium 76-100

their drinking water for 7 d. On days 8 to 16, mice
were switched to normal water. Additionally, the mice
treated with Ast2B were injected daily with the CRH-R2
antagonist Ast2B (Sigma-Aldrich, St. Louis, MO, United
States) administered intraperitoneally (20 ug/kg). The
mice treated with Ucn2 received an intraperitoneal
injection of Ucn2 (Peptide Institute Inc., Osaka,
Japan) (30 pg/kg). The mice treated with TXYF were
administered the aqueous TXYF extract. The doses of
2.8 g/kged, 5.6 g/kged, and 11.2 g/kgsd aqueous TXYF
extract represented an equivalent of 0.5 x, 1.0 x and 2.0
x for the human adult dosage.

Disease activity index

Intestinal disease activity was assessed based on weight
loss, the presence of diarrhea accompanied by blood and
mucus, and colonic shortening™. DAI was calculated by
scoring weight loss, diarrhea and rectal bleeding, based
on a previous scoring system (Table 1) described by
Murthy et af** with little modification. Weight loss was
defined as the difference between the initial and final
weights. Diarrhea was defined by the absence of fecal
pellet formation and the presence of continuous fluid
fecal material in the colon. Rectal bleeding was assessed
based on the presence of diarrhea containing visible
blood and on the presence of gross rectal bleeding, and
was scored as diarrhea. Disease activity index (DAI)
values were calculated using the following formula:
DAL = [(weight loss score) + (diarrhea score) + (rectal
bleeding score)]/3. The clinical parameters used in the
present study were chosen to represent the subjective
clinical symptoms observed in human UC.

Histological process

Sections of colon fixed in 10% formalin, paraffin-
embedded and stained with hematoxylin and eosin
were used for histological scoring. The sections were
graded by two blinded investigators, using a range
from 0 to 3 as to amount of inflammation (acute and
chronic) and depth of inflammation and with a range
from O to 4 as to the amount of crypt damage or
regeneration, as indicated in Table 2°°, These changes
were also quantified as to the percent involvement by
the disease process: (1) 1%-25%; (2) 26%-50%;
(3) 51%-75%; (4) 76%-100%. Histological score was
calculated using the following formula: histological
colitis score = inflammation + depth of lesions +
destruction of crypt + width of lesions.
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Immunohistochemistry and imaging

Formalin-fixed, paraffin-embedded colons were
sectioned (1 pm) and stained with a Ki-67 antigen
(dilution 1:100; AF0198; Affinity Biosciences, Cincinnati,
OH, United States) or terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) with the
Apop-Tag Plus Peroxidase in situ cell death detection
kit, POD (11684817910; Roche, Basel, Switzerland)
according to the manufacturer’s instructions. To
quantify Ki-67 immunoreactivity and TUNEL, pixel-
based quantification of staining intensity was performed
with Image-ProPlus 6.0 software. Stained sections were
observed under a 40 x objective lens.

In vivo intestinal permeability

The intestinal permeability was measured by de-
termination of the amount of FITC-dextran (molecular
weight 4.0 kDa; Sigma-Aldrich) in blood after oral
administration, as described previously®®. Briefly, mice
were fasted overnight and FITC-dextran solution (4
kDa, 600 mg/kg) was administered. Blood samples
were obtained after 3 h, centrifuged at 10000x rpm for
5 min, and serum was collected. Serum levels of FITC
were read at 483 nm and 525 nm on a full wavelength
multifunctional enzyme spectrometer (Varioskan Flash,
Thermo Fisher Scientific, Waltham, MA, United States).

Real-time quantitative PCR

RNAiso Plus (9108; Takara Bio, Inc., Shiga, Japan) was
used to extract RNA from frozen tissue samples, and
the concentration of RNA was measured using a trace
nucleic acid analyzer (Thermo Fisher Scientific). RNA
was reverse-transcribed to cDNA using a PrimeScript
RT reverse transcription kit (RR036A; Takara Bio, Inc.).
Quantitative real-time PCR was carried out by ABI 7500
real-time PCR system (7500; Applied Biosystems of
Thermo Fisher Scientific). Primers were designed and
synthesized by Shenggong Biology and Engineering
Co., Ltd. (Shanghai, China) (Table 3). B-actin was used
as the normalization control, and the 2" method
was used to calculate the relative expression of target
genes.

TNF-o,, CXCL-1 and IL-6 measurement

CXCL-1 level and IL-6 level were measured by mouse
TNF-o enzyme-linked immunosorbent assay (ELISA)
kit, mouse CXCL-1 ELISA kit and Mouse IL-6 ELISA
kit (Shanghai WesTang Bio-Tech Co., Ltd., Shanghai,
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Table 3 Primer sequences and amplification length

Gene Primer sequences Amplification length
TNF-a Forward: 5'-GCCTATGTCTCAGCCTCTTCTC-3’ 22
Reverse: 5-TGGTGGTTTGCTACGACGTG-3’ 20
CXCL-1 Forward: 5-TCACCTCAAGAACATCCAGAGC-3’ 22
Reverse: 5-ACTTGGGGACACCTTTTAGCAT-3" 22
IL-6 Forward: 5-TCTCTGCAAGAGACTTCCATCC-3" 22
Reverse: 5-TTCCACGATTTCCCAGAGAACA-3’ 22
B-actin Forward: 5'-AGATCAAGATCATTGCTCCTCC-3’ 22
Reverse: 5-GGTGTAAAACGCAGCTCAGTAA-3’ 22

TNF-a: Tumor necrosis factor-alpha; CXCL-1: Chemokine (C-X-C motif) ligand-1; IL-6: Interleukin-6; B-actin: Beta-actin.
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Ast2B + TXYF-H

Figure 1 Inhibition of CRH-R2 signaling aggravates symptoms of DSS-induced colitis in mice. A: Mice body weights measured for 16 d, and shown as
percentage of weight change; B: Colon length; C: Representative photographs of colon lengths; D: DAI; E: Histological scores were evaluated on the 16" day; F:
Representative images of hematoxylin-eosin staining histology. Data are presented as mean + standard deviation, n = 6-10 per group, scale bar = 200 um. *P < 0.001
vs control group; °P < 0.05, "P < 0.001 vs DSS group; °P < 0.001 vs Ucn2 group; "P < 0.05 vs TXYF-L group; 'P < 0.01, °P < 0.001 vs TXYF-M group; 'P < 0.05, °P < 0.001
vs TXYF-H group. CRH-R2: Corticotropin-releasing hormone-receptor 2; DAI: Disease activity index; DSS: Dextran sulfate sodium; TXYF: Tong-Xie-Yao-Fang.

China), respectively. All assays were conducted by
following the manufacturer’s instruction.

Statistical analysis

All analyses were performed using SPSS 24.0 statistical
software (IBM Corp., Armonk, NY, United States).
Comparisons between groups were performed using
one-way analysis of variance (ANOVA), followed by
Scheffe post hoc test for multiple comparisons, other-
wise a Dunnett’s T3 method was used. All data are
expressed as the mean + SD. P < 0.05 was considered
statistically significant.

RESULTS

Inhibition of CRH-R2 signaling aggravates the symptoms
of DSS-induced colitis in mice

We first assessed the involvement of CRH-R2 signaling
in mucosal repair after colitis by administering the
CRH-R2 antagonist Ast2B to mice after induction of
DSS colitis. Mice received an intraperitoneal injection of
Ast2B daily for 9 d after withdrawal of DSS, and body
weight loss, DAI, colon length and histological score
were monitored.

Compared with the DSS group, mice treated with
the CRH-R2 antagonist Ast2B showed more body
weight loss (P < 0.05) (Figure 1A) and shorter colon
lengths (4.90 £ 0.32 cm vs 6.21 £ 0.34 cm, P < 0.05)
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(Figure 1B). DAI score and histological score were used
to evaluate the severity of UC in mice. The mice in the
Ast2B group exhibited significantly higher DAI scores
(3.61 £ 0.53 vs 2.42 = 0.32, P < 0.05) (Figure 1D)
and histological scores (11.50 + 1.05 vs 8.33 + 1.03,
P < 0.05) (Figure 1E) compared to the mice in the DSS
group.

Interestingly, mice treated with Ucn2 after DSS-
induced colitis showed a smaller degree of body weight
loss (P < 0.001) (Figure 1A), longer colon length (9.58
+ 0.62 cm vs 6.21 £ 0.34 cm, P < 0.001) (Figure 1B),
lower DAI (0.87 £ 0.55 vs 2.42 £+ 0.32, P < 0.001)
(Figure 1D) and improved histological scores (4.33 +
1.50 vs 8.33 £ 1.03, P < 0.05) (Figure 1E) compared
to the mice in the DSS group. However, a significant
statistical difference was found between the Ast2B +
Ucn2 group and the Ucn2 group (Figure 1A-F).

Inhibition of CRH-R2 signaling increases secretion of
inflammatory cytokines in colon tissues of DSS-induced
UC mice

The levels of proinflammatory factors such as TNF-q,
CXCL-1 and IL-6 in mouse colon tissues were detected
by real time-PCR and ELISA. Compared with the
DSS group, the Ast2B group showed significantly up-
regulated mRNA expression of TNF-a (6.19 £ 0.51 vs
3.87 £ 0.98, P < 0.05) (Figure 2A), CXCL-1 (10.77 £
2.55 vs 5.08 £ 0.76, P < 0.05) (Figure 2B),and IL-6

April 28,2018 | Volume 24 | Issue 16 |



Gong SS et al. Mucosa repair mechanisms of UC

A D

m 700 -

h L
‘ 600

500

400

300 | T . P .
200 - :’E

100 - =

S S
& F

Relative TNF-a. mRNA level
o N B [e)}
T T T
Q
o
X
23]
¥
%,
2
% L a
TNF-a. protein (pg/mL)
o
T T
| (e}
e b
[] |oo+o-o| (e
- H
% L *!_h
= o}l‘\ o
| (]
I o -

8
Yp% %% [

X

X

T
;y

“)‘9&
g

2N
g

<%

B E
8 1000 - of
b,d _’fl r o |
1 T j 5 T 3
= =
5 6F q l g E 800
s =
g b T i
€4l g 00
© a (.3
dl A 'i_
—
2 e 2 400 E 2
®2r € © “=®- 7
[0}
=4 -
f $
0 L1 L1 L1 | 2007* ‘i.-
S O QR QNN RN R ! L I I ! ! ! I I !
QO & N % Q & b & b >
(’Qd"?‘}x\’(’&\(ﬁ(‘(&dﬂ(ﬁ‘(& N NN
3 x & F & & E & @& & F
?590’ c,{&()g’x?é'&x o (F\ (Fkx*d‘,<\$x,¢§
QU x
v © &L
c F
15 - cd
b, 400 - e n .
_ l c g % . o
9] — e
3 m 2 300 - ,.} i ?{v
S0 q g ] =
% e P f o
£ 200 f f
j ‘g © . ?
; twla % ¥
e 51 i 1007% .
®
&J e e 0 | | I I I I I ! ! ! !
S S QX QNN RN R
C FEF & &G E G
0 D M S &@ﬁ;ﬁ &
S F & F & EEE & &
o S
v &

Figure 2 Inhibition of CRH-R2 signaling increases secretion of inflammatory cytokines in colon tissues of DSS-induced ulcerative colitis mice. A-C: Real
time-PCR-assessed mRNA level of TNF o, (A), CXCL-1 (B) and IL 6 (C) in colon tissues. The mRNA level in each group was determined relative to the level in the
control group (defined as 100%); E-F: Enzyme-linked immunosorbent assay-detected protein levels of TNF o (D), CXCL-1 (E) and IL 6 (F) in colon tissues. Data are
presented as mean + standard deviation, n = 6 per group. °P < 0.01, °P < 0.001 vs control group; °P < 0.05, °P < 0.01, P < 0.001 vs DSS group; P < 0.01, P < 0.001
vs Ucn2 group; "P < 0.05, "P < 0.01, °P < 0.001 vs TXYF-L group; °P < 0.05, "P < 0.01, 'P < 0.001 vs TXYF-M group; P < 0.05, *P < 0.01, 'P < 0.001 vs TXYF-H group.
CRH-R2: Corticotropin-releasing hormone-receptor 2; DSS: Dextran sulfate sodium; TXYF: Tong-Xie-Yao-Fang.
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Figure 3 Inhibition of CRH-R2 signaling promotes intestinal permeability
in DSS-induced colitis. The FITC-dextran levels in serum were determined.
Data are presented as mean =+ standard deviation, n = 6 per group. *P < 0.001
vs control group; °P < 0.05, °P < 0.001 vs DSS group; °P < 0.001 vs Ucn2
group; 'P < 0.001 vs TXYF-L group; °P < 0.001 vs TXYF-M group; °P < 0.001
vs TXYF-H group. CRH-R2: Corticotropin-releasing hormone-receptor 2; DSS:
Dextran sulfate sodium; TXYF: Tong-Xie-Yao-Fang.

(5.93 £ 0.99 vs 3.55 £ 0.62, P < 0.05) (Figure 2C).
Meanwhile, the protein expression levels of TNF-a
(Figure 2D), CXCL-1 (Figure 2E) and IL-6 (Figure2F)
were increased markedly in the Ast2B group.

However, compared with the DSS group, the
Ucn2 group showed significantly decreased mRNA
expression of TNF-a (Figure 2A), CXCL-1 (Figure 2B)
and IL-6 (Figure 2C). Simultaneously, the Ucn2 group
demonstrated reduced protein expression of TNF-a
(Figure 2D), CXCL-1 (Figure 2E) and IL-6 (Figure
2F). Interestingly, the Ast2B + Ucn2 group showed
drastically increased mRNA and protein expression of
TNF-a, CXCL-1 and IL-6 compared with the Ucn2 group
(P < 0.05 for all).

Inhibition of CRH-R2 signaling promotes intestinal
permeability in DSS induced colitis

To determine the effect of CRH-R2 signaling on epithelial
permeability, we analyzed intestinal permeability in DSS-
induced colitis model by measuring the concentration
of the serum FITC. The concentration of serum FITC-
dextran was higher in the Ast2B group than DSS group
(2.76 £ 0.11 pg/mL vs 1.47 £ 0.11 pg/mL, P < 0.05)
(Figure 3). However, the concentration of serum FITC-
dextran in the Ucn2 group was lower than DSS group
(0.75 £ 0.07 pg/mL vs 1.47 £ 0.11 pg/mL, P < 0.05)
(Figure 3). An obvious difference was observed between
the Ast2B+Ucn2 group and the Ucn2 group.

Inhibition of CRH-R2 signaling promotes colonic
epithelial cell apoptosis and reduces epithelial cell
proliferation

The effect of Ast2B on cell proliferation and cell death
was then determined. TUNEL staining was significantly
increased in the Ast2B group compared with the DSS
group (1422.39 £ 90.71 vs 983.01 £ 98.17, P < 0.001)
(Figure 4L). At the same time, the Ast2B group showed
significantly decreased cell proliferation (4.97 £ 4.25
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vs 22.51 + 8.22, P < 0.05) (Figure 5L). Interestingly,
the Ucn2 group showed promoted colonic epithelial
cell proliferation (Figure 5L) and reduced epithelial cell
apoptosis (Figure 4L). However, significant statistical
differences were found between the Ucn2 group
and the Ast2B + Ucn2 group with regards to colonic
epithelial cell apoptosis and proliferation (P < 0.01 for
both).

TXYF promotes mucosal repair in colitis mice by
regulating CRH-R2 signaling

To obtain insight into the underlying mechanism re-
sponsible for promoting mucosal repair of TXYF, DSS-
induced colitis mice were pretreated with the CRH-R2
antagonist Ast2B, and later treated with various doses
of aqueous TXYF extracts.

Compared with the DSS group, the TXYF-H groups
had lower DAI scores (Figure 1D) and histological
scores (Figure 1E), and decreased body weight loss
(Figure 1A). TXYF-M,H groups, on the other hand,
had longer colon length (Figure 1B) and improved
intestinal permeability (Figure 3). Furthermore, TXYF
inhibited secretion of inflammatory cytokines in colon
tissues (Figure 2A-F) and promoted colonic epithelial
cell proliferation (Figure 5L), along with reducing
apoptosis (Figure 4L). However, the Ast2B + TXYF
groups showed significant statistical difference in DAI,
body weight loss, colon length and histological scores,
when compared with the TXYF groups. As for inhibiting
secretion of inflammatory cytokines, the Ast2B + TXYF
groups demonstrated significant differences within the
TXYF groups. Additionally, the Ast2B + TXYF groups
showed markedly improved intestinal permeability in
DSS-induced colitis compared with the TXYF groups,
respectively. In addition, the Ast2B + TXYF groups
demonstrated significant differences with the TXYF
groups in promoting colonic epithelial cell proliferation
and reducing epithelial cell apoptosis.

These results further confirm the idea that CRH-R2
signaling is the main mechanism of TXYF-mediated
mucosal repair in DSS-induced colitis in mice.

DISCUSSION

Mucosal healing is a desired therapeutic end-point
in the treatment of IBD; interventions that promote
restoration of the epithelial barrier are needed to limit
inflammation and to prevent future injury. Mucosal hea-
ling consists of two processes!'®. Firstly, intact cells in
the adjacent region migrate to the injured area; then,
the cells compensate for damaged cells by proliferation
and help to maintain normal thickness of the intestinal
epithelium. Therefore, the migration and proliferation
of intestinal epithelial cells are the key mechanisms for
the healing of epithelial defects after mucosal injury. In
addition, inhibiting apoptosis of intestinal epithelial cells
can promote the healing process of mucosa®”. It is
well known that intestinal epithelial barrier defects are
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Figure 4 Inhibition of CRH-R2 signaling promotes colonic epithelial cell apoptosis in DSS-induced colitis. A-K: Representative images from TUNEL sections; L:
Quantification of TUNEL data. Data are presented as mean + standard deviation, n = 6 per group, scale bar = 50 pum. P <0.001 vs control group; *P < 0.05, P <0.01,
°P < 0.001 vs DSS group; °P < 0.001 vs Ucn2 group; °P < 0.01 vs TXYF-L group; "P < 0.01 vs TXYF-M group; P <0.001 vs TXYF-H group. CRH-R2: Corticotropin-
releasing hormone-receptor 2; DSS: Dextran sulfate sodium; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick-end labeling; TXYF: Tong-Xie-Yao-Fang.

characterized by increased intestinal permeability.

In the present study, it was found that selective
inhibition of CRH-R2 signaling can aggravate symptoms
of DSS-induced colitis, destroy the impaired intestinal
barrier function, promote colonic epithelial cell apoptosis
and reduce epithelial cell proliferation. After treatment
with Ucn2 and TXYF, DSS-induced mice demonstrated
ameliorated symptoms of DSS-induced colitis, improved
impaired intestinal barrier function, promoted colonic
epithelial cell proliferation and reduced epithelial cell
apoptosis. Moreover, Ucn2 and TXYF reduced the
expression of the proinflammatory factors TNF-a,
CXCL-1, and IL-6 in colon tissues.

Cytokines play a central role in the regulation of both
intestinal inflammation and mucosal repair mechanisms™®.
Treatments that neutralize the proinflammatory actions
of TNF-o. promote mucosal healing and are a standard
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of current IBD treatment paradigms!”**. In addition,
production of the key proinflammatory cytokine IL-6
correlates with the degree of active intestinal inflam-
mation in IBD patients™, further supporting the concept
that therapeutic interventions that modulate cytokine
production and/or release may promote mucosal repair
after inflammation. Taken together, these results indicate
that Ucn2 and TXYF promote mucosal repair.

Studies from others have found that CRH may be
involved in the maintenance of intestinal barrier integrity
by regulating autophagy in the intestinal epithelial
cells™™®, Our previous studies also found that CRH could
induce an increase in intercellular permeability in the
intestinal epithelium™®. Some studies have also found
that CRH-R2 can activate the antiinflammatory response
of intestinal mucosa and exert an antiinflammatory
effect™. In addition, activation of CRH-R2 can promote
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Figure 5 Inhibition of CRH-R2 signaling reduces epithelial cell proliferation in DSS-induced colitis. A-K: Representative images from Ki-67 immunoreactive
sections; L: Quantification of Ki-67 immunohistochemistry data. Data presented as mean = standard deviation, n = 6 per group, scale bar = 50 pm. °P < 0.05, °P < 0.01
vs control group; °P < 0.05, °P < 0.01 vs DSS group. P < 0.01 vs Ucn2 group; °P < 0.05 vs TXYF-L group; °P < 0.01 vs TXYF-M group; "P < 0.01 vs TXYF-H group.
CRH-R2: Corticotropin-releasing hormone-receptor 2; DSS: Dextran sulfate sodium; TXYF: Tong-Xie-Yao-Fang.

the migration and proliferation of colon cancer cells and
gastric mucosa cells®***, Furthermore, the expression
of CRH-R2 has been reported as down-regulated in
biopsy specimens of UC patients®*® and CRH-deficient
mice have been reported as unable to initiate healing
responses after acute experimental colitis™”,

These results suggest a role for the CRH peptide
family, especially CRH-R2, in mucosal repair mechanisms.
It is known that Ucn2 is a peptide which binds exclusively
to CRH-R2. Significant statistical differences were found
between the Ast2B group and the Ast2B + Ucn2 group.
Thus, a conclusion can be made that CRH-R2 activated
the intestinal mucosal antiinflammatory response by
regulating the migration, proliferation and apoptosis of
intestinal epithelial cells in colitis mice.

Subsequently, the efficacy of TXYF was assessed.
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According to the theory of traditional Chinese medicine,
IBD belongs to “diarrhea, dysentery”. The principle of
treatment is focused on relieving pain and eliminating
dampness and diarrhea. TXYF is a classic formula in the
Jing yue quan shu (Jingyue’s Complete Book), which
consists of atractylodes rhizome (Rhizoma Atractylodis
Macrocephalae) head groups, white peony root (Radix
Paeoniae Alba), dried tangerine peel (Pericarpium
Citri Reticulatae), and divaricate saposhnikovia root
(Radix Saposhnikoviae). TXYF has been believed to be
effective in improving disorders of the digestive system
and alleviating abdominal pain, diarrhea, and has been
used widely as a medication to treat inflammatory
bowel syndrome and UC clinically, without inducing
hepatomegaly or splenomegaly™**%,

TXYF has also been shown to improve reconstruction
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of the intestinal epithelial barrier and promote the
healing of mucosa in UC**!, Our previous study found
that TXYF down-regulated CRH-R1 and up-regulated
CRH-R2. While the mechanism underlying TXYF pro-
motion of mucosal repair is not well understood, it is
thought to intervene using CRH-R2 and to regulate the
migration, proliferation and apoptosis of epithelial cells,
like the role of Ucn23Y,

Herein, we describe the selective inhibition of
CRH-R2 signaling in the intestinal mucosa of mice after
experimental colitis, along with TXYF treatment, leading
to exacerbated symptoms of DSS-induced colitis,
delayed healing, increased expression of proinflam-
matory factors TNF-a, CXCL-1 and IL-6 in colon tissues,
decreased epithelial cell proliferation and promoted cell
apoptosis. These results suggest that TXYF promoted
the mucosal repair process of colitis mice by regulating
CRH-R2.

In conclusion, CRH-R2 activates the intestinal mucosal
antiinflammatory response by regulating the migration,
proliferation and apoptosis of intestinal epithelial cells
in colitis mice, and exerts an antiinflammatory effect.
The effects of TXYF on the mucosal repair process are
focused on regulating CRH-R2 in colitis mice.

ARTICLE HIGHLIGHTS

Research background

Mucosal healing is a desired therapeutic end-point in the treatment of
inflammatory bowel disease (IBD). However, thorough treatment of IBD
is difficult and there are some adverse reactions. According to studies,
corticotropin-releasing hormone (CRH)-receptor (R)2 can activate the
inflammatory response of intestinal mucosa. Our preliminary study found that
Tong-Xie-Yao-Fang could lower CRH-R1, increase the expression of CRH-R2,
and participates in reconstruction of the intestinal barrier.

Research motivation
Mucosal healing is a desired therapeutic end-point in the treatment of IBD.
However, the mechanism of mucosal healing is still unclear.

Research objectives

To explore the significance of CRH-R2 in the mucosal healing of dextran sulfate
sodium (DSS)-induced colitis and study the effect of Tong-Xie-Yao-Fang (TXYF)
on CRH-R2.

Research methods

Ulcerative colitis (UC) was induced in mice by administration of 3% (w/v) DSS
for 7 d. Then, mice were administered urocortin (Ucn)-2 or various doses of
aqueous TXYF extracts, the CRH-R2 antagonist Astressin (Ast)2B, Ast2B +
Ucn2, or Ast2B with various doses of aqueous TXYF extracts for 9 d. The colitis
disease activity index (DAI) was assessed to evaluate the condition of colitis.
The expression level of Ki-67 represented the proliferation of colonic epithelial
cells. The expression levels of inflammation cytokines IL-6, TNF-o. and CXCL-1
were examined by PCR and enzyme-linked immunosorbent assay.

Research results

Compared with the DSS group, mice treated with the CRH-R2 antagonist
Ast2B showed greater loss of body weight, shorter colon lengths, and higher
DAl and histological scores. Additionally, the Ast2B group showed increased
intestinal permeability, improved secretion of inflammatory cytokines in colon
tissue and reduced colonic epithelial cell proliferation. Increased apoptosis was
also demonstrated. The Ucn2 group demonstrated lower DAI and histological
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scores. Diminished weight loss, longer colon length, reduced intestinal
permeability, inhibited secretion of inflammatory cytokines in colon tissue
and increased colonic epithelial cell proliferation were all observed. Reduced
apoptosis was also observed.

Research conclusions

CRH-R2 activates the intestinal mucosal antiinflammatory response and plays
an important antiinflammatory role. TXYF promotes the mucosal repair process
in colitis mice.

Research perspectives

The CRH-R2 signaling pathway plays a pivotal role in mucosal healing in
experimental UC in mice. Mucosal healing is a desired therapeutic end-point
in the treatment of IBD. Thus, the findings of this study indicate a new potential
mechanism by which CRH-R2 treats UC. TXYF, which has fewer side effects
than other medicines, promotes the mucosal repair process of colitis mice
by regulating CRH-R2. Therefore, TXYF can be used in patients with UC to
promote their mucosal repair.
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Abstract

AIM

To investigate the influence of high salt on dextran sulfate
sodium (DSS)-induced colitis in mice and explore the
underlying mechanisms of this effect.

METHODS

DSS and NaCl were used to establish the proinflammatory
animal model. We evaluated the colitis severity. Flow
cytometry was employed for detecting the frequencies
of Thl, macrophages and Tregs in spleen, mesenteric
lymph node and lamina propria. The important role of
macrophages in the promotion of DSS-induced colitis
by NaCl was evaluated by depleting macrophages
with clodronate liposomes. Activated peritoneal
macrophages and lamina propria mononuclear cells
(LPMCs) were stimulated with NaCl, and proteins
were detected by western blotting. Cytokines and
inflammation genes were analyzed by enzyme-linked
immunosorbent assay and RT-PCR, respectively.

RESULTS

The study findings indicate that NaCl up-regulates the
frequencies of CD11b* macrophages and CD4 IFN-
y'IL-17" T cells in lamina propria in DSS-treated mice.
CD3*CD4*CD25 Foxp3™ T cells, which can secrete high
levels of IL-10 and TGF-B, increase through feedback in
NaCl- and DSS-treated mice. Furthermore, clodronate
liposomes pretreatment significantly alleviated DSS-
induced colitis, indicating that macrophages play
a vital role in NaCl proinflammatory activity. NaCl
aggravates peritoneal macrophage inflammation by
promoting the expressions of interleukin (IL)-1, IL-6
and mouse inducible nitric oxide synthase. Specifically,
high NaCl concentrations promote p38 phosphorylation
in lipopolysaccharide- and IFN-y-activated LPMCs
mediated by SGK1.

CONCLUSION

Proinflammatory macrophages may play an essential
role in the onset and development of NaCl-promoted
inflammation in DSS-induced colitis. The underlining
mechanism involves up-regulation of the p38/MAPK axis.

Key words: Inflammatory bowel disease; Macrophage;
NaCl; CD4"IFN-y*IL-17" T cell; p38/MAPK

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: NaCl, as an indispensable environmental
factor, evokes both innate and adaptive immune proin-
flammation cell activation in mice affected by dextran

Baishidenge ~ WJG | www.wjgnet.com

sulfate sodium (DSS)-induced colitis. Proinflammatory
CD4" cells in DSS- and NaCl-treated mice are mainly
double-positive IL-17"IFN-y* T cells. Macrophage
depletion significantly alleviates DSS-induced colitis.
M1 macrophages play an important role in the
proinflammatory effect of NaCl in the mouse gut. NaCl
promotes M1 proinflammatory gene expression in
lipopolysaccharide-activated peritoneal macrophage.
The mechanism by which NaCl promotes DSS-induced
colitis involves up-regulation of the p38/MAPK axis.

Guo HX, Ye N, Yan P, Qiu MY, Zhang J, Shen ZG, He HY,
Tian ZQ, Li HL, Li JT. Sodium chloride exacerbates dextran
sulfate sodium-induced colitis by tuning proinflammatory and
antiinflammatory lamina propria mononuclear cells through
p38/MAPK pathway in mice. World J Gastroenterol 2018;
24(16): 1779-1794 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v24/i16/1779.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.i116.1779

INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic and
recurrent disease, usually manifesting as ulcerative
colitis and Crohn’s disease (CD)™. IBD is a high-risk
factor for colorectal cancer and it is a serious threat
to the human health globally. Although its etiology is
presently unclear, findings yielded by extant studies
indicate that IBD is a complex process involving
heredity, environment and immunity'*',

Innate and adaptive immune cells play different roles
in IBD pathogenesis. Results obtained in a large number
of studies have shown that Th17, Thl, regulatory T
cells (Tregs) and macrophages play important roles in
IBD pathogenesis. For instance, the number of Th17
cells increases significantly in mucosa lamina propria
(LP) of colitis patients, whereby interleukin (IL)-17 is
produced, resulting in mucosal damage and enhancing
disease activity®”). Th1 polarization is related to colonic
inflammation, through its induction of IFN-y and TNF-a
production, whereas the differential propensity to
develop colitis is linked to the inherent tendency of
the immune system to give rise to Thl or Th17/Treg
responses’®. Tregs, which are very important regulatory
T cells, express IL-10 highly and inhibit inflammation
in IBD™!, Macrophages in the intestinal mucosa of
colitis patients can secrete the cytokines TNF-a, IL-1
and IL-6"%, Intestinal macrophages are the major
population of antigen presenting cells in intestinal
mucosa and they shape the types of T cell response to
luminal antigens!*!,

Sodium chloride mediates the inflammatory effects
of immune cells that are very important to IBD. NaCl
exacerbates experimental autoimmune encephalo-
myelitis in mice by promoting Th17 cell differentiation!*?,
High salt content strengthens the lipopolysaccharides
(LPS)-induced macrophage activation by activating
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signaling pathways of p38 and ERK1 to induce the
production of proinflammatory factors™, Extant studies
have shown that the high-salt diet promotes Th17 cell
activation in LP and exacerbates experimental colitis
in mice™**!, However, high-salt diet effect on other
immune cells, such as Thl, Tregs and macrophages,
which are also associated with pathopoiesis in IBD, is
still unclear. Macrophage activation plays a pivotal role
in inflammation initiation and progression in diverse
pathological conditions. Findings obtained in our previous
research indicate that, in mice treated with clodronate
liposomes (MDP), gut macrophages were successfully
depleted. Macrophage depletion could protect mice
against colitis induced by dextran sulfate sodium (DSS),
suggesting that the macrophages play an important role
in colitis pathogenesis.

In the present study, we hypothesized that NaCl
promotes the onset and course of DSS-induced colitis,
as well as sustains the disease. The promotion effect
may be due to monocyte-macrophages shifting the
T cell response toward Th17, Thl and Treg cells. We
tested this hypothesis in a DSS-induced colitis mouse
model, which shares many characteristics with human
ulcerative colitis!*®*”), We found that NaCl promoted
both macrophages and CD4" proinflammatory cell
immune response, whereby CD4" proinflammatory cells
were mainly CD4'IFN-y'IL-17" T cells. NaCl enhanced
the proinflammatory gene expression and cytokine
secretion in the colons of mice affected by colitis.
Depletion of gut macrophages significantly alleviated
DSS-induced colitis, suggesting that macrophages play
a vital role in the NaCl proinflammation process. High
NaCl enhanced M1 proinflammation gene expression
in LPS-activated peritoneal macrophages. Therefore,
colitis promoted by high NaCl levels may be a result of
M1 macrophage polarization. M1 polarization shifts T
cell response toward proinflammatory CD4 IFN-y'IL-17"
T cells. High NaCl proinflammation in LPS- and IFN-y-
activated lamina propria mononuclear cells (LPMCs)
relies on up-regulation of the p38 mitogen-activated
protein kinase (p38/MAPK) axis.

MATERIALS AND METHODS

Animal treatment

For this study, 8- to 10-wk-old female C57BL/6] mice
were purchased from the Animal Center of Third Military
Medical University (Army Medical University). Mice were
housed at 24 °C, under light-controlled cycle (12 h) and
with free access to standard laboratory water and food.
All processes were supported by the Committee on Use
and Care of Laboratory Animals at Third Military Medical
University (Army Medical University).

Establishment of the animal model with DSS and NaCl

Mice purchased from the Animal Center were allowed
at least 7 d to adapt to the environment before being
randomly divided into four groups. They received water
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containing 2% NaCl (Sinopharm Chemical Reagent,
China) and/or water containing 2.5% DSS (160110;
MP Biomedicals, United States) for 10 d. The intestinal
macrophages were depleted using MDP (van Rooijen
and van Kesteren-Hendrikx, 2003, clodronateliposomes.
org, Holland)™®. Briefly, 200 uL MDP was injected i.p.
into mice 4 d prior to the onset of inflammation and
on days -1, 1, 3 and 5 during the 2.5% DSS and 2%
NaCl treatment. The disease activity index (DAI), which
was used for the clinical scoring of stool consistency,
bleeding and weight loss, served as the measure of
colitis severity. The criteria for grading the DAI were
adopted from elsewhere!*?.,

Cell isolation

Spleen (SP) and mesenteric lymph node (MLN) cells
from each mouse in all groups were separated by
grinding on filters. SP red blood cells were lysed using
red blood cell lysis buffer (C3702; Beyotime, China).
Single cell suspensions of SP and MLN were obtained
through filters. Cells were washed twice with phosphate-
buffered saline (PBS) (Zhongshanjingiao, China)
containing 2% fetal calf serum (FBS; as 2% FBS/PBS)
(Gibco, Life Technologies, United States) through
centrifugation.

Cell pellets were resuspended in the 2% FBS/PBS
and were kept on ice for later use. Intestinal LPMCs
were isolated in accordance with the Lamina Propria
Dissociation Kit instructions (130-097-410; Miltenyi
Biotec, Germany). Cell pellets were resuspended in 40%
percoll (Ruitaibio, China) and added slowly to the upper
part of centrifuge tubes, which had 5 mL of 80% percoll
at the bottoms. LPMCs were obtained by washing twice
with 2% FBS/PBS after density gradient centrifuging at
420 g for 20 min.

Flow analysis

The isolated cells from SP, MLN and LP from each
experimental group were cultured in 96-well U plates
in 0.2 mL 1640 medium containing 1% penicillin-
streptomycin (C0222; Beyotime) and 10% FBS
with ionomycin (I) (1 ug/mL) (S1672; Beyotime),
phorbol 12-myristate 13-acetate (PMA) (25 ng/mL)
(51819; Beyotime) and Brefeldin A (BFA) (10 ug/mL)
(51-2092KZ; BD Bioscience, United States) for 6 h. The
cells were collected and preblocked by Fc receptors for
20 min. Cell-surface staining was performed using PE-,
FITC-, APC- or percp-conjugated anti-CD4, CD3, CD25
or CD11b (eBioscience, United States). Intracellular
staining was performed using the FITC-conjugated anti-
mouse IFN-y, PE-conjugated anti-mouse IL-17 or Foxp3
(eBioscience). The intracellular or nuclear staining
for IFN-y, IL-17 and Foxp3 analysis was performed
according to the BD Bioscience protocol.

LPMC stimulation
Isolated LPMCs were cultured at a concentration of
5 x 10° cells/mL for 24 h, after which the culture
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supernatants were collected and cytokine levels were
analyzed by enzyme-linked immunosorbent assay
(ELISA) or were stimulated using different NaCl con-
centrations (5, 10, 20, 40, 60 or 80 mmol/L) in the
presence of 100 ng/mL LPS (Sigma, United States) and
20 ng/mL IFN-y (Sigma) with SB20358 (p38 inhibitor)
or DMSO (ST038; Beyotime) for 24 h. The cells were
detected by western blot (WB) or real time-PCR (RT-PCR).

Mouse peritoneal macrophage preparation

Mice were injected intraperitoneally with 2 mL of 4%
sterile thioglycollate medium (Becton Dickinson, United
States)™®®. Peritoneal macrophages were obtained by
washing the peritoneal cavity with 8 mL PBS containing
1% penicillin-streptomycin per mouse. Peritoneal
macrophages were centrifuged and resuspended in
DMEM (Gibco, Thermo Fisher Scientific, United States)
containing 10% FBS and 1% penicillin-streptomycin.
Next, peritoneal macrophages were seeded in 24-well
plates (Corning, United States) and nonadherent cells
were removed 4 h after seeding by washing with
medium®"!, Once adhered to the culture plates, cells
were stimulated with NaCl (10, 20, 40, 60 or 80 mmol/L)
and 100 ng/mL LPS for 24 h. Finally, cells were collected
for gene expression evaluation.

Colon culture

Colon tissues were cultured as previously described®*,
Briefly, after cutting longitudinally, colon tissues were
washed with PBS for removing intestinal contents
and were cut into 1-cm segments. These pieces were
cultured in 24-well plates in 2 mL of RPMI1640 medium
(Gibco, Life Technology, Shanghai, China) containing
1% penicillin-streptomycin for 24 h. Supernatant was
obtained by centrifuging at 10000 g at 4 °C for 10 min
and was immediately stored at -80 ‘C until required for
further ELISA detection.

RNA isolation and RT-PCR

RNAs of cells and tissues were extracted by Trizol
(Ambion, Life Technology, United States). RNA was
transcribed into cDNA using reverse transcription kits
(RRO47A; Takara, Japan). Quantitative RT-PCR was
performed using Bio-Rad instruments (United States)
in duplicates with the reagent SYBR Green (RR820A;
Takara) to measure the products. Gene expression was
analyzed using the comparative Ct method and was
normalized to GAPDH, which served as internal control.
The primer sequences are shown in Table 1.

ELISA

Cytokine content was expressed in pg/mL. Abs,
including purified and biotinylated antimouse, and
related reagents were purchased from eBioscience.
Briefly, 2 pg/mL capture antibody diluted with coat
buffering was incubated at 4 'C overnight in 96-well
plates (Corning) and was blocked with 5% bovine
serum albumin (BSA) (Sigma) at 37 °C for 2 h. Samples
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were incubated at 37 °C for 2 h after being washed three
times with PBS containing 0.05% Tween-20 (PBST).
Biotinylated antibodies were incubated at 37 °C for 1 h
after being washed with PBST three times. Horseradish
peroxidase-conjugated antibody was incubated at 37 C
for 30 min after being washed with PBST five times. The
reaction of detection reagent at 37 'C required 15 min
after the unbounded antibody was removed by washing
with PBST five times. The plate was analyzed at 450 nm
wavelength after terminating the reaction with the stop
solution.

Histology and immunohistochemistry

Colon tissues were fixed with 4% paraformaldehyde
before being embedding in paraffin. To assess
inflammation, colon tissue cross sections were stained
with hematoxylin and eosin (HE). Sections were
incubated with rabbit anti-mouse inducible nitric oxide
synthase (iNOS) antibody labeled with FITC (orb14179;
Biorbyt, United Kingdom) and rabbit anti-mouse
F4/80 antibody labeled with PE (123109; Biolegend).
All immunofluorescence images were taken by a
fluorescence microscope (Leica, Germany) under the
same exposure and intensity settings.

Western blotting

Proteins were extracted by RIPA lysis buffer containing
protease inhibitor cocktail. The protein concentration
was detected using the Protein Concentration Kits
(P0O012; Beyotime) and the samples were boiled for 5
min at 98 'C. Then, 30 ug of protein for each sample
was separated with SDS-PAGE. Next, proteins were
electrotransferred onto a nitrocellulose membrane (GE
Healthcare, Sweden) and were blocked with 5% BSA in
TBS-0.05% Tween-20 (TBST) at room temperature for
2 h. The membrane was subsequently incubated with
GAPDH (1:1000) (Santa Cruz Biotechnologies, United
States), p38 or phosphorylated p38 (1:250) (Abcam,
United States) at 4 'C for 16 h. The membrane was
washed with TBST before being incubated at room
temperature for 1 h with antibody conjugated with
horseradish peroxidase (1:2000) (Zhongshanjingiao,
China). Antibody binding was detected with the ECL
substrate (170-5060; Bio-Rad) after washing with
TBST. The optical density of bands was analyzed using
Image] 1.42 software (United States).

Statistical analysis

All data were expressed as mean * SD. GraphPad Prism
5.00 software for Windows (United States) was used for
data analysis. Statistical results were evaluated using
unpaired Student’s t-test or ANOVA, and P < 0.05 was
considered statistically significant.

RESULTS

NaCl aggravates DSS-induced colitis in mice
To determine the influence of NaCl on enteritis, mice
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Table 1 Primers used in the real time-PCR

Gene name Primer sequences
GAPDH Sense 5-AGGTCGGTGTGAACGGATT-3'
Anti-sense 5-AATCTCCACTTTGCCACTGC-3'
IL-1B Sense 5-TGGTGTGTGACGTTCCCATTA-3’
Anti-sense 5-CAGCACGAGGCTTTTTTGTTG-3’
IL-1a Sense 5'-CGCCAATGACTCAGAGGAAGA-3'
Anti-sense 5'-GGCGTCATTCAGGATGAATTC-3'
IL-6 Sense 5-ACAACCACGGCCTTCCCTACTT-3"
Anti-sense 5-CACGATTTCCCAGAGAACATGTG-3
IFN-y Sense 5-CTGCTGATGGGAGGAGATGT-3
Anti-sense 5-ATTTGTCATTCGGGTGTAGTCA-3’
Argl Sense 5-CTCCAAGCCAAAGTCCTTAGAG-3
Anti-sense 5-GGAGCTGTCATTAGGGACATCA-3
iNOS Sense 5-ACATCGACCCGTCCACAGTAT-3'
Anti-sense 5-CAGAGGGGTAGGCTTGTCTC-3
IL-10 Sense 5-GCTCTTACTGACTGGCATGAG-3
Anti-sense 5-CGCAGCTCTAGGAGCATGTG-3
TNF-a Sense 5-CTGAACTTCGGGGTGATCGG-3’
Anti-sense 5-GGCTTGTCACTCGAATTTTGAGA-3’
IL-170 Sense 5-TGTGAAGGTCAACCTCAAAGTCT-3
Anti-sense 5'-GAGGGATATCTATCAGGGTCTTCAT-3'
SGK1 Sense 5'-CTGCTCGAAGCACCCTTACC-3'
Anti-sense 5'-TCCTGAGGATGGGACATTTTCA-3'

were given 2.5% DSS and/or 2% NaCl. Mice that
received both NaCl and DSS started losing weight from
day 5 and subsequently exhibited greater weight loss
compared to the DSS group (Figure 1A). Moreover,
the death rate in the DSS + NaCl group was markedly
higher than in the DSS group (Figure 1B). Compared to
other groups, colons of mice in the DSS + NaCl group
became shorter (Figure 1C). HE staining displayed
obvious inflammatory cell infiltration in both groups, but
the DSS + NaCl group exhibited more inflammatory cell
infiltration in colon tissues than the DSS group (Figure
1D). These findings suggest that NaCl aggravated
inflammation in DSS-induced colitis.

NaCl up-regulates the frequency of CD4'IFN-y'IL17"

T cells and promotes the secretion of inflammatory
cytokines in mice with DSS-induced colitis

Increasing evidence indicates that CD4" T cells play
a crucial role in the pathogenesis of chronic intestinal
inflammation, and related cytokines (such as IFN-y,
IL-6, IL-17A and TNF) are highly expressed in the
inflamed mucosa of IBD patients'****), To explore the
influence of NaCl on CD4" T cells in colitis-affected mice,
the CD4"IFN-y'IL-17" T cell subsets were detected.
Compared to the DSS group, the flow cytometry
analysis indicated that frequencies of CD4*IL-17" and
CD4"IFN-y" T cell subsets were markedly up-regulated
in the DSS + NaCl group (Figure 2A). NaCl promotion of
the DSS-induced colitis development is associated with
both CD47IL-17* and CD4*IFN-y* T cells in LP, MLN and
SP. In addition, the frequencies of inflammatory CD4"
T cells (IL-17* and IFN-y* single-positive T cells and
IFN-y'IL-17" double-positive T cells) in the DSS + NaCl
group were higher than in the DSS group. It is also
noteworthy that the frequency of CD4'IFN-y" T cells
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was up-regulated the most (Figure 2B). These findings
suggest that CD4*IFN-y"IL-17" T cells are crucial in the
inflammation promotion by NaCl in DSS-treated mice.

Cytokines IFN-y, IL-17a, IL-1a, IL-6 and TNF-a
secreted by colon tissues were detected by ELISA, and
the gene expression of colon tissues from the animal
model was measured by RT-PCR. Compared to the DSS
group, IFN-y, IL-170, IL-1a, IL-1B, IL-6 and TNF-a were
all higher in the DSS + NaCl group (Figure 2C and D).
Therefore, high NaCl levels up-regulate inflammation
gene expression and promote the secretion of multiple
proinflammatory cytokines in mice affected by DSS-
induced colitis.

NaCl up-regulates macrophage frequency in DSS-
treated mice

Macrophages play a crucial role in the Thl and Th17
responses, and are also important regulators of salt
homeostasis®!. To determine the effect of NaCl on
macrophages in mice affected by colitis, we detected
the frequency of CD11b" macrophages in mice that
received DSS and/or NaCl by flow cytometry. We
observed that the macrophages increased significantly
in the LP, MLN and SP of the DSS + NaCl group com-
pared to those of the DSS group (Figure 3A). The
increased CD11b* macrophages were mainly located
in intestinal LP and MLN (Figure 3B). These findings
indicate that the macrophages also participate in the
NaCl proinflammation activities in DSS-induced colitis.

Tregs increase through feedback in the development of
NaCl aggravating inflammation associated with DSS-
induced colitis

Tregs play an important role in the maintenance
of intestinal mucosal homeostasis by suppressing
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Figure 1 Mice treated with DSS and NaCl develop more severe colitis. A: Mice were given DSS and/or NaCl, and were weighed daily; B: Death status was
recorded daily; C: Colonic tissues were collected from four groups of mice and colonic length was measured; D: Histological analyses show sections of the colon
stained with HE for DSS- or NaCl-treated mice. In all the panels, data indicate three separate experiments, whereby 10 mice per group were used in each experiment.
°P<0.05;°P < 0.01; °P < 0.001. DSS: Dextran sulfate sodium.
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Figure 2 NaCl promotes CD4'IFN-y'IL-17" T cell increase and inflammatory cytokine secretion in DSS-treated mice. A: The CD4'IFN-y'IL-17" T cells in LP,
MLN and SP from mice treated with NaCl and/or DSS were detected by flow cytometry; B: Combined flow cytometry data of CD4'IL-17", CD4’IFN-y" and CD4'IFN-
Y'IL-17" T cell subsets distribution in LP, MLN and SP; C: Colon tissues collected from mice treated with DSS or DSS + NaCl, which were washed with phosphate-
buffered saline and cultured for 24 h, and the supernatants were collected and detected by enzyme-linked immunosorbent assay; D: Colon tissues collected from mice
treated with NaCl and DSS (or only DSS) were detected by RT-PCR. The relative fold-change in DSS + NaCl-treated mice vs DSS-treated mice. In all the panels, data
indicate three separate experiments, whereby 3 mice per group were used in each experiment. °P < 0.05; °P < 0.01; °P < 0.001. DSS: Dextran sulfate sodium; LP:

Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.

abnormal immune response against dietary antigens
or commensal flora®. To explore the changes in Tregs
in the mice that received DSS and NaCl, we detected
CD3*"CD4"CD25*Forp3* T cells by flow cytometry and
observed that their levels were higher in the DSS + NaCl
group than in the DSS group (Figure 4A). The increased
Tregs were mainly distributed in the LP and MLN, while
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their prevalence in SP did not change significantly (Figure
4B). To explore the influence of NaCl on Tregs in DSS-
induced colitis, we evaluated cytokine levels in culture
supernatants of LPMCs by ELISA. The results yielded
by the analyses indicate that NaCl induces LPMCs to
secrete TNF-q, IL-1a, IL-6 and IL-17, which are critical
Th17 cell-related cytokines. Moreover, NaCl promotes
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Figure 3 CD11b' macrophages are increased in DSS- and NaCl-treated mice. A: The CD11b" cells in LP, MLN and SP from the four groups were detected by
flow cytometry; B: Quantification of the flow cytometry data indicates the CD11b" cell distribution in LP, MLN and SP. In the panels, data indicate three separate
experiments, whereby 3 mice per group were used in each experiment. °P < 0.05; ®P < 0.01; °P < 0.001. DSS: Dextran sulfate sodium; LP: Lamina propria; MLN:
Mesenteric lymph node; SP: Spleen.

A B
Water 2% NaCl 2.5% DSS 2% NaCl + 2.5% DSS
S_" 60 D SP b
x (=)
3 2.92 4,37 5.98 13.88 Lp & [] MLN -
Py m L
x
A ch 40 T
N
9 -
8
11.37 1 12.98 13.98 17.28 * T
MLN é 20— == T
a
(@] s
— —
0 1 1 1 1
6.28 6.99 7.88 8.28 <
) O S O
] ] ; SP &'&‘ $’b Q(O xé'b
(9
Q'v
CD25
C [] Water
W NacCl
[] DSS + NaCl
[ bss
I-17 Il-1o TNF-o -6 TGF- 1L-10
1500 o 2500 1 < 1000 < 2500 - C 1500 1000 [
c <
I 2000 - 1 800 - I 2000 |- I f 800 f
1000 - 1000 -
—E' 1500 - 600 - 1500 + 600
Es
1000 - 400 - 1000 ~ 400
500 + 500
500 - ’I_‘ 200 + 500 - 200
0 L1 0 [ i 0 0= wm 0 0

Figure 4 CD3'CD4'CD25'Foxp3’ T cells are increased in mice treated with DSS and NaCl. A: CD3'CD4"CD25'Foxp3" T cells in LP, MLN and SP from animal
models were detected by flow cytometry; B: A summary of the percentages of CD3'CD4°CD25 Foxp3' T cell distribution in LP, MLN and SP; C: LPMCs from the four
groups were isolated and cultured for 24 h, and the levels of cytokines in the culture supernatants were collected and analyzed by enzyme-linked immunosorbent
assay. In all the panels, data indicate three separate experiments, whereby 3 mice per group were used in each experiment. °P < 0.05; °P < 0.01; °P < 0.001 vs the
DSS group. DSS: Dextran sulfate sodium; LMPCs: Lamina propria mononuclear cells; LP: Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.
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Figure 5 Depletion of macrophages reduces the severity of DSS-induced colitis promoted by NaCl. A: Clodronate liposomes (denoted as MDP) or control PBS-
liposomes (denoted as PBS) were administrated intravenously to all mice, as the schematic protocol indicated during DSS and NaCl treatment; B: The disease activity
index was monitored daily; C: Colon length was measured in each group of mice (n = 10); D: Colon explants were cultured for 24 h and the inflammatory cytokines in
supemnatants were detected by enzyme-linked immunosorbent assay (n = 3). °P < 0.05; °P < 0.01; °P < 0.001 (clodronate liposomes + DSS + NaCl vs DSS + NaCl).

DSS: Dextran sulfate sodium.

the secretion of TGF-p and IL-10, which are significant
antiinflammatory cytokines secreted by Tregs (Figure
4C). These findings show that Tregs’ levels also increase
as a result of inflammation promotion by NaCl in mice
with DSS-induced colitis.

Macrophages play a critical role in NaCl aggravating
DSS-induced colitis

Extant studies have shown that MDP can deplete
macrophages in mice!””). We used MDP to deplete
the macrophages in mice during the DSS and NaCl
treatments to determine their role in the promotion of
DSS-induced colitis by NaCl (Figure 5A). We observed
that macrophage depletion by MDP could prevent colon
shortening in the mice treated with NaCl and DSS (Figure
5B). The DAI also showed that macrophage depletion
alleviated inflammation in NaCl proinflammatory
processes (Figure 5C). The levels of inflammatory
cytokines IFN-y, TNF-a, IL-1B, IL-17A, IL-6, MCP1 and
MIP2 secreted by colon tissues were reduced in MDP-
treated mice (Figure 5D). The colon tissues from the
DSS + NaCl group contained a greater number of F4/
80"iINOS™ macrophages compared to the DSS group. In
addition, the MDP-treated mice had fewer F4/80*iNOS*
macrophages compared to the DSS + NaCl group
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(Figure 6). Thus, we posit that macrophage depletion
can reduce colitis severity in mice.

High NaCl promotes M1 macrophage polarization in
vitro

Macrophages in both peritoneal cavity and gastroin-
testinal tract are linked to IBD™®. Different NaCl con-
centrations (10, 20, 40, 60 and 80 mmol/L) were used
to stimulate the macrophages from the abdominal
cavity and the gene expression was detected by RT-
PCR. Our findings indicate that IL-1B, IL-6 and iNOS,
which usually exhibit proinflammatory roles, gradually
increased as the NaCl concentration increased (Figure
7A-C). It is worth noting that IL-10 and Argl, which
are M2 macrophage markers, increased modestly at
low NaCl concentrations, whereas their expression
markedly increased at 40 mmol/L and above (Figure 7D
and E). These results display that high NaCl levels pro-
mote LPS-activated peritoneal macrophages toward M1
polarization.

NaCl promotes the inflammation response in LP,
whereas LPS and IFN-y activated LPMCs rely on p38/
MAPK

p38/MAPK is related to both IBD and hyperosmotic
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Figure 6 iNOS'F4/80' macrophages increase in the colon of DSS- and NaCl-treated mice. Macrophages in colon tissue obtained from mice injected
intraperitoneally with PBS-containing liposomes (denoted as PBS), or clodronate liposomes (denoted as MDP) during the NaCl and DSS treatment were analyzed.
The sections were stained with antibodies of anti-F4/80 (red) and anti-INOS (green). Nuclei were stained with DAPI (blue). Laser confocal microscopy was used to
detect fluorescence. (Scale bar = 50 um). DSS: Dextran sulfate sodium; iNOS: inducible nitric oxide synthase.

stress?®®*°!, Western blot analysis revealed that high NaCl
levels significantly up-regulated phosphorylated-p38 of
LPMCs stimulated with LPS and IFN-y for different time
periods (1 h, 6 h, 12 h, 24 h); however, they did not
affect the total level of p38, and p38 phosphorylation
reached the highest level after 12 h (Figure 8A). LPMCs
were treated with NaCl at different concentrations (5, 10,
20, 40, 60 and 80 mmol/L) in the presence of LPS and
IFN-y for 24 h. The western blotting revealed that p38
phosphorylation increased in a dose-dependent manner
(Figure 8B). Serum glucocorticoid regulated kinase
1 (SGK1) increased in LPMCs activated by LPS and
IFN-y due to NaCl stimulation (Figure 8C). The results
further indicated that p38 inhibitor can decrease high
NaCl-promoted p38 phosphorylation in LPMCs (Figure
8D). These findings confirmed that NaCl promotes in-
flammatory response in the LPS and IFN-y activated
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LPMCs, and the proinflammation effect depends on p38/
MAPK phosphorylation mediated by SGK1.

DISCUSSION

NaCl has been shown to exert a proinflammatory
effect in many diseases, including experimental colitis,
experimental autoimmune encephalomyelitis and
cardiovascular disease® ™!, In the present study,
we observed that macrophages play an important
role in the promotion of DSS-induced colitis by NaCl.
Macrophages, as antigen-presenting cells, are important
in regulating innate and adaptive immune responses
and have a crucial role in resolving tissue injury and
promoting tissue repair in IBD®***, Even though the
cause of IBD remains unclear, mice with lymphocyte
deficiency developed more severe inflammation,
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Figure 7 High NaCl levels enhance proinflammation gene expression in LPS-activated peritoneal macrophage. A-E: Peritoneal macrophages were stimulated
with different NaCl concentrations (10-80 mmol/L) in the presence of LPS for 24 h. mRNA expression was measured by RT-PCR for the indicated genes. In all the
panels, data indicate three separate experiments. °P < 0.05; °P < 0.01; °P < 0.001. LPS: Lipopolysaccharide.

suggesting that innate immune cells are capable of
triggering the onset and development of disease!®®.
Activation of the innate immune system is regarded as
the most direct cause of IBD because it can recruit cells
of the adaptive immune system to the inflammatory
site, thus resulting in inflammation®®”’,

Findings yielded by the present study further
indicated that NaCl promoted the increase in the
CD4"* T cell count, especially the IFN-y"IL-17* double-
positive T cells in DSS-treated mice. Extant research
indicates that high-salt diet promotes the differentiation
of CD4" T cells into Th17 as well as Th1®%, However,
Wei et al'®! showed that, in 2,4,6-trinitrobenzene
sulfonic acid (TNBS)-induced colitis, NaCl promoted
Th17 polarization, but not Th1 polarization™™!, DSS and
TNBS may involve different pathogenic mechanisms.
Wei et al®® used TNBS to induce colitis, which mainly
simulated CD. However, we used DSS to induce colitis,
which mainly simulated ulcerative colitis. In both CD
and ulcerative colitis patients, activation and mucosal
infiltration of CD4* T lymphocytes has been reported®®),

Extant studies have revealed that blocking CD4* T
cell activation was capable of limiting the development
of mucosal inflammation in experimental colitis
models'*®’. CD4" IFN-y*IL-17* T cells, as an intermediate
form between Th17 and Thil, are an easily observable
crossover subset promoted by IL-12 signaling beyond
IL-17"*4, Th17 cells play an important role in colitis
pathogenesis by directly giving rise to Thl-like cell
response!*l, Empirical evidence indicates that IBD is
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characterized by Th1 cell activation and subsequent
over-expression of cytokines such as TNF-a, IL-6 and IL-
18**1, In addition, findings yielded by extant research
suggest that Thl cytokines are important promoters
of continuous mucosal inflammation in DSS-induced
colitis!*®*”,

The results obtained in the present work confirmed
the important role of CD4"IFN-y*IL-17* T cells in the
promotion of inflammation by NaCl in DSS-treated
mice. High NaCl content up-regulates inflammation
gene expression and promotes the secretion of multiple
proinflammatory cytokines for promoting intestinal
inflammation in mice affected by DSS-induced colitis.

IL-6 and IL-17 are critical Th17 cell-related cytokines
that are involved in inflammatory responses during IBD
development”*®, In contrast, antiinflammatory TGF-B
and IL-10, are mainly produced by Tregs™*®. Wei and
colleaguest™™ demonstrated that, while high-salt diet did
not change Tregs’ percentage, it did inhibit the secretion
of IL-10 and the suppressive function of Tregs in TNBS-
induced colitis. In our study, NaCl promoted an increase
in Tregs’ frequency in MLN and LP, as well as enhanced
IL-10 and TGF-B expression, in DSS-induced colitis.
Tregs, as immune suppressing cells, are essential in
maintaining intestinal homeostasis™".

In DSS-treated beta7-deficient mice, in which colonic
Tregs were depleted, excessive macrophage infiltration
in colons occurred by up-regulation of colonic epithelial
intercellular ICAM1, which promoted proinflammatory
cytokine expression, aggravating DSS-induced colitis™*!.
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Figure 8 NaCl promotion of inflammation relies on the p38/MAPK pathway. A: LPMCs were stimulated with 60 mmol/L NaCl in the presence of 100 ng/mL LPS
and 20 ng/mL IFN-y for 1 h, 6 h, 12 h and 24 h, and the p38 and phosphorylated-p38 proteins were detected by western blot; B: LPMCs were stimulated with different
NaCl concentrations in the presence of 100 ng/mL LPS and 20 ng/mL IFN-y for 24 h and phosphorylated p38 protein was detected by western blot; C: LPMCs were
stimulated with different NaCl concentrations in the presence of LPS and IFN-y, and the mRNA expression of SGK1 was measured by RT-PCR; D: LPMCs were
pretreated with 10 pmol/L SB or DMSO for 2 h and were subsequently stimulated with 60 mmol/L NaCl along with 100 ng/mL LPS and 20 ng/mL IFN-y in the presence
of DMSO or 10 umol/L SB for 24 h and the proteins of p38 and phosphorylated-p38 were detected by western blot. In all the panels, data indicate three separate
experiments. P < 0.05; %P < 0.01; 7 < 0.001. DSS: Dextran sulfate sodium; LMPCs: Lamina propria mononuclear cells; LP: Lamina propria; LPS: Lipopolysaccharide;
MLN: Mesenteric lymph node; SB: SB20358; SP: Spleen.

Disruption in balance may allow T cells to proliferate evidence indicates that the intake of high dietary salt
in an increased fashion, thereby promoting chronic could boost Th17 response through activating the
intestinal inflammatory development™. Therefore, caspase-1 in macrophages!*>>>!, Moreover, in reaction
continuous Tregs’ differentiation and trafficking in the to NaCl, macrophages with enhanced expression of

gut is required to dampen immune responses to dietary immune-stimulatory molecules promote proinflammatory
antigens and commensal bacteria®. cytokine production and T cell proliferation™ >,
We also found that NaCl promoted an increase in Human monocyte-derived granulocyte-macrophage

CD11b" cells in the LP and MLN from mice treated with colony-stimulating factors exhibit potent antigen-
DSS. Denning et al® have shown that CD11b*F4/ presenting functions, produce IL-12p40 and IL-23p19,
80*CD11c macrophages in LP could induce Foxp3®  and promote development of Th1 immunity™”*®. In our
Tregs’ differentiation, while CD11b* dendritic cells in LP study, inflammation was relieved when the intestinal
elicited responses of IL-17-producing T cells®*. Empirical macrophages were depleted by MDP, which indicated
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that the activation of Th17 and Th1 cells required
macrophage participation.

Peritoneal macrophages from mice are among the
best-studied macrophage populations and their role in
the regulation of inflammatory responses and mucosal
immunity is well understood®*®®!, Macrophages in
peritoneal cavity, which are crucial in the regulation of
inflammatory pathologies, are also related to IBD™*",
In the present study, we have shown that high NaCl
content enhanced the expression of proinflammation
genes for IL-1B, IL-6 and iNOS and antiinflammation
genes for Argl and IL-10 in macrophages from the
abdominal cavity of mice.

Macrophages can be polarized to either classically
activated (M1) or alternatively activated (M2)
macrophages®®”. M1 macrophages are proinflammatory
cells due to their high capacity for producing
proinflammatory cytokines, such as IL-23, IL-12, IL-1B,
TNF-o. and iINOS™®**¥, M2 macrophages highly express
IL-10 and Argl, which are involved in antiinflammatory,
antimicrobial response’®®’!, These cytokines promote
the activation of the adaptive immune and T cell
response!®,

In the present study, high NaCl content was found
to boost M1 polarization and up-regulate expression of
proinflammatory genes to promote inflammation. Under
low NaCl concentrations, IL-1, IL-6 and iNOS mainly
produced by M1 macrophages were up-regulated, while
the negative adjustment factor expressions were low.
When the NaCl concentration rose to a certain dose, high
levels of proinflammatory factors IL-1, IL-6 and iNOS
induced the cell protective response through feedback,
and caused the up-regulation of negative adjustment
factors IL-10 and Argl. Thus, when the inflammation
continues to worsen, the M2 macrophages will respond
to balance inflammation with protective immunity, and
inhibit the expression of proinflammatory factors.

We explored the influence of NaCl on LPS- and IFN-
y-activated LPMCs and demonstrated that high NaCl
enhanced phosphorylation of p38, as inflammation and
salt intake are both linked to p38/MAPK. The p38/MAPK
signaling pathway is important in IBD and the inhibition
of p38/MAPK can effectively suppress the production of
inflammatory mediators™®’, Available evidence indicates
that p38/MAPK mediates intestinal inflammation gene
expression, such as TNF-a, IL-1 and IL-6, and this up-
regulation occurs in multiple types of cells, especially
monocytes and macrophages™®”. In addition, p38/MAPK
can regulate the SGK1 activation”.

High NaCl concentration promotes p38/MAPK phos-
phorylation and activates SGK1%?. SGK1 has been
shown to control Na(+) transport and NaCl homeostasis
in cells, and could trigger Th17 responses and promote
tissue inflammation*?. Human LPMCs exposed to high
NaCl concentrations highly express IL-17A, IL-23R and
TNF-0, and pharmacological inhibition of p38/MAPK has
been shown to abrogate the effect of NaCl on LPMC-
derived cytokines!*. In the present study, high NaCl
content was shown to promote inflammation in LPS-
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and IFN-y-activated LPMCs. However, this process relies
on the up-regulation of p38/MAPK and SGK1.

In summary, the study findings reported here
indicate that NaCl induces alterations to both the innate
and acquired immune system in mice with DSS-induced
colitis. NaCl promotes M1 macrophage polarization,
and M1 polarization may shift T cell response toward
the proinflammatory CD4"IFN-y"IL-17" T cells’
aggravating colitis. The mechanism by which high NaCl
concentrations promote inflammation relies on the up-
regulation of p38/MAPK and SGK1. Although results
obtained in the present study indicate that excessive
NaCl intake can promote the inflammation in mice
with the DSS-induced colitis, the causality of high-
salt diet and IBD still needs to be confirmed by further
investigations. More clinical and experimental studies
are required to fully clarify the role of salt in IBD.

ARTICLE HIGHLIGHTS

Research background

At present, most diets are characterized by high salt content. Extant studies
have shown that high salt intake contributes to inflammatory bowel disease (IBD)
incidence and pathogenesis. However, the mechanism underlying these effects
remains unclear.

Research motivation

NaCl mediates the inflammatory effects of immune cells. Both innate and
adaptive immune proinflammatory cells play important roles in IBD. Studies
have shown the high salt intake promotes the activation of Th17 cells in lamina
propria (LP) and exacerbates experimental colitis in mice. However, the
influence of high salt content in diet on other immune cells is still unclear. The
present study explored the influence of high NaCl concentration on immune cell
subsets and the underlying mechanisms.

Research objectives

The aim of the present study was to determine the impact of high NaCl
concentration on dextran sulfate sodium (DSS)-induced colitis in mice and
explore its influence on other immune cells, such as T helper 1 cells, regulatory
T cells and macrophages, while attempting to elucidate the mechanism
underlying this effect.

Research methods

DSS and NaCl were used to establish a proinflammatory animal model. The
immune cell subsets were detected by flow cytometry in order to determine
the target cells of NaCl. Cytokines secreted by intestinal tissue were
detected. In the present study, clodronate liposomes treatment was used to
deplete macrophages to further delineate their vital role in the promotion of
DSS-induced colitis in mice by NaCl. In cell experiments, NaCl at different
concentrations acted directly on lamina propria mononuclear cells (LPMCs) and
macrophages. mRNA levels of inflammation genes and p38/MAPK proteins
were determined by RT-PCR and western blot, respectively.

Research results

High NaCl concentration exacerbated the DSS-induced colitis. Intestinal
CD4'IFN-yIL-17" T cells and macrophages both play crucial roles in the
promotion of inflammation by NaCl in mice with colitis. NaCl promotes M1
proinflammatory gene expression in lipopolysaccharide (LPS)-activated
peritoneal macrophages. High NaCl concentrations promote the up-regulation
of the p38/MAPK axis in the LPS and IFN-y-activated LPMCs.

Research conclusions
NaCl evokes both innate and adaptive immune proinflammatory cell activation
in mice affected by colitis. Colitis may be promoted by high NaCl levels, by
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NaCl initially by acting on macrophages, pushing them towards M1 polarization.
Then, M1 polarization shifts the T cell response toward proinflammatory
CD4’IFN-y'IL-17" T cells. Inflammation promotion by NaCl in LPS- and IFN-y-
activated LPMCs relies on the up-regulation of the p38/MAPK axis.

Research perspectives

Although results in this study indicate that high NaCl intake can promote the
inflammation in mice with DSS-induced colitis, the causality of high-salt diet
and IBD still needs to be confirmed by further investigations. More clinical and
experimental studies are inspired to fully clarify the role of salt in IBD.
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Abstract

AIM
To investigate the role of tacrolimus intra-patient
variability (IPV) in adult liver-transplant recipients.

METHODS

We retrospectively assessed tacrolimus variability in a
cohort of liver-transplant recipients and analyzed its
effect on the occurrence of graft rejection and de novo
donor-specific antibodies (@n7DSAs), as well as graft
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survival during the first 2 years posttransplantation.
Between 02/08 and 06/2015, 116 patients that received
tacrolimus plus mycophenolate mofetil (with or without
steroids) were included.

RESULTS

Twenty-two patients (18.5%) experienced at least one
acute-rejection episode (BPAR). Predictive factors for
a BPAR were a tacrolimus IPV of > 35% [OR = 3.07
95%CI (1.14-8.24), P = 0.03] or > 40% [OR = 4.16
(1.38-12.50), P = 0.01), and a tacrolimus trough level
of < 5 ng/mL [OR=3.68 (1.3-10.4), £ =0.014]. Thirteen
patients (11.2%) developed at least one @nDSA during
the follow-up. Tacrolimus IPV [coded as a continuous
variable: OR = 1.1, 95%CI (1.0-1.12), P = 0.006] of >
35% [OR = 4.83, 95%CI (1.39-16.72), P = 0.01] and
> 40% [OR = 9.73, 95%CI (2.65-35.76), P = 0.001]
were identified as predictors to detect gnDSAs. IPV did
not impact on patient- or graft-survival rates during the
follow-up.

CONCLUSION

Tacrolimus-IPV could be a useful tool to identify patients
with a greater risk of graft rejection and of developing a
de novo DSA after liver transplantation

Key words: Variability; Liver transplantation; Donor-
specific antibodies; Immunosuppression

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Tacrolimus intra-patient variability (Tac IPV)
was associated with kidney-graft rejection and worse
long-term outcomes, but until now, was not well studied
after liver transplantation in adult recipients. We found
that the coefficient of variability-IPV of tacrolimus was a
predictive factor for acute rejection and the occurrence
of de novo donor-specific antibodies (DSA) after
liver transplantation in a retrospective cohort of 116
recipients treated with tacrolimus and mycophenolate
mofetil. This could be a useful tool to identify patients
with a greater risk of graft rejection and of developing a
de novo DSA after liver transplantation.

Del Bello A, Congy-Jolivet N, Danjoux M, Muscari F, Lavayssiére
L, Esposito L, Hebral AL, Belliére J, Kamar N. High tacrolimus
intra-patient variability is associated with graft rejection,
and de novo donor-specific antibodies occurrence after liver
transplantation. World J Gastroenterol 2018; 24(16): 1795-1802
Available from: URL: http://www.wjgnet.com/1007-9327/full/
v24/i16/1795.htm DOI: http://dx.doi.org/10.3748/wjg.v24.
116.1795

INTRODUCTION

Tacrolimus (Tac) is considered a cornerstone within
immunosuppression protocols to prevent T-cell and
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antibody-mediated rejection after liver transplantation™™
However, this treatment presents a narrow therapeutic
index: overexposure can lead to clinically serious events
thus necessitating regular therapeutic drug monitoring,
whereas underexposure can lead to acute or chronic graft
rejection™® Inter-individual variability from Tac therapy
may be explained by the polymorphism of cytochromes
P450 3A4 and 5 (responsible for biotransformation of
Tac)™ and the drug transporter ABCB1®, circadian
rhythms™ and also drug-drug interactions®. In addition
to inter-individual variability, the pharmacokinetics of
Tac can vary within individual patients. The concept of
intra-patient variability (IPV) refers to the fluctuations in
Tac blood concentrations (and consequently episodes of
over- and under-immunosuppression) that some patients
experience over time!*!,

Several non-modifiable and modifiable factors
contribute to Tac IPV (e.g., polymorphism in CYP3A
genes, the circadian rhythm of Tac exposure, gas-
trointestinal events such as diarrhea, cholestasis,
changes in protein levels, anemia, but also drug-
drug interactions with macrolides or azole anti-fungal
treatments, foods, or changes in formulation or generic
substitution)*, but non-adherence to Tac seems to be
the main cause of IPVI****, It was previously suggested
that higher degree of Tac IPV was associated with kidney-
graft rejection and worse long-term outcomes after
kidney transplantation!*"). Similar limited data have
been reported after liver transplantation*®*”, mainly in
pediatric cohorts. Moreover, little is known concerning the
relationship between Tac variability and the occurrence
of donor-specific antibodies (DSAs). Herein, we
retrospectively assessed the variability of Tac in a cohort
of liver-transplant recipients and analyzed its impact on
the number of acute rejections, the occurrence of de
novo DSAs, and patient- and graft-survival rates.

MATERIALS AND METHODS

Patients

Between February 2008 (i.e., the date when the solid-
phase Luminex assay was set up in our institution)
and June 2015, a total of 298 adult patients received
a liver transplant from deceased donors (DDLT) in our
center. Patients excluded from the study were those
that died within the first month posttransplantation
(n = 34), those that needed a re-transplant during
the first month (n = 2), and those that received a
transplant with a preformed DSA (mean fluorescence
intensity cut-off > 1000) directed against human
leukocyte antigen (HLA) A, B, Cw, DR, DQ, or DP (n
= 37). In order to avoid confounding factors associ-
ated with others immunosuppressive treatments, only
patients that received and were maintained under Tac
and mycophenolate mofetil (MMF) (with or without
steroids) were included in this study (Figure 1). All pati-
ents but five received Tac given twice daily (Prograf®).
The other five received Tac once daily (Advagraf®).
We excluded patients that had Tac or MMF withdrawn.
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73 Patients excluded:
Patient death during
the 1 month (7 = 34)
Retransplantation during
the 1" month (7 = 2)
Transplantation with
preformed DSAs (n = 37)

298 Liver transplantation performed
between 02/08-02/15

225 Liver transplant patients without
preformed DSAs, alive 1 mo post Tx

109 Patients excluded:
Tac withdrawal (7 = 20)
MMF withdrawal (7 = 89)

116 Liver transplant patients included \

Figure 1 Flow chart.

Moreover, to calculate intra-patient variability, at least
three trough levels of Tac had to be available. Hence,
116 patients with a functioning liver allograft at 1 mo
posttransplantation were included in this study after
having given their informed consent and after we had
obtained Toulouse University IRB approval.

The target concentration of Tac trough level was 7-10
ng/mL during the first 3 mo, and 5-10 ng/mL thereafter
during the follow-up. Each participant was followed for
2 years or until re-transplantation (n = 3) or death (n =
6). The median follow-up was 24 mo (range: 6-24). All
rejection episodes were biopsy proven. Biopsies were
only performed for cause during the study period and
were analyzed according to the Banff criterial®**%. Graft
failure was defined as the need for re-transplantation or
as death from liver failure.

Detection of cytomegalovirus was performed using
real-time PCR, as previously described, at month
3, 6, 12, and 24, and at any other time if clinically
indicated.

Intra-patient variability

Tac trough levels were routinely assessed using high-
performance liquid chromatography-linked tandem
mass spectrometry (HPLC-MS) at discharge, then
monthly between months 1-6, and thereafter at months
9, 12, 15, 18, and 24. To calculate the IPV of Tac, at
least three Tac trough levels from each patient had
to be available. The median number of available Tac
measurements was 10 (range: 4-12).

Tac IPV was estimated using the coefficient of
variability (CV). The CV-IPV was calculated as follows:
CV-IPV (%) = (standard deviation/mean Tac trough-
level concentration) x 100. Because all patients
received the same drug dose between discharge
and M24, the obtained levels were corrected for the
corresponding daily dose of tacrolimus (CV Co/D-IPV).
In addition, because some patients were converted
from one formulation to another during the follow-up,
we calculated CV and CV Co/D-IPV after excluding the
Tac trough levels obtained during the adjustment dose
period, i.e., the month following a switch.

To compare IPV with the two formulations of Tac,
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the Tac twice-daily CV-IPV was calculated using Tac
trough levels obtained from patients that had received
Tac twice daily since transplantation until last follow-up
and those obtained in patients switched for Tac once
daily before the switch. The Tac once-daily CV-IPV
was calculated using Tac trough levels from patients
that received Tac once daily since transplantation until
the last follow-up, and those obtained from patients
that were later switched from twice- to a once-daily
formulation after the switch (this excluded Tac trough
levels obtained in the month following the switch).

Immunological analyses

All patients were screened for anti-HLA DSAs at
transplantation, and at month 3 and 12, and annually
thereafter. Additional screening was performed in case
of graft dysfunction. Luminex® assays were used to
determine the specificity of classI HLAs in A/B/Cw and
class 1T in DR/DQ/DP IgG antibodies in the recipients’
sera (centrifuged at 10000 g for 10 min) using Labscreen
single Ag HLA class- 1 and class-1I detection tests (One
Lambda, Canoga Park, CA, United States), according
to the manufacturer’s instructions. The presence and
specificity of antibodies were then detected using a
Labscan 100®, and the mean fluorescence (baseline)
value for each sample in each bead was evaluated. The
baseline value was calculated as follows: [raw sample
mean fluorescence intensity (MFI)-raw negative serum
control MFI-negative-bead raw MFI sample-negative-
bead raw MFI negative serum control]. A baseline value
of > 1000 was considered positive.

Statistical analyses

Categorical variables are expressed as percentages
and comparisons between groups were made using the
chi-squared test or, if appropriate, Fisher's exact test.
Continuous variables were expressed as medians and
ranges, and compared using the Mann-Whitney test.
Logistic regression analysis was used to determine
the predictors for acute-rejection episodes and the
occurrence of de novo anti-HLA DSAs. Variables with
a P < 0.1 in the univariate analyses were included
in the stepwise multivariable analyses. P < 0.05 was
considered statistically significant.

RESULTS

The patients’ characteristics at transplantation are
presented in Table 1. All liver transplantations performed
in this study were performed from DDLT. The mean
DDLT age was 51 £ 17 years. To note, one DDLT was <
18 years, and 4 DDLT were > 80 years.

Tacrolimus levels and variability

During the follow-up, 44 (38%) patients were switched
from Tac immediate-release given twice a day (Prograf®),
to Tac once a day to improve quality of life. The switch
was performed at a mean of 15 (range: 1-18) mo post-
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Table 1 Characteristics of the liver-transplant recipients

Variable n=116
Donors’ age at transplantation, yr (range) 53 (9-85)
Recipients’ age at transplantation, yr (range) 57 (18-72)
Recipients’ gender: male, n (%) 96 (83)
Initial liver disease, 1 (%)
Alcohol 49 (43)
Viral (HCV, HBV) 36 (31)
Autoimmune disease (AIH, PSC, PBC) 13 (11)
Other' 18 (17)
Median MELD score at transplantation (range) (%) 22 (6-40)
Positive HCV RNA at transplantation, 1 (%) 21 (18)
Re-transplantation, yes (%) 3(3)
Induction therapy, yes: 1 (%) 87 (75)
Polyclonal antibodies, 1 (%) 9(8)
Interleukin-2 receptor blocker, 1 (%) 78 (67)
Conversion during the follow-up from twice-daily to once daily tacrolimus, 7 (%) 42 (36)
Number of patients receiving tacrolimus once daily, n (%) 5(4)
At discharge
Month 1 8(7)
Month 3 9(8)
Month 6 12 (10)
Month 9 18 (16)
Month 12 26 (31)
Month 18 39 (34)
Month 24 47 (41)
Tacrolimus trough level (ng/mL) 76%3
At discharge
Month 1 8+3
Month 3 84+3
Month 6 84+3
Month 9 74%3
Month 12 78+3
Month 18 752
Month 24 6.9+3
Mycophenolate mofetil dose (mg/d) 1700 + 600
At discharge
Month 3 1250 + 550
Month 6 1100 + 450
Month 12 1000 + 300
Month 24 1000 + 300
Steroids (mg/d)
At discharge: Yes (%) 116 (100)
Dose (mg/d) 20+12
Month 3: Yes (%) 114 (98)
Dose (mg/d) 8+4
Month 6: Yes (%) 110 (95)
Dose (mg/d) 7+5
Month 12: Yes (%) 104 (90)
Dose (mg/d) 616
Month 24: Yes (%) 97 (84)
Dose (mg/d) 5+2

'Polycystic disease (1 = 7), NASH syndrome (1 = 4), Wilson disease (1 = 2), bile duct atrophia (1 = 1), drug intoxication (1 = 2), and cryptogenic cirrhosis (1 = 1).
HBV: Hepatitis B virus; HCV: Hepatitis C virus; AIH: Auto-immune hepatitis; PSC: Primary sclerosing cholangitis; PBC: Primary biliary cirrhosis.

transplantation.

Mean tacrolimus trough level was 8 + 3 ng/mL
during the follow-up (Table 1). The mean dose of Tac
was 6.8, 6.7, 6.4, 5.9, 5.4, 5.1, 4.8, and 4.6 mg/d,
respectively, at discharge and at months 1, 3, 6, 9, 12,
18, and 24. Forty-five (38.8%) patients presented with
a Tac trough level of < 5 ng/mL at least once during
the follow-up. The overall mean Tac CV- IPV was 32 *
12% [median CV-IPV 30.5% (7.6-80.6)]. Tac CV-IPV
distribution is presented in Figure 2. The 1%, 2%, 3", and
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4™ quartiles were, respectively, 25%, 30.5%, 36.5%,
and 80.6%. The mean Tac CV-IPV was 30% + 11% in
patients given Tac once daily and was 32% * 12% in
patients that received Tac twice daily (P = 0.10). The
mean Tac CV- IPV in the five patients that had received
Tac once-daily since transplantation was 30% * 7%.
In the 44 patients that were converted from Tac twice-
daily to once daily, the mean values of Tac CV-IPV were
32.3% * 12% and 30% + 12% before and after the
switch, respectively (P = 0.21).
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Table 2 Risk factors for a graft-rejection episode

Variable Univariate analyses Multivariate analyses

OR 95%Cl P value OR 95%CI P value
MELD score > 30 (1 = 31) 0.55 0.12-1.90 0.42 -
Initial liver disease
(1) Alcohol cirrhosis (n = 49) vs (2, 3, 4) 0.58 0.18-1.68 0.34 -
(2) Viral disease (n = 36) vs (1, 3, 4) 1.34 0.44-3.90 0.61 -
(3) Auto-immune ILD (1 = 13) vs (1, 2,4) 3.12 0.71-12.47 0.07 1.00 0.51-1.15 0.210
(4) Other (n =18) vs (1, 2, 3) 0.49 0.05-2.37 0.52 -
Induction therapy, yes (n = 87) 0.66 0.22-2.15 0.42 -
Polyclonal antibodies (vs other) 3.89 0.70-20.13 0.06 2.87 0.61-13.47 0.180
IL2R blockers (vs other) 0.40 0.14-1.70 0.08 0.52 0.185-1.50 0.230
Donors’ age > 50 yr (1 = 69) 0.98 0.35-2.88 1.00 -
Recipients” age > 50 yr (n = 92) 0.61 0.20-2.01 0.41 -
HCV-RNA + At transplantation (n = 21) 1.96 0.54-6.45 0.22 -
Steroid withdrawal during the FU (1 = 19) 2.30 0.63-7.82 0.20 -
De novo DSAs during the FU (1 = 13) 2.80 0.64-11.19 0.13 -
Tacrolimus trough level <5 ng/mL (1 = 34) 3.00 1.05-8.96 0.02 3.68 1.30-10.41 0.014
CV-IPV tacrolimus (continuous variable) 2.70 1.88-13.45 0.01 1.10 1.01-1.11 0.008
CV-IPV >35% 3.05 1.05-8.96 0.03 3.07 1.14-8.24 0.030
CV-IPV > 0% 297 0.91-9.30 0.04 416 1.38-12.50 0.010
CV-Co/d-IPV 1.89 0.67-5.74 0.24 -

FU: Follow-up; ILD: Initial liver disease; HCV: Hepatitis C virus; CV-IPV: Coefficient of variability-intra-patient variability; CV-Co/d-IPV: Coefficient of

variability corrected for the corresponding daily dose-intra-patient variability.
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Figure 2 Distribution of tacrolimus according to intra-patient variability.

Overall mean CV Co/d- IPV was 73% * 43%. It was
69% * 29% with Tac twice-daily compared to 79% =+
50% for Tac given once daily (P = 0.9).

Incidence of acute rejection and de novo donor-specific
antibodies

During the follow-up, 22 patients (19%) presented
with at least one episode of acute rejection. The time
between transplantation and a diagnosis of acute
rejection (i.e., the date of the biopsy) was 3.5 mo
(range: 0.5-12). Fourteen patients (12%) experienced a
T-cell steroid-sensitive acute rejection, and six patients
(5%) presented with a T-cell steroid-resistant acute
rejection, which was treated with polyclonal antibodies.
One patient presented with an acute antibody-mediated
rejection at 4 mo posttransplantation. The Tac CV-
IPV in this patient was high: CV-IPV of 63.2% and CV
Co/d- IPV = 68.2%. The risk factors for acute rejection
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after liver transplantation are presented in Table 2. The
predictive factors for a biopsy-proven acute rejection
were a Tac trough level of < 5 ng/mL [OR = 3.68;
95%CI (1.30-10.41), P = 0.014], the Tac CV-IPV
(coded as a continuous variable) [OR = 1.1; 95%CI
(1.01-1.11), P = 0.008], a CV-IPV of > 35% [OR = 3.07;
95%CI (1.14-8.24), P = 0.03], and a CV-IPV of > 40%
[OR = 4.16; 95%CI (1.38-12.50), P = 0.01]. Twenty-
one of the 22 patients that presented with an acute-
rejection episode were receiving Tac twice daily when
the rejection was diagnosed.

Thirteen patients (11.2%) presented with at least
one de novo DSA during the posttransplantation follow-
up (nine anti-HLA class II, three anti-HLA class 1, one
anti-HLA classI and II). Only one of these patients
developed an antibody-mediated rejection. The
median time between transplantation and detection
of a de novo DSA was 3.5 mo (range: 1-12). The risk
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Table 3 Risk factors for developing de novo donor-specific antibodies after liver transplantation.

Variable Univariate analyses Multivariate analyses
OR 95%Cl P value OR 95%Cl P value
MELD score > 30 (n = 31) 1.84 0.43-7.10 0.33
Initial liver disease
(1) Alcohol cirrhosis (1 = 49) vs (2, 3, 4) 0.58 0.12-2.22 0.55
(2) Viral disease (1 = 36) vs (1, 3, 4) 0.98 0.21-3.86 1.0
(3) Autoimmune ILD (n =13) vs (1, 2, 4) 1.51 0.14-8.46 0.64
(4) Other (n =18) vs (1, 2, 3) 2.79 0.55-11.83 0.64
Induction therapy, yes (n = 87) 1.61 0.41-7.61 0.55
Polyclonal antibodies (vs other) 0.59 0.70-18.00 0.60
IL2R blockers (vs other) 11 0.28-5.28 1.0
Donors’ age > 50 yr (1 = 69) 0.78 0.20-3.00 0.77 -
Recipients” age > 50 yr (1 = 92) 0.36 0.09-1.58 0.10 0.2 0.07-0.85 0.3
HCV RNA + at transplantation (n = 21) 141 0.23-6.23 0.70 =
Steroid withdrawal during the FU (n = 19) 0.39 0.01-3.01 0.69
Tacrolimus trough level <5 ng/mL (n = 34) 1.59 0.38-6.05 0.52 -
CV-IPV tacrolimus (continuous variable) 1.92 -1.28-21.39 0.08 11 1.0-1.12 0.006
CV-IPV >35% 4.66 1.22-19.82 0.02 4.83 1.39-16.72 0.01
CV-IPV > 40% 9.10 2.28-40.63 <0.001 9.73 2.65-35.76 0.001
CV-Co/d-IPV 3.15 5.47-27.31 0.005 1.0 0.97-1.02 0.09

FU: Follow-up; ILD: Initial liver disease; HCV: Hepatitis C virus; CV-IPV: Coefficient of variability-intra-patient variability; CV-Co/d-IPV: Coefficient of
variability corrected for the corresponding daily dose-intra-patient variability.

factors for a de novo DSA are presented in Table 3.
The Tac CV-IPV [coded as a continuous variable: OR =
1.1, 95%CI (1.0-1.12), P = 0.006), and a CV-IPV of >
35% [OR = 4.83, 95%CI (1.39-16.72), P = 0.01] or of
> 40% [OR = 9.73, 95%CI (2.65-35.76), P = 0.001]
were identified as predictors for the occurrence of de
novo DSAs detection.

Survival of patients

During the follow-up, six patients died [at a mean of
13 mo (range: 6-23) posttransplantation]. The causes
of death were infections (n = 3), cardiovascular (n =
2), and neoplastic (n = 1) complications. No difference
in Tac CV- IPV was observed between patients that
died during the follow-up (CV-IPV 33% * 6%) and
those that did not (CV-IPV 32% = 12%; P = 0.70).
Three patients required re-transplantation at month 5,
10, and 14, respectively, for ischemic cholangitis that
occurred posttransplantation. During the follow-up,
24 patients presented with posttransplant replication
of cytomegalovirus. No difference in Tac CV-IPV was
observed between patients with replication of cyto-
megalovirus (CV-IPV 32% * 9%) and those without
replication (32% + 12%, P = 0.90).

DISCUSSION

High IPV has been previously associated with a greater
risk of graft rejection, an accelerated progression
of chronic histological lesions, and worse long-term
survival after kidney transplantation!****?**, In
pediatric liver-transplants, Tac variability was associated
with late acute rejection™. In the present study, we
investigated the impact of Tac variability in 116 adult
liver-transplant recipients. In order to avoid confounding
factors, we focused on patients that received a graft
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without preformed DSAs and that had received Tac
associated with MMF. Although the mean Tac trough
level was 8 £ 3 ng/mL during the study period, nearly
40% of patients had a Tac trough level of < 5 ng/mL at
least once during the follow-up. Tac CV-IPV varied from
7.6%-80.6% (median 30.5%), and median Tac CV Co/
d-IPV was 62% (18-147). Almost one-third of patients
presented with a Tac CV-IPV of > 35%. This high
value is similar to those reported in previous studies,
mainly after kidney transplantation® . In kidney-
transplant™* and pediatric liver-transplant patients™®,
high CV-IPV was associated with an increased risk of
acute rejection. In the present study, we found that a
Tac trough level of < 5 ng/mL, the Tac CV-IPV (coded
as a continuous variable), a CV-IPV of > 35%, and a
CV-IPV > 40% were independent predictive factors for
a biopsy-proven graft rejection.

Posttransplant positive DSAs were associated with
decreased graft survival and increased acute or chronic
graft rejections'>**®, It has been previously suggested
that iterative transplantation, low levels of calcineurin
inhibitors, the use of cyclosporine (compared to Tac),
and non-adherence can promote the development of
a de novo DSA after liver transplantation'?. Herein,
we found that the Tac CV-IPV (coded as a continuous
variable), a CV-IPV of > 35%, and CV-IPV > 40%
were independent predictive factors for the occurrence
of a de novo DSA. Similar data, reported after kidney
transplantation®!, from a cohort of 310 adult kidney-
transplant patients given Tac twice-daily during the first
year posttransplant, showed that a history of acute
rejection, re-transplantation and a Tac CV greater than
30% were associated with the occurrence of a de novo
DSA. In our study, one patient presented with an acute
antibody-mediated rejection associated with an anti-
class 11 de novo DSA at 3 mo after liver transplantation.
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Interestingly, this patient had high tacrolimus variability
(CV-IPV 63.2%, CV Co/d-IPV 68.2%). None of the other
12 patients that developed a DSA experienced an acute
antibody-mediated rejection. However, it was suggested
that patients with positive DSAs would present lower
graft survival, consecutive to chronic antibody mediated
rejection'®”! rather than to acute antibody-mediated
rejection episodes.

In several studies, but not all, the use of once-
daily tacrolimus compared to a twice daily formulation
has been found to improve adherence and to reduce
IPVI2831 1n the present study, no difference between
Tac formulations was observed.

This study has several limitations. Because of its
retrospective design, we could not evaluate the cause
of Tac variability. It has been suggested previously that
non-adherence is the main cause of Tac variability™".
However, in our study, adherence was not evaluated
using objective methods, such as those previously
reported using electronic devices'”®. Moreover, we did
not evaluate MMF variability in our study because we do
not perform this analysis routinely in our center. Of note,
conflicting results have been reported concerning the use
of MMF variability after solid-organ transplantation™*%,
It was also previously suggested that pre-transplant
determination of CYP3A5 and MDR1 polymorphismst?
allows more rapid achievement of therapeutic Tac
trough level. However, no association between the
pharmacogenomics parameters and Tac intra-patient
variability is expected and was reported.

In conclusion, we found that the CV-IPV of Tac was a
predictive factor for acute rejection and the occurrence of
a de novo DSA after liver transplantation. This could be a
useful tool to identify patients with a greater risk of graft
rejection and of developing a de novo DSA after liver
transplantation. Future studies should investigate the
role of Tac IPV on long-term outcomes, on chronic graft
rejection, and over-immunosuppression-related diseases
(cancer, and related immunocompromised infections).

ARTICLE HIGHLIGHTS

Research background

Tacrolimus (Tac) is considered a cornerstone within immunosuppression
protocols to prevent T-cell and antibody-mediated rejection after liver
transplantation. However, this treatment presents a narrow therapeutic index:
overexposure can lead to clinically serious events, thus necessitating regular
therapeutic drug monitoring, whereas underexposure can lead to acute or
chronic graft rejection. The concept of intra-patient variability (IPV) refers to the
fluctuations in Tac blood concentrations (and consequently episodes of over-
and under-immunosuppression) that some patients experience over time.

Research motivation

Tac-IPV is an inexpensive assay to explore fluctuations in Tac blood
concentrations. We investigated the potential usefulness of Tac-IPV to predict
the incidence of donor specific antibodies and graft rejection episodes.

Research objectives
Our aim was to investigate the role of tacrolimus IPV in adult liver-transplant
recipients.
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Research methods
We retrospectively assessed tacrolimus variability and analyzed its effect on the
occurrence of graft rejection and de novo donor-specific antibodies.

Research results

Twenty-two patients experienced at least one acute-rejection episode (BPAR).
Predictive factors for a BPAR were a tacrolimus IPV of > 35% or > 40%, and a
tacrolimus trough level of < 5 ng/mL. Thirteen patients developed at least one
dnDSA during the follow-up. Tacrolimus IPV and tacrolimus IPV of > 35%, and
> 40% were identified as predictors to detect dnDSAs. IPV did not impact on
patient- or graft-survival rates during the follow-up.

Research conclusions
In our study higher Tac-IPV was associated with graft rejection and occurrence
of DSAs.

Research perspective
Tacrolimus-IPV could be a useful tool to identify patients with a greater risk of
graft rejection and of developing a de novo DSA after liver transplantation.
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Abstract

AIM

To compare the cannulation success, biochemical profile,
and complications of the papillary fistulotomy technique
vs catheter and guidewire standard access.

METHODS

From July 2010 to May 2017, patients were prospectively
randomized into two groups: Cannulation with a catheter
and guidewire (Group 1) and papillary fistulotomy
(Group II). Amylase, lipase and C-reactive protein at
TO, as well as 12 h and 24 h after endoscopic retro-
grade cholangiopancreatography, and complications
(pancreatitis, bleeding, perforation) were recorded.
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RESULTS

We included 102 patients (66 females and 36 males,
mean age 59.11 * 18.7 years). Group I and Group 1I
had 51 patients each. The successful cannulation rates
were 76.5% and 100%, respectively (P = 0.0002).
Twelve patients (23.5%) in Group I had a difficult
cannulation and underwent fistulotomy, which led to
successful secondary biliary access (Failure Group).
The complication rate was 13.7% (2 perforations and
5 mild pancreatitis) vs 2.0% (1 patient with perforation
and pancreatitis) in Groups I and 1I, respectively (P =
0.0597).

CONCLUSION

Papillary fistulotomy was more effective than guidewire
cannulation, and it was associated with a lower profile
of amylase and lipase. Complications were similar in
both groups.

Key words: Catheterization; Complications; Endoscopic
retrograde cholangiopancreatography; Therapeutic use;
Common bile duct

© The Author(s) 2018. Published by Baishideng Publishing
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Core tip: Biliary cannulation is the first step of therapeutic
endoscopic retrograde cholangiopancreatography and
can determine several complications. There are small
numbers of papers regarding comparison between
conventional cannulation vs fistulotomy. Our study
is a well-designed approach in its matter. In fact, we
compare the cannulation success, biochemical profile
and complications of the papillary fistulotomy techni-
que versus catheter and guidewire standard access.
Papillary fistulotomy was more effective than guidewire
cannulation, and it was associated with a lower profile
of amylase and lipase, as the routine endoscopic access
to the biliary tree, including difficult cases. Complications
were similar in both groups.
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INTRODUCTION

Biliary tract cannulation is the critical step in diagnosis
and treatment of biliopancreatic diseases during
endoscopic retrograde cholangiopancreatography
(ERCP). Catheter introduction through the papillary
ostium fails in 5% to 20% of the patients™?. Several
alternatives can be used for difficult cases, such as
double-guidewire, pancreatic stent, rendezvous, precut
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papillotomy, transpancreatic sphincterotomy and
papillary fistulotomy (PF) techniques. Acute pancreatitis
after ERCP is the most feared complication. It is also
one of the most frequent, with an incidence of 1% up to
10% or more, and a mortality of 0.1%-1%".,

Selective cannulation of the biliary tract, thereby
avoiding the pancreatic duct, can curb the mechanisms
that trigger pancreatitis, and therefore prevent its
occurrence. The precut sphincterotomy has been
identified as an independent risk factor of postERCP
pancreatitis (PEP). It is unclear whether prolonged
cannulation attempts, or precut incisions are to
blame. Studies suggest that an early precut is a
protective factor, compared to persistent attempts at
cannulation™*!, However, all protocols that found a lower
risk of PEP with a precut technique were performed at
specialized centers, and the use of pancreatic stents
was limited and inconsistent.

There are few investigations in which the precut
and PF techniques were initially employed, to access
the biliary tract’®®l, The PF technique is based on
accessing the bile duct far from the pancreatic duct,
by sectioning the papilla proximally, and thus avoiding
the ostium (proximal half of the papilla). PF was initially
described by Osnes et al'®’. These authors observed a
spontaneous choledochoduodenal fistula during ERCP.
Contrast injection through the fistula detected bile
duct stones. After enlargement of the fistula with a
diathermic snare, the patients were observed for a few
days with the spontaneous exit of the stones. Sakai
et af'™ reported a pancreatitis occurrence rate of 7.6% in
2001, particularly in the setting of previous manipulation
of the papilla, and trauma to the pancreatic duct, after
several frustrated attempts at biliary tract cannulation.

The main objective of this study was to evaluate
the success of the PF technique, in the cannulation of
the biliary tract. The secondary objective was to assess
the enzyme profile and ensuing complications, in
comparison with direct cannulation.

MATERIALS AND METHODS

From July 2010 to May 2017, candidates for ERCP
due to choledocolithiasis were recruited at Ana Costa
Santos Hospital and the Endoscopy Unit of the Clinical
Hospital, Faculty of Medicine, University of Sao Paulo.
Enrolled patients were randomized for conventional
cannulation with a catheter and guidewire (Group 1)
and PF (Group 1I).

Inclusion criteria were adult (both sexes) with
choledocholithiasis and diagnosis by abdominal
ultrasound, computed tomography (CT), cholangio
resonance, or intraoperative cholangiography. Exclusion
criteria were Billroth T gastrectomy, duodenal
obstruction, coagulopathy or anticoagulant use,
pregnancy or lactation, acute pancreatitis, myocardial
infarction in the last 6 mo, previous papillotomy, or
refusal to participate in the study.
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Figure 1 Schematic sequence of papillary fistulotomy. A and B: Dissection of the major papilla; C: Sphincterotome in the bile duct; D: Radiological image.

The protocol was approved by the institutional
Ethical Committee, and also registered as a randomized
trial at the University of Sao Paulo Registry-MA3:
014/2010 and 0671/09. Informed consent was signed
by all participants. Side-view endoscopes (Pentax ED-
3670TK, Olympus TJF-160, or Fujinon ED-250XT5)
were used during the ERCP. WEM SS-200E, Erbe ICC
200 and ValleyLab Force FX electrosurgical units were
employed.

Group /

Cannulation of the papillary ostium was performed
using a 4.4 Fr sphincterotome (TRUEtome; Boston
Scientific) with a 0.035-inch guidewire (Jagwire; Boston
Scientific). A pure cut current (50 watts), applied
in short-duration pulses, was adopted to perform
papillotomy. A 30-watt pure cut current was indicated
for intradiverticular papillae, and the complementation
of fistulotomies (Figures 1 and 2).

A difficult cannulation was recognized if it took >
10 min, required > 5 cannulation attempts, or when >
2 pancreatic duct penetrations occurred. Difficult cases
were referred to PF. Pancreatic plastic stents were
placed in case of prolonged procedure.

Group 7

Incision was made on the mucosa, using a needle-
knife catheter (MicroKnife XL; Boston Scientific), in
distal to proximal direction, aiming at the papillary
apex. It involved the proximal two-thirds of the
papillary protuberance, and above the papillary orifice
(approximately 5 mm far from the ostium). A pure
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cutting current (30 watts) was used to section the
mucosa and the choledochal sphincter. The dissection
was stopped when biliary secretion, open bile duct
mucosa, or bulging of the bile duct mucosa was
identified. The fistula was cannulated into the bile
duct with a guidewire and sphincterotome, and it was
enlarged by cutting the sphincter, to the limit of the
transverse mucosal fold.

The PF procedure was stopped when there were
signs of perforation, false route, major bleeding, loss
of anatomy, or if cannulation of the bile duct was not
achieved within 15 min. In these cases, the procedure
was repeated after 5 to 7 d.

Enzymatic abnormalities (serum amylase and lipase)
were documented up to 24 h before the examination
(TO), as well as 12 h and 24 h after the endoscopic
procedure. The diagnosis of acute pancreatitis was
based on persistent or worsening abdominal pain
24 h following ERCP and abnormal laboratory data,
complemented by imaging methods. An amylase or
lipase concentration of more than three times the upper
limit of normal was considered diagnostic™*.

Hyperamylasemia was defined as amylase and/or
lipase 3 times the upper limit of normal (> 300 U/L),
without clinical features of pancreatitis. Inflammatory
changes were monitored by serum C-reactive protein,
collected at the same times.

A duodenal perforation was defined as gas or contrast
accumulation in the retroperitoneum detected by simple
X-ray of the abdomen. Endoscopic evidence, and clinical-
laboratory findings consistent with bleeding were carefully
monitored. These included bloody vomit or stools.
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Figure 2 Sequence of papillary fistulotomy. A and B: Dissection of the major papilla; D: Sphincterotome in the bile duct; D: Radiological image.

Whenever the problem was suspected, hemoglobin
concentration was serially measured, starting at 12 h
after the intervention, and compared with preprocedure
values, with hemoglobin drop of 2 g/dL.

Patients were admitted for 24 h after the endoscopic
procedure and under fasting condition. Asymptomatic
patients without laboratorial or radiological signs of
pancreatitis or other complications were discharged
after 24 h and contacted by phone call 36 h and 48 h
after discharge to ensure there were no symptoms. Any
symptomatic patient would be referred to the hospital
for clinical and laboratorial assessment. If a complication
occurred, the patient remained hospitalized until
complete recovery was observed. All complications
were managed using a multidisciplinary approach and
according to international guidelines, with consensus
between the Endoscopist and Surgeon.

Sample size calculation

Calculations were based on similar studies, reporting a
biliary cannulation failure rate of 5% to 20%"*. Adopting
a 95% confidence interval of 3.65, a total population of
90 patients, and a minimum method failure rate of 2%
(total ERCP success of 98% as maximum), 35 patients
were deemed necessary per group. For safety, 51
patients were allocated to each group.

Statistical analysis

Analyses were performed with IBM SPSS for Win-
dows version 20.0. The significance level was 5%.
Randomization employed sealed envelopes, and
descriptive statistics comprised mean + SD as well as
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median, minimum and maximum, whenever appro-
priate. Student’s t test and Mann-Whitney test were
used for comparisons, depending on initial normality
assessment. Qualitative characteristics were informed
as absolute and relative frequencies, and compared by
means of chi-square, Fisher’s exact test, and likelihood
ratio test™?, Pancreatic enzyme curves were compared
by generalized estimating equations (GEE), with
gamma marginal distribution and identity link function,
within a first order autoregressive correlation matrix
between the evaluation times.

RESULTS

A total of 102 patients were selected and randomized
into Group! (51 patients) and Group I (51 patients).
There were no post hoc exclusions. Table 1 demon-
strates that the demographic and preliminary clinical
findings were comparable (P > 0.05).

As informed in Table 2, choledocholithiasis was
confirmed in 80.4% and 62.7% of GroupsI and II,
respectively (P = 0.048). The success rate for biliary
duct cannulation was higher in Group II (100%) than in
Group I (76.48%) (P = 0.0002). PF was performed in
a single session. Dilated intrahepatic and extrahepatic
bile ducts, and placement of biliary stents, were not
different between the groups (P > 0.05). No difference
in the risk of pancreatitis could be accounted to either
intrahepatic or extrahepatic dilatation.

Intra- or peridiverticular papillae were observed in
15.7% and 3.9% of the populations, respectively (P =
0.046). Twelve cannulations (23.5%) were classified
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Table 1 Patient characteristics and baseline laboratory tests

Variable Group [, n = 51 Group I, n = 51 Total, n = 102 P value

Age in yr 0.343'
Mean + o 57.4+19.3 60.9 +£18.1 59.1+18.7
Median (min; max) 56 (19; 91) 64 (22; 95) 58 (19; 95)

Sex, 1 (%) > 0.999°
Female 33 (64.7) 33 (64.7) 66 (64.7)
Male 18 (35.3) 18 (35.3) 36 (35.3)

AST 0.680
Mean * o 116.3+143.4 124.3 +168.3 120.1+155.1
Median (min; max) 44 (8; 691) 60 (13; 762) 50 (8; 762)

ALT 0.873
Mean + o 163.6 £191.6 154.1 £169.3 159 +180.4
Median (min; max) 83 (9; 776) 104 (11; 662) 90 (9; 776)

AP 0.585
Mean t o 267.8 +£329.7 301.9 +320.4 284.3 £323.9
Median (min; max) 153.5 (8; 1567) 173 (32; 1320) 162 (8; 1567)

GGT 0.821
Mean * o 532 +454.3 543.4 +578.2 537.5+515.1
Median (min; max) 466.5 (39; 1684) 284 (11; 2269) 382 (11; 2269)

Total bilirubin 0.994
Mean + o 41+49 53+75 47463
Median (min; max) 2(0.1;23.4) 2.1 (0.2;29.2) 21(0.1;29.2)

Direct bilirubin 0.683
Mean t o 3.6+t44 42+6.3 39154
Median (min; max) 1.6 (0.1; 20.9) 1.1 (0.1; 22.4) 1.5(0.1; 22.4)

'Student’s t-test; “Chi-square test, Mann-Whitney test. AST: Aspartate transaminase; ALT: Alanine transaminase; AP: Alkaline phosphatase; GGT: Gamma-
glutamyl transpeptidase; o: Standard deviation.

Table 2 Endoscopic retrograde cholangiopancreatography findings and complications 7 (%)

Variable Group I, n = 51 Group I, n = 51 Total, » = 102 P value
Choledocolithiasis 0.048
No 10 (19.6) 19 (37.3) 29 (28.4)
Yes 41 (80.4) 32 (62.7) 73 (71.6)
Intrahepatic dilatation 0.6572
No 36 (70.6) 38 (74.5) 74 (72.6)
Yes 15 (29.4) 13 (25.5) 28 (27.4)
Extrahepatic dilatation 0.5512
No 25 (49.02) 22 (43.1) 47 (46.1)
Pancreatitis 2(3.9) 1(1.9)) 3(2.9) 1
Yes 26 (50.98) 29 (56.9) 55 (53.9)
Pancreatitis 3 0 3(29) 0.0991"
Intra- or peridiverticular papilla 0.046
No 43 (84.3) 49 (96.1) 92 (90.2)
Yes 8 (15.7) 2(3.9) 10 (9.8)
Prosthesis 0.236
No 42 (82.4) 37 (72.6) 79 (77.5)
Yes 9 (17.6) 14 (27.4) 23 (22.5)
Biliary prosthesis 0.463
No 42 (82.4) 39 (76.5) 81(79.4)
Yes 9 (17.6) 12 (23.5) 21 (20.6)
Cholangitis 0.678"
No 49 (96.1) 47 (92.2) 96 (94.1)
Yes 2(3.9) 4(7.9) 6 (5.9)
Biliary access
No 12 (23.5) 0 0.0002"
Yes 39 (76.5) 51 (100)
Complications,pancreatitis, bleeding or perforation 0.0537"
No 44 (86.3) 50 (98) 94 (92.2)
Yes 7 (13.7) 1(2 8(7.8)
Pancreatitis 5 1
Perforation 2 1
Bleeding 0 0

Data are presented as 1 (%). 'Fisher’s exact test; Chi-square test.
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Table 3 Endoscopic retrograde cholangiopancreatography findings and complications according to group and subgroup

Variable Groups
Group [, n = 51

GWC, n = 39 Difficult cannulation, » = 12

Total, 7 = 102 P value

Group 11, n = 51

Complications, pancreatitis, bleeding or perforation 0.062
No 34 (87.2) 10 (83.3) 50 (98) 94 (92.2)
Yes 5(12.8) 2 (16.7) 12 8(7.8)

Number of cannulations <0.001"
Mean £ o 33+19 75+28 43+28
Median (min.; max.) 3 (1;10) 8.5 (3; 10) 3 (1;10)

IMarm—Whitney test, Likelihood ratio test. GWC: Guidewire cannulation; o: Standard deviation.

Table 4 Lipase, amylase and C-reactive protein measurements at the different evaluation times

Variable Group I, n = 51 Group II, n = 51 Pvalue Pvalue P value for
Pre 12 h 24 h Pre 12 h 24 h for time interaction

Lipase 0.006 <0.001 0.026
mean = ¢ 69.4+102.1  439.0+1064.8 199.5 +£528.3 414+372 100.6+183.3  85.2+189.1
median (min; max) 38 (9;611) 52 (10;5014) 48 (8;3000)  32(0;239)  42.5(8;968) 40 (5;1334)

Amylase 0.003 <0.001 0.013
mean = ¢ 764 +£57.8 453.5+1287.4  304.0+979.3 59.6 £36.2 98.1+94.3 85.8 £102.6
median (min; max) 59 (12;310) 80 (14; 7900) 70 (13;6721) 50 (14;236) 69 (21;624)  67.5 (12;732)

C-reactive protein 0.189 0.070 0.353
mean = ¢ 126.6 + 539.7 49.5+89.7 454 +70.5 58.6+104.8 41.4+62.0 38.8+£52.9

median (min; max) 11.1 (0.1;3813) 155 (0.3;486.1) 19.16 (0.5;340.9) 12 (0.2;549) 13.8 (0.3;271) 16.6 (0.5;223.1)

GEE with gamma distribution and identity link function. Not all patients were evaluated at all times. GEE: Generalized estimating equations; c: Standard

deviation.

Biliary cannulation

//7:1 \

A |

Success Difficult cannulation Success
n =39 n=12 n=>51

l

Papillary fistulotomy
n=12

Figure 3 Flowchart showing the sequence of procedures performed in the
study.

as difficult, thus migrating to the PF technique (Figure
3). GroupsI and I had complication rates of 13.7%
and 2.0%, respectively, which barely failed to reach
significance (P = 0.0597). Two perforations and five
cases of pancreatitis were observed in the first group,
compared to a single case of retroperitoneal perforation
and pancreatitis in the second one.

Table 3 reveals that the number of cannulations,
as expected, was significantly different in the difficult
cannulation group (P < 0.001), unlike ERCP findings,
stent placement or complications (P > 0.05).

In Table 4 it can be appreciated that both lipase and
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amylase differed between the groups and over time
(P = 0.026 and P = 0.013, respectively). In contrast,
no discrepancy for C-reactive protein was detected
regarding groups (P = 0.189) or time (P = 0.07).

Group 1 Group T
(Conventional-Guidewire cannulation (Papillary fistulotomy) Figures 4-6 depict the amylase and lipase elevations
with sphincterotome) n=51 in Group I patients. C-reactive protein, as alluded to,

failed to exhibit discriminant patterns.

DISCUSSION

Pancreatitis is the most frequent complication of ERCP,
occurring in as many as 15.1% of the patients®®®**, It
is associated with considerable morbidity and mortality.
Precut techniques have been associated with a high risk
of PEP in previous studies!#**7,

A difficult cannulation is an independent risk factor™*®*?,
The failure rate of primary biliary tract cannulation, with
the use of a sphincterotome, was calculated as 2.5%-24%
without a guidewire®?! and 1.5%-10%">"****! adopting
the wire. The American Society for Gastrointestinal
Endoscopy benchmark for cannulation success during
ERCP procedures of low to moderate complexity is > 90%
for all indications™®.

In this study, the primary success rate was 76.5%,
with 9.8% of PEP. Difficult cannulation occurred in
12 patients, yet access was achieved via PF in all
these individuals. The high failure rate (23.5%) may
be explained by the participation of fellows, who are
less experienced, thus making additional attempts
by endoscopists with greater expertise required.
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Nevertheless, papillary trauma eventually inflicted
during the first intervention may hinder subsequent
access, thus compromising the overall success rate.

Common bile duct stones were not found in all cases
during ERCP, possibly on account of the long period
that had elapsed since the original diagnosis in the
primary care institution. It is important to mention that
per protocol, PF was conducted directly, without prior
manipulation by conventional techniques. Cannulation
of the bile duct using PF was accomplished in all
patients in Group II. Three previous studies with a
similar design displayed 89.3%-96.5% success rates
for fistulotomy®*®!, In the control group (conventional
technique), the corresponding values were 70.6% and
88%!%¢%8,
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The mean diameter of the common bile duct in this
experience was 8.7 mm (5-18.2 mm). Sakai et a/'” in
2001, suggested that PF be reserved mainly for patients
with a dilated common bile duct. Jin et a*”’ concluded
in 2016, based on 55 interventions, that a bile duct <
9 mm was a risk factor. Yet Khatibian et af*® reported
in 2008 that the diameter of the common bile duct was
not relevant for need of PF.

In the current series, PF (Group 1T and Failures) was
performed in 28 of 63 patients (44.4%; P = 0.834);
for each, being performed through the common bile
duct without dilatation. No difference in the risk of
pancreatitis emerged when considering the caliber
of the intra- and extrahepatic biliary tracts. Bile duct
stones could not be removed in the first attempt in
20.8% of the cases, due to large size; therefore, in
these cases, a biliary stent was placed.

Hyperamylasemia was observed in 2 patients in
GroupI (P = 0.49). Transient asymptomatic elevations
in amylase, lipase, or both, range from 0 to 64% in the
literature®®®>", Asymptomatic hyperamylasemia, defined
as amylase levels > 5 times the upper limit at 24 h after
ERCP, has been reported in approximately 27% of the
cases™.

In our study, the number of cannulation attempts
significantly correlated with increased lipase and
amylase levels, at 12 h and 24 h after the procedure.
In a series of 907 patients, the rates of PEP were 0.6%,
3.1%, 6.1% and 11.9% following one, two, three to
four, and more than five primary cannulation attempts
that led to success, respectively. PEP risk increased
to 11.5% if the primary cannulation method failed™®’.
In our study, PEP occurred following the guidewire
cannulation (GWC) technique in 5 patients (9.8%), of
which 2 (3.9%) exhibited a difficult papillary access,
which was only achieved by means of PF.

No significant increase in pancreatic enzymes was
observed, and the incidence of PEP was not greater in
the group that underwent PF as the initial procedure;
neither did the 12 patients with PF as a rescue
procedure exhibit a different pattern. This demonstrates
the safety of PF, whenever performed or supervised
by experienced physicians. In 2016, Zagalsky et a/*!
compared early precut (PCP) techniques and use of
a pancreatic duct stent in 101 patients who suffered
difficult cannulations. The success rates of biliary
cannulation (98% and 96%), and the occurrence of
PEP (4% and 3.92%) were similar between the early
PCP and stent groups, respectively. Two perforations
and bleeds occurred in the early PCP group, which also
demonstrates the safety of the procedure compared to
standard PEP prevention technique after a failed GWC.

Other recent studies have shown that precut
techniques lead to an increased rate of successful
deep biliary tract access and that their early use by
experienced endoscopists results in a decrease in
PEP™**%, Weerth et al”! compared primary PCP and
GWC for bile duct access and reported a success rate
at the first attempt of 100% and 71%, respectively.
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They observed mild to moderate PEP in 2.1% and 2.9%
(P > 0.05), after primary PCP or GWC, respectively.
Only 1 patient (in the GWC group) suffered from po-
stpapillotomy bleeding. In our experience, a single
patient presented a retroperitoneal perforation and pa-
ncreatitis in Group II, both of which were conservatively
managed.

There were two perforations (3.9%) in Group I,
and the one (1.9%) in Group II already alluded to,
which were always conservatively treated. No bleeding
was observed. The negligible incidence of bleeding is
consistent with previous precut studies (0-3.4% )75,
In regards to perforation (0-1.8%), our results are also
quite acceptable!725283,

In conclusion, PF was more effective than GWC, and
it was associated with a lower profile of amylase and
lipase, as the routine endoscopic access to the biliary
tree, including difficult cases. Complications were similar
in both groups.

ARTICLE HIGHLIGHTS

Research background

Successfully cannulating the biliary tract is important in the diagnosis
and treatment of biliopancreatic diseases with endoscopic retrograde
cholangiopancreatography (ERCP), but it can be associated with severe
complications and mortality.

Research motivation
The number of papers regarding comparison between conventional cannulation
versus fistulotomy is small. Our study is a well-designed approach in its matter.

Research objectives:

To compare the cannulation success, biochemical profile, and complications
of the papillary fistulotomy technique versus catheter and guidewire standard
access.

Research methods

Patients were prospectively randomized into two groups: cannulation with
a catheter and guidewire (Group 1) and papillary fistulotomy (Group II).
Amylase, lipase and C-reactive protein at TO as well as 12 h and 24 h after
ERCP, and complications (pancreatitis, bleeding, perforation) were recorded.
Comparison was made of the cannulation success, biochemical profile and
complications of the papillary fistulotomy technique vs catheter and guidewire
standard access.

Research results

We included 102 patients, and Groups I and II had 51 patients each. The
successful cannulation rates were 76.5% and 100%, respectively (P = 0.0002).
Twelve patients (23.5%) in Group I had a difficult cannulation and underwent
fistulotomy, which led to successful secondary biliary access (Failure Group).
The complication rate was 13.7% (2 perforations and 5 mild pancreatitis) in
Group I versus 2.0% (1 patient with perforation and pancreatitis) in Group 1 (P
=0.0597).

Research conclusions

Papillary fistulotomy was more effective than guidewire cannulation, and it
was associated with a lower profile of amylase and lipase. Complications were
similar in both groups.

Research perspectives
The fistulotomy demonstrated safety similar to conventional cannulation and
less local trauma into the ampulla, according to the levels of the amylase, lipase
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and C-reactive protein.
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Abstract

AIM

To compare the effects of the four most commonly
used preservation solutions on the outcome of liver
transplantations.

METHODS

A systematic literature search was performed using
MEDLINE, Scopus, EMBASE and the Cochrane Library
databases up to January 31%, 2017. The inclusion
criteria were comparative, randomized controlled trials
(RCTs) for deceased donor liver (DDL) allografts with
adult and pediatric donors using the gold standard
University of Wisconsin (UW) solution or histidine-
tryptophan-ketoglutarate (HTK), Celsior (CS) and
Institut Georges Lopez (IGL-1) solutions. Fifteen RCTs
(1830 livers) were included; the primary outcomes
were primary non-function (PNF) and one-year post-
transplant graft survival (OGS-1).

RESULTS

All trials were homogenous with respect to donor
and recipient characteristics. There was no statistical
difference in the incidence of PNF with the use of UW,
HTK, CS and IGL-1 (RR = 0.02, 95%CI: 0.01-0.03,
P = 0.356). Comparing OGS-1 also failed to reveal
any difference between UW, HTK, CS and IGL-1 (RR
= 0.80, 95%CI: 0.80-0.80, » = 0.369). Two trials
demonstrated higher PNF levels for UW in comparison
with the HTK group, and individual studies described
higher rates of biliary complications where HTK and CS
were used compared to the UW and IGL-1 solutions.
However, the meta-analysis of the data did not prove a
statistically significant difference: the UW, CS, HTK and
IGL-1 solutions were associated with nearly equivalent
outcomes.

CONCLUSION

Alternative solutions for UW yield the same degree of
safety and effectiveness for the preservation of DDLs,
but further well-designed clinical trials are warranted.

Key words: Liver transplantation; Preservation solution;
Primary non-function; One-year post-transplant graft
survival; Systematic review; Meta-analysis

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The University of Wisconsin (UW) solution
is the gold standard for static cold storage in liver
transplantation. Numerous clinical trials have investi-
gated the potential benefit of the most frequently
used alternative solutions, histidine-tryptophan-
ketoglutarate, Celsior and Institut Georges Lopez, but
their results have been variable. This meta-analysis has
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reviewed the current evidence and found no significant
differences in risk of transplant outcomes: primary non-
function (RR = 0.02, 95%CI: 0.01-0.03, P = 0.36) and
one-year post-transplant graft survival (RR = 0.80,
95%CI: 0.80-0.80, P = 0.37) between UW and the
other examined solutions.

Szilagyi AL, Matrai P, Hegyi P, Tuboly E, Pécz D, Garami A,
Solymar M, Pétervari E, Balaskd M, Veres G, Czopf L, Wobbe
B, Szab6 D, Wagner J, Hartmann P. Compared efficacy of
preservation solutions on the outcome of liver transplantation:
Meta-analysis. World J Gastroenterol 2018; 24(16): 1812-1824
Available from: URL: http://www.wjgnet.com/1007-9327/full/
v24/i16/1812.htm DOI: http://dx.doi.org/10.3748/wjg.v24.
i16.1812

INTRODUCTION

Organ transplantation is inevitably associated with
ischemia-reperfusion (IR) injury; several methods
have thus been formulated to reduce IR-related
morbidity and to maintain the viability of tissues™?. The
introduction of the University of Wisconsin (UW) solution
in 1987 has led to significant clinical progress and
increased cold ischemic tolerance and has become the
most widely used, gold standard preservation solution
for liver transplantation®. Nevertheless, in spite of the
clinical success, it has many potential shortcomings
(Table 1). UW is an intracellular colloid solution with
high potassium and low sodium concentration that
inhibits activity of Na-K-adenosine triphosphatase
and the resultant depletion of adenosine triphosphate
stores. However, its low sodium content promotes the
accumulation of calcium during ischemia, resulting in
calcium-dependent endothelial dysfunction in renal
glomeruli and in bile ducts during reperfusion™*.
Additionally, the high potassium increases the risk for
hyperkalemia-induced cardiac arrest, requiring liver
flushing before reperfusion. Moreover, low temperature
storage in the container bag may result in the formation
of adenosine crystals'®. Therefore, the use of UW has
been intensively challenged, and alternative solutions
with potentially more benefits were developed. Among
them, histidine-tryptophan-ketoglutarate (HTK), Celsior
(CS) and Institut George Lopez (IGL-1) are the most
commonly used preservation solutions in transplantation
centers!”,

A number of prospective trials have investigated the
effects of these preservation solutions on liver transplant
outcomes over many years with variable results. HTK,
also known as Bretschneider’s solution, is mostly used
in European liver transplantation centers, especially in
Germany. It has very low viscosity, which is based on
a histidine buffer system with two additional substrates
(tryptophan and ketoglutarate). A lower index of
viscosity allows faster cooling and, theoretically, an
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Table 1 Ingredients in the investigated preservation solutions

uw HTK Ccs IGL-1
HES 0.25 -
PEG-35 - - - 0.03
Na* 27 15 100 120
K 125 10 15 25

Concentrations are expressed in mmol/L. HES: Hydroxyethyl starch;
PEG-35: Polyethylene glycol 35 kDa.

improved washout of blood cells from the graft®®’. UW
was first compared to HTK in a randomized fashion
in liver transplantation in 1994, and these solutions
were found to have similar outcomes in terms of initial
non-function of the graft and 30-mo patient survival™.
However, more recent studies with a larger liver
transplant population from Europe and North America
have provided different conclusions™**’,

CS has initially been applied in heart transplantation
and then for kidney and liver transplantation as well,
with the idea of providing preservation for all organs
with a single solution!*?!. The use of CS is based on
similar principles to those of UW and HTK, but certain
aspects are different. CS and HTK are categorized
as extracellular preservation fluids; however, their
buffering systems and substrates, which provide high-
energy phosphates, are different. With its high sodium
(above 70 mmol/L) and low potassium content, CS is
specifically designed to limit calcium overload (Table 1).
It contains reduced glutathione concentration together
with the addition of mannitol and histidine to prevent
reactive oxygen species-induced oxidative injury. Like
HTK, CS is devoid of colloids, therefore resulting in
decreased viscosity and improved perfusability, it is thus
unnecessary to the liver prior to reperfusion**!. Due
to its characteristically low viscosity, high sodium, low
potassium and antioxidant properties, CS is considered
particularly suitable for preserving liver grafts.

There are promising preliminary reports on the
recently introduced Institut Georges Lopez (IGL-1)
solution, also known as the UW-polyethylene glycol
(PEG) solution. IGL-1 combines a cationic inversion
(lower concentration of potassium) and replacement of
hydroxyethyl starch with PEG. These properties could
improve hepatic microcirculatory changes, thereby
decreasing IR- injury™.

The aim of our study was to provide a systematic
review of this topic. The goal was to update current
knowledge and compare data evidence on the
effectiveness of the most frequently used preservation
solutions. The primary endpoint of the study was
primary non-function (PNF) of the graft after liver
transplantation. PNF is the most common cause of
early graft loss, and it has been shown that the organ
preservation method is an independent predictive
factor of PNF'™!, The secondary endpoint was one-
year post-transplant graft survival (OGS-1), this being
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an appropriate period to evaluate the effect of the
preservation solutions according to an expert consensus
opinion™®’. Other outcomes, such as primary dysfunction
(PDF), early retransplantation rate (RT), post-transplant
death within 30 d (POD) and one-year post-transplant
patient survival (OPS-1) were also evaluated together
with donors and recipient characteristics.

It should be added that three previous systematic
reviews and two registry data analyses have explored
this topic, each with limitations!'®****!, In 2015, Adam
et af'™ analyzed the efficacy of the four most commonly
used preservation solutions based on the European
Liver Transplant Registry (ELTR) database. The largest
and most comprehensive study in recent times was
performed by analyzing outcomes of 42869 (first)
liver transplantations, including living and deceased
donors, as well as partial liver graft transplantations.
Although the study population in this registry data
analysis was relatively large, non-selective groups of
donors were included®*#?!, Two systematic reviews
lacked sufficient sample sizes and therefore were
underpowered to identify clinically relevant differences
in important outcomes, such as PNF of the graft."*'"1 A
systematic review by O'Callaghan et a/*®' chose 16 RCTs
for analysis; however, it included unpublished data and
conference abstracts as well. Since then, new prospective
trials have also been published, especially with the IGL-1
solution®?",

Therefore, the aim of this systematic review was to
evaluate, compare and update the evidence obtained
in randomized controlled trials (RCTs) on the efficacy
of the four most frequently used preservation solutions
for static cold storage of deceased donor liver (DDL)
allografts.

MATERIALS AND METHODS

This study was conducted in accordance with the
PRISMA (Preferred Reporting Items in Systematic
Reviews and Meta-Analysis) statement. The review
protocol was registered with the National Institute
for Health Research PROSPERO system on January
12", 2017, and can be found online (Registration No.
CRD42017054908)*.,

Literature search

A systematic literature search was performed using
EMBASE/MEDLINE, PubMed, Scopus and Cochrane.
Database searches were conducted with MeSH key-
words, combined with various terms for organ trans-
plantation and organ preservation solutions (Figure 1).
No language limitation was applied. The end date for
the literature search was January 31%, 2017.

Inclusion criteria

Inclusion criteria specified any RCT comparing two or
more preservation solutions for the static cold storage
of DDLs, from both adult and pediatric donors. Living

April 28,2018 | Volume 24 | Issue 16 |



Szilagyi AL et al. Meta-analysis of liver graft preservation solutions

8944 Abstracts retrieved

Organ transplantation AND Organ preservation solution

2813 EMBASE/MEDLINE, 1426 PubMed, 4588 Scopus, 117 Cochrane

1445 articles after limitation
Human, controlled study

1348 articles excluded

Screening ‘ ‘Identiﬁcation ‘

76 duplicates removed

21 articles screened
Human, controlled study

6 full-text articles

15 full-text articles
assessed for eligibility

Eligibility

15 studies included in
qualitative synthesis

Included

15 studies included in
quantitative synthesis
(meta-analysis)

Figure 1 PRISMA flowchart of search strategy with inclusions and exclusions.

donor transplantation, multiple organ transplantation,
retransplantation, nonhuman and uncontrolled studies
were excluded. Abstracts for inclusion were independently
reviewed by two authors, and disagreements were
resolved by discussion with a third author (Figure 1).

Outcomes

The primary outcome was PNF of the liver grafts. PNF
is a life-threatening condition after transplantation that
leads to death or to the need for retransplantation within
seven days of transplantation. It is characterized by
hepatic cytolysis, elevated fasting transaminase levels,
diminishing or absent bile production, coalgulation
deficit related to severely impaired liver function,
high lactate levels, hypoglycemia, respiratory failure
requiring ventilatory support, circulatory failure requiring
catecholamines, and the onset of renal and multi-organ
failure!™,

The secondary outcome was OGS-1, since the one-
year post-transplant time point was considered by an
expert consensus opinion as most suitable to evaluate
the effect of the preservation solutions™,

Data extraction

Demographic, quality and outcome data were extracted
independently into Microsoft Excel by two authors. Data
were collected from all articles describing the studies;
in the case of discrepancies, the article with the largest
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excluded

number of patients was used. Any questions in data
extraction were settled by discussion with a third author.

Statistical analysis

The statistical analysis for this study was conducted
by Péter Matrai, Institute of Bioanalysis, University of
Pécs, H-7624 Pécs, Hungary. Risk ratios (RR) from
individual studies were pooled statistically by random
effect model using the DerSimonian-Laird estimator
and were displayed on forest plots. As RR allows for
the comparison of two samples, the Celsior and HTK
solutions were compared to UW. Summary RRs were
calculated with 95% confidence intervals (CI) and p
values to test if summary RR = 1 can be rejected. P <
0.05 was defined as a significant difference between
solutions. In the analysis of outcomes for PNF and PDF,
we used a computational correction recommended in
the Cochrane Handbook and proposed by Sweeting
et al**¥, to overcome the difficulty of dividing by 0.
Statistical heterogeneity was tested using the I statistic
and the chi-square test to obtain probability-values; P <
0.05 was defined to indicate significant heterogeneity.
All statistical calculations were performed using Stata
11 SE (Stata Corp) and Comprehensive Meta-analysis
Software (Version 3, Biostat, Englewood). We sought
signs of a small study effect with the funnel plot. To
identify potential sources of heterogeneity, we defined
a priori subgroup analyses with the model of end-stage
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Table 2 Primary non-function rate in included studies

Study Solution 1 Solution 2 RR P value
N n % N n %
Cavallari et al™, 2003 Uw 90 1 1.100 cs 83 0 0.000 2.77 0.53
Lopez-Andujar et al”, 2009 ~ UW 104 2 1.900 cs 92 2 2.200 0.88 0.90
Garcia-Gil et al™, 2006 Uw 40 0 0.000 Cs 40 0 0.000 1.00 1.00
Nardo et al™, 2001 Uw 60 2 3.333 cs 53 0 0.000 443 0.33
Duca et al™, 2010 Uw 51 0 0.000 Cs 51 0 0.000 1.00 1.00
Garcia-Gil et al™, 2011 Uw 51 4 11.100 cs 51 4 11.100 1.00 1.00
Lama et al™, 2002 UwW 10 0 0.000 cs 10 0 0.000 1.00 1.00
Rayya et al®”, 2008 UwW 68 1 1.471 HTK 69 1 1.449 1.01 0.99
Meine et al®, 2006 Uw 65 2 3.070 HTK 37 1 3.030 1.14 0.91
Erhard et al"”, 1994 Uw 30 2 6.660 HTK 30 0 0.000 5.00 0.29
Mangus et al®, 2008 Uw 98 5 5.102 HTK 111 3 2.703 1.89 0.38
Dondéro et al™”, 2010 Uw 92 4 4.350 IGL-1 48 1 2.080 2.09 0.51
Meine et al®, 2015 HTK 65 2 3.100 IGL-1 113 3 2.700 1.16 0.87
Wiederkehr et al”™, 2014 HTK 125 1 0.700 IGL-1 53 0 0.000 1.29 0.88
Nardo et al™, 2005 HTK 20 1 5.000 Cs 20 0 0.000 3.00 0.49

Studies are grouped by preservation solutions. PNF: Primary non-function; N: Indicates number in group; n: Number of PNF; RR: Relative risk; UW:
University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.

Table 3 One-year post-transplant graft survival rate in included studies

Study Solution 1 Solution 2 RR P value
N n % N n %
Cavallari et al™, 2003 Uw 90 75 83.0 cs 83 71 85.0 0.97 0.69
Lopez-Andujar et al®, 2009  UW 104 83 80.0 cs 2 75 81.0 0.98 0.76
Garcia-Gil et al™, 2006 Uuw 40 26 66.1 cs 40 31 78.0 0.84 0.22
Nardo et al™, 2001 Uw 60 54 90.0 cs 53 48 90.6 0.99 0.92
Duca et al®™, 2010 Uw 51 31 60.6 cs 51 37 73.5 0.84 0.21
Rayya et al®”, 2008 uw 68 53 78.0 HTK 69 49 71.0 1.01 0.35
Meine et al™, 2006 Uw 65 61 94.0 HTK 37 35 94.0 0.99 0.88
Mangus et al®, 2008 UwW 98 82 84.0 HTK 111 95 86.0 0.98 0.70
Dondéro et al®, 2010 Uw 92 73 79.1 IGL-1 48 19 39.8 2.00 0.00
Meine et al®, 2015 HTK 65 54 83.0 IGL-1 113 96 85.0 0.98 0.74
Nardo et al™, 2005 HTK 20 15 75.0 cs 20 18 90.0 0.83 0.22

Studies are grouped by preservation solutions. OGS-1: One-year post-transplant graft survival; N: Number in group; n: Number of OGS-1; RR: Relative
risk; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.

liver disease (MELD) score and cold ischemia time (CIT).
All other outcomes related to the solutions were also
investigated by subgroup analysis.

RESULTS

Demographic and clinical characteristics of donors and
recipients were homogenous in all trials (Supplementary
Tables 1-3).

MELD score

The MELD score incorporates parameters of recipients
(such as abnormal coagulation, creatinine and serum
bilirubin levels and the etiology of cirrhosis) and serves
as a predictor of mortality after liver transplantation'®..
MELD scores were reported in five studies (Supple-
mentary Table 2). Subgroup analysis showed no
significant difference in MELD score between the four
solutions (RR = 18.6, 95%CI: 15.7-21.5, P = 0.379)
(Supplementary Figure 1A).
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CIT

CIT (time interval from the clamping of the donor
aorta to the anastomosis of the organ to the recipient’s
vascular system or organs disposal) was reported in five
studies (Supplementary Table 3). Subgroup analysis
showed no significant difference in risk of CIT between
the four solutions (RR = 484.7, 95%CI: 445.4-524.0,
P = 0.1) (Supplementary Figure 1B).

PNF

PNF rates were reported in 15 studies (Table 2)&211321:263],
In four studies, PNF was defined as patient death or
retransplantation in the first week. In eleven studies,
PNF was undefined. Overall rates of PNF were very
low (range 0-13.7%). Our meta-analysis showed no
significant difference in risk of PNF between the UW and
CS solutions (z = 0.41, P = 0.680) and between UW and
HTK (z = 1.07, P = 0.284) (Figure 2A). We found only
one RCT that dealt with IGL-1, which was not sufficient
for a meta-analysis to compare IGL-1 with the UW
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étudy RR (95%CI) Events, Events,Comparison %
uw solution Weight
Celsior
Lopez-Andujar R. 2009 * 0.88 (0.13, 6.15) 2/104 2/92 21.45
Duca W. J. 2010 1.00 (0.02, 49.45) 0.5/52 0.5/52 5.30
Garcia-Gil F. A. 2006 1.00 (0.02, 49.20) 0.5/41 0.5/41 5.32
Lama 2002 1.00 (0.02, 46.05) 0.5/11 0.5/11 5.50
Garcia-Gil F. A. 2011 — 1.00 (0.26, 3.78) 4/51 4/51 45.60
Cavallari A. 2003 2.77 (0.11, 67.05)  1.5/91 0.5/84 7.95
Nardo B. 2001 - 4.43 (0.22,90.17) 2.5/61 0.5/54 8.88
Subtotal (/-squared = 0.0%, P = 0.977) 1.21 (0.49, 2.96) 11.5/411 8.5/385 100.00
HTK
Rayya F. 2008 1.01 (0.06, 15.90) 1/68 1/69 14.23
Meine M. H. 20064 obse 1.14 (0.11, 12.13) 2/65 1/37 19.24
Mangus 2008 — 1.89 (0.46, 7.70) 5/98 3/111 54.53
Erhard 1994 + 5.00 (0.25, 99.95) 2/30 0/30 12.00
Subtotal (/~-squared = 0.0%, P = 0.857) <i> 1.76 (0.62, 4.98) 10/261 5/247 100.00
IGL-1
Dondéro F. 2010 2.09 (0.24, 18.16) 4/92 1/48 100.00
Subtotal (/-squared = .%, P =.) e — 2.09 (0.24, 18.16) 4/92 1/48 100.00
NOTE: Weights are from random effects analysis
1
0.01 1 100
B Comparison solution uw
Study ES (95%CI) % Weight
Celsior L
Cavallari A., 2003 0.01 (0.00, 0.09) 4.86
Nardo B., 2001 0.01 (0.00, 0.13) 2.18
Duca W. J., 2010 0.01 (0.00, 0.14) 2.04
Garcia-Gil F. A., 2006 0.01 (0.00, 0.17) 1.35
Lopez-Andujar R., 2009 0.02 (0.01, 0.08) 6.22
Nardo B., 2005 0.02 (0.00, 0.29) 0.46
Lama, 2002 0.05 (0.00, 0.45) 0.19
Garcia-Gil F. A,, 2011 0.11 (0.05, 0.23) 1.14
Subtotal (/-squared = 0.0%, P = 0.711) 0.02 (-0.00, 0.04) 18.45
HTK
Wiederkehr 1.C., 2014 0.01 (0.00, 0.05) 12.96
Rayya F, 2008 0.01 (0.00, 0.10) 4.26
Erhard, 1994 0.02 (0.00, 0.21) 0.84
Mangus, 2008 0.03 (0.01, 0.08) 7.27
Meine M. H., 2006 0.03 (0.00, 0.17) 1.37
Meine M. H., 2015 0.03 (0.01, 0.12) 3.25
Nardo B., 2005 0.05 (0.01, 0.28) 0.49
Subtotal (/-squared = 0.0%, P = 0.964) 0.02 (-0.00, 0.03) 30.44
IGL-1
Wiederkehr 1. C., 2014 0.01 (0.00, 0.13) 2.18
Dondéro F, 2010 0.02 (0.00, 0.13) 2.19
Meine M. H., 2015 0.03 (0.01, 0.08) 7.45
Subtotal (/-squared = 0.0%, P = 0.894) 0.02 (-0.01, 0.05) 11.82
uw
Duca W. J., 2010 0.01 (0.00, 0.14) 2.04
Cavallari A., 2003 0.01 (0.00, 0.07) 7.00
Garcia-Gil F. A., 2006 0.01 (0.00, 0.17) 1.35
Rayya F, 2008 0.01 (0.00, 0.10) 4.14
Lopez-Andujar R., 2009 0.02 (0.00, 0.07) 7.94
Meine M. H., 2006 0.03 (0.01, 0.11) 3.26
Nardo B., 2001 0.03 (0.01, 0.12) 2.81
Dondéro F,, 2010 0.04 (0.01, 0.11) 4,49
Lama, 2002 0.05 (0.00, 0.45) 0.19
Mangus, 2008 0.05 (0.02, 0.12) 4.11
Erhard, 1994 0.07 (0.02, 0.23) 0.82
Garcia-Gil F. A, 2011 0.11 (0.05, 0.23) 1.14
Subtotal (Z-squared = 0.0%, 2 = 0.816) 0.03 (0.01, 0.04) 39.29
Overall (/-squared = 0.0%, P = 0.992) 0.02 (0.01, 0.03)  100.00
NOTE: Weights are from random effects analysis
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Figure 2 Effects of preservation solutions on primary non-function. A: Meta-analysis of the relative risk (-RR-) of PNF comparing studies using different
preservation solutions: UW vs Celsior and UW vs HTK; B: Forest plot for subgroup analysis of PNF; and C: Funnel plot for PNF in studies. Squares represent
individual study effects, with the size of the box relating to the weight of the study in the meta-analysis. Each diamond represents a summary effect from meta-
analysis. Horizontal bars represent 95% Cls. There is no evidence of a small study effect in the test or the formal plot. PNF: Primary non-function; RCTs: Randomized
controlled trials; ES: Effect size; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges

Lopez solution.

solution. We performed a subgroup analysis to compare
the four solutions in the context of PNF. There was no
significant difference between solutions (RR = 0.02,
95%CI: 0.01-0.03, P = 0.356) (Figure 2B). We found
no evidence of a small study effect using the funnel plot
analysis of the meta-analyses for the primary outcome (P
= 0.846) (Figure 2C).

0GS-1

OGS-1 was reported in eleven studies (Table 3). No
study was individually powered for small differences
in graft survival, and no study reported a difference
related to the preservation fluid used. Meta-analysis of
the data showed no significant difference in the risk of
0GS-1 between the UW and CS solutions (z = 0.30,
P = 0.763) (Figure 3A) or between the UW and HTK
solutions (z = 0.01, P = 0.991) (Figure 3A). We also
performed a subgroup analysis to compare all four
solutions, including IGL-1. There was no significant
difference between the solutions (RR = 0.80, 95%CI:
0.80-0.80, P = 0.369) (Figure 3B). We found no
evidence of a small study effect using the funnel plot
analysis from either of the meta-analyses for the
0GS-1 (P = 0.397) (Figure 3C).

PDF

PDF rates were reported in six studies: five of them
compared UW with CS, and one compared UW with
HTK (Supplementary Table 4). Overall rates of PDF
were very low (range 0-15.5%). The difference in PDF
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rate was found higher with the use of UW solutions in
one study™, However, the subgroup analysis showed
no increased risk of PDF in the UW group (RR = 0.1,
95%CI: 0.0-0.1, P = 0.582) (Supplementary Figure 2).

Early RT

Early RT was reported in seven studies and ranged
from 0.9% to 20% (Supplementary Table 4). None of
the studies found a significant difference in early RT
between groups; however, they were underpowered
to detect such a low incidence outcome. Similarly,
subgroup analysis showed no increased risk of early
RT in the UW group (RR = 0.0, 95%CI: 0.0-0.1, P =
0.698) (Supplementary Figure 3).

POD

POD rates were reported in seven studies (Supplementary
Table 4). Overall rates of POD were very low (range
1.7%-14.4%). The difference in POD rate was higher
with the use of the CS solution compared with the UW
solution in two studies™***; however, subgroup analysis
showed no increased risk (Supplementary Figure 4). In
contrast, there was a significant difference when UW
was compared to HTK or IGL-1 (RR = 0.07, 95%CI:
0.04-0.09, P < 0.01).

OPS-1

OPS-1 rates were reported in ten studies (Supplementary
Table 4). No study was individually powered for small
differences in graft survival, and no study reported
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A
Study RR (95%CI) Events, Events,Comparison % Weight
uw solution
Celsior
Duca W. J. 2010 —— 0.84 (0.63, 1.11)  31/51 37/51 6.24
Garcia-Gil F. A. 2006 —— 0.84 (0.63, 1.11)  26/40 31/40 6.04
Cavallari A. 2003 — 0.97 (0.86, 1.11)  75/90 71/83 29.39
Lopez-Andujar R. 2009 — 0.98 (0.85, 1.12)  83/104 75/92 25.56
Nardo B. 2001 — 0.99 (0.88, 1.12)  54/60 48/53 32.78
Subtotal (/~-squared = 0.0%, P = 0.639) 0.96 (0.90, 1.03) 269/345 262/319 100.00
HTK
Mangus 2008 4 0.98 (0.87, 1.10)  82/98 95/111 36.73
Meine M. H. 20063 obse o os 0.99 (0.90, 1.10)  61/65 35/37 50.48
Rayya F. 2008 —*— 1.10 (0.90, 1.34)  53/68 49/69 12.79
Subtotal (/~-squared = 0.0%, P = 0.557) 1.00 (0.93, 1.07) 196/231 179/217 100.00
IGL-1
Dondéro F. 2010 — T 2.00(1.39, 2.89)  73/92 19/48 100.00
Subtotal (/-squared = .%, P = .) <> 2.00 (1.39, 2.89)  73/92 19/48 100.00
NOTE: Weights are from random effects analysis
0.3 1
Comparison solution uw
B
Study ES (95%CI) % Weight
Celsior ;
Duca W. J., 2010 —- 0.7 (0.6, 0.8) 4.06
Garcia-Gil F. A., 2006 — 0.8 (0.6, 0.9) 3.87
Lopez-Andujar R., 2009 » 0.8 (0.7, 0.9) 5.01
Cavallari A., 2003 * 0.9(0.8, 0.9) 5.07
Nardo B., 2005 — 0.9 (0.7, 1.0) 3.41
Nardo B., 2001 e+ 0.9 (0.8, 1.0) 4.93
Subtotal (-squared = 32.3%, P = 0.194) O 0.8 (0.8, 0.9) 26.36
HTK |
Rayya F., 2008 — 0.7 (0.6, 0.8) 4.39
Nardo B., 2005 — 0.8 (0.5, 0.9) 2.74
Meine M. H., 2015 - 0.8 (0.7, 0.9) 473
Mangus, 2008 » 0.9 (0.8, 0.9) 5.36
Meine M. H., 2006 -y 0.9 (0.8, 1.0) 4.75
Subtotal (J-squared = 65.8%, P = 0.020) <> 0.8 (0.8, 0.9) 21.97
IGL-1 |
Dondéro F,, 2010 —— 0.4 (0.3, 0.5) 3.71
Meine M. H., 2015 + 0.9 (0.8, 0.9) 5.34
Subtotal (/-squared = 97.1%, 2 = 0.000) e — 0.6 (0.2, 1.1) 9.05
uw
Duca W. J., 2010 | 0.6 (0.5, 0.7) 3.80
Garcia-Gil F. A., 2006 —F 0.7 (0.5, 0.8) 3.54
Rayya F., 2008 — 0.8 (0.7, 0.9) 4,58
Dondéro F, 2010 s 0.8 (0.7, 0.9) 4.95
Lopez-Andujar R., 2009 + 0.8 (0.7, 0.9) 5.09
Cavallari A., 2003 - 0.8 (0.7, 0.9) 5.07
Mangus, 2008 - 0.8 (0.8, 0.9) 5.18
Nardo B., 2001 4 0.9 (0.8, 1.0) 5.03
Meine M. H., 2006 . 0.9 (0.8, 1.0) 5.39
Subtotal (/-squared = 76.0%, P = 0.000) <> 0.8 (0.7, 0.9) 42.62
Overall (/-squared = 77.3%, P = 0.000) <> 0.8 (0.8, 0.8) 100.00
NOTE: Weights are from random effects analysis
L 1

1 1 1
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Figure 3 Effects of preservation solutions on one-year post-transplant graft survival. A: Meta-analysis of the relative risk (-RR-) of O0GS-1 comparing studies
using different preservation solutions: UW vs Celsior and UW vs HTK; B: Forest plot for subgroup analysis of OGS-1; and C: Funnel plot for OGS-1 in studies.
Squares represent individual study effects, with the size of the box relating to the weight of the study in the meta-analysis. Each diamond represents a summary effect
from meta-analysis. Horizontal bars represent 95% Cls. There is no evidence of a small study effect in the test or the formal plot. OGS-1: One-year post-transplant
graft survival; RR: Relative risk; RCTs: Randomized controlled trials; ES: Effect size; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate

solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.

a difference related to the preservation fluid used.
Subgroup analysis showed no significant difference in risk
of OPS-1 between the four solutions (RR = 0.9, 95%CI:
0.8-0.9, P = 0.786) (Supplementary Figure 5).

DISCUSSION

This study reviews the current evidence and updates
knowledge on four frequently used preservation solutions
for static cold storage of DDLs for transplantation. The
treatment groups were homogenous in terms of donor
and recipient characteristics; the prediction of primary
and secondary outcomes (i.e., PNF and OGS-1) was thus
likely independent of individual risk variables, patient
selection or the overall severity of the disease at liver
transplantation. More importantly, the analysis of
outcome parameters (i.e., PNF and OGS-1) provided
good evidence that UW is not outperformed by CS,
HTK and IGL-1 solutions in maintaining organ function
and viability of liver grafts in cold storage.

PNF mainly depends on the organ preservation
method™. It occurs in 2%-6% of transplants and is
unrelated to any direct surgical, immunologic or other
complications", Our meta-analysis included eleven
trials that evaluated the effectiveness of the UW
solution as compared to either the CS or HTK solution.
In accordance with the literature, the overall rates
of PNF were very low, except in one trial (13%)%°.
When analyzing the single studies, we found two
trials with a higher incidence of PNF in the UW group
than in the HTK group®?®, but the difference did not
reach statistical significance upon meta-analysis. It
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should be added that a recent analysis of the ELTR
database demonstrated that use of HTK represented an
individual risk factor for the development of PNF when
compared to the UW solution™™®. The contradictory
conclusions can be explained with the selection bias of
the database analysis™”. In either case, we found no
difference between UW and the other solutions with
regard to the risk of PNF. As regards IGL-1 and HTK,
two prospective randomized clinical studies with 356
patients reported identical results®®*", Similar outcome
was detected in a single-center study with 140 patients
that compared IGL-1 and UW solutions™”\. This was
confirmed in the current study, since IGL-1 showed a
similar PNF risk to that of UW and HTK in our subgroup
analyses.

In our study, OGS-1 was the secondary endpoint.
Graft survival rates were evaluated one, three and five
years after liver transplantation in single studies. The
one-year term was chosen as an appropriate period
to evaluate the effect of the preservation solutions
because other factors could have a greater impact on
this outcome parameter after this time. A retrospective
analysis of the ELTR database demonstrated that HTK
preservation was independently associated with higher
mortality than UW, CS and IGL-1 in a multivariate
analysis!'”". Another analysis of a large national registry
database (United Network for Organ Sharing, UNOS)
has also demonstrated differences in graft survival
rate between the HTK and UW solutions™®. However,
important risk factors among donors were not con-
sidered in the ELTR analysis™, and selected groups
of transplant patients were not homogenous in the
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other analysis: HTK was utilized in allografts with more
favorable recipient traits, as well as shorter CIT and
less local and national export™®. In accordance with
the findings from numerous clinical trials, the meta-
analyses and subgroup analyses in this study did not
show a significant difference in risk of OGS-1 between
UW and any of the examined solutions. Similarly, there
was no evidence for a difference between IGL-1 and UW
solutions and between IGL-1 and HTK in the subgroup
analyses.

Apart from the preservation methods used to protect
the organ from IR injury, the final outcome of trans-
plantation can also be linked to factors such as donor
age, general condition and CIT™®. A recent UNOS study
showed a more pronounced risk for graft loss with
longer CIT and donors over 70 years'®. In our study,
subgroup analysis showed that the included trials did
not vary significantly and that the mean CITs were
beyond the critical 12 h®. Several experimental studies
demonstrated that the use of the UW solution allows for
longer CITs with better graft preservation; however, it
remains to be determined whether any of the alternative
solutions is better than UW when CIT is prolonged over
12 h.

Recipient morbidity and MELD scores are also
important contributing factors to the outcome of liver
transplantation. Recipient parameters are incorporated
into the MELD score, which indicates the state of
health of the recipient; the MELD score-based organ
allocation algorithm could thus significantly influence
the graft survival rate™®”. In the present study, there
was no significant difference between the preservation
solutions in the context of the MELD score and other
recipient characteristics.

In recent times, the crisis in organ supply has made
it necessary to extend the scope of potential donors
by using extended criteria donors (ECD). Although
there is no precise definition of ECD, frequently cited
characteristics are donor age, steatosis, donation
after cardiac death (DCD), donors with increased
risk of disease transmission and transplantation after
prolonged CIT, as well as the use of partial grafts
(split grafts and living donor liver transplantation).
Unfortunately, higher rates of graft failure were
documented in this class of extended allograft; in
addition, very little data is available on the influence
of preservation solutions on their post-transplant
outcomes™?. A single-center study by Mangus et a/”*”
failed to find statistically significant differences in over-
all graft survival when they compared UW to HTK in
ECD transplantations. However, they suggested that
HTK may be protective against biliary complications.
In contrast, in 2009, the UNOS database analysis
reported that HTK was associated with an increased
risk of graft loss and early graft loss™™®. More recently,
Adam et al™® compared the four most frequently used
preservation solutions and concluded that HTK is an
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independent risk factor for graft loss after ECD liver
transplantations. The remaining three solutions, UW, CE
and IGL-1, provided similar results in post-transplant
outcomes after ECD transplantations. In the special
condition of using a partially deceased donor liver graft,
IGL-1 offered the best graft outcome™. In another
study, it was suggested that IGL-1 was superior to
other solutions for preserving fatty livers by protecting
against PNF and early allograft dysfunction'®?!. However,
a prospective randomized study could not show any
significant improvement in the subgroup of patients
receiving IGL-1-preserved grafts”®®. In living donor
liver transplantations, risk-adjusted analyses of single-
and double-center studies consistently reported that
UW and HTK were equally effective and safe for cold
preservation™*’, There is currently no evidence-based
recommendation on the optimal preservation solution
in ECD liver transplantations because the nhumber and
quality of RCTs are not sufficient. However, based on
the above data, differences in the indications of various
preservation solutions are expected.

This study has some limitations. There are so far
only three small RCTs that compare IGL-1 with UW or
IGL-1 with HTK. Therefore, we could not run a meta-
analysis to compare IGL-1 with any of the solutions. In
order to compare the risk of the four solutions for PNF,
we had to perform a subgroup analysis. In addition,
surgery time and hemoderivative transfusions due to
recipient coagulation problems are often not cited in the
literature as predictors of poor outcome®®. This factor
was not considered in the selected trials. Moreover,
different trials presented some differences as regards
the operative procedure. Furthermore, the included
RCTs were homogenous with regard to donor and
recipient parameters. On the one hand, this provided
the possibility to exclude selection bias, but, on the
other hand, the effects of preservation solutions in the
case of longer CIT and involvement of expanded criteria
donors could not be evaluated.

In conclusion, elucidation of the role of preservation
solutions in the outcome of liver transplantation is
complicated by the intrinsic complexity of the clinical
procedure, which is made up of many different, but
interacting phases. This review evaluated the best
available evidence from comparisons of the four most
frequently used preservation fluids in DDL transplan-
tation. A direct meta-analysis comparison was made
and the sample size of included trials was large enough
to estimate the risk of low-incidence outcomes such as
PNF or OGS-1 correctly. Based on our results, there is
good evidence that the UW, CS, HTK and IGL-1 solutions
are associated with nearly equivalent outcomes.
Additional studies on larger patient populations including
marginal donors, longer cold ischemia time, multi-organ
transplantations and economic aspects are needed to
evaluate the superiority of any alternative solution over
uw.
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ARTICLE HIGHLIGHTS

Research background

The introduction of the University of Wisconsin (UW) solution for static cold
storage of liver grafts was a breakthrough and has remained the conventional
method of organ preservation. However, many alternative preservation
solutions exist, and each is thought to offer an advantage over UW solution.

Research motivation

At present, 98% of liver transplantations use the UW, histidine-tryptophan-
ketoglutarate (HTK), Celsior (CS) or Institute Georges Lopez (IGL-1) solution for
the cold preservation of grafts. Previously, prospective trials have investigated
their effects on liver transplant outcomes, but with contradictory results.
Furthermore, no systematic review reports the effect of IGL-1, which was first
used by 2003, as compared to other solutions.

Research objectives

To provide an update and to compare the latest findings from clinical trials
on the effects of the four most frequently used preservation solutions on liver
transplant outcomes.

Research methods

A systematic review and meta-analysis were conducted on randomized
controlled trials of deceased donor liver transplantations using UW and either
HTK, CS or IGL-1 for cold storage of allografts. Primary and secondary
outcomes were primary non-function (PNF) and one-year post-transplant graft
survival (OGS-1).

Research results

In spite of differences found in individual studies, a meta-analysis of PNF and
0GS-1 showed no statistical difference between groups. Subgroup analysis
showed no increased risk for other outcomes, such as primary dysfunction,
early retransplantation rate, post-transplantation death and one-year post-
transplant patient survival.

Research conclusions

This meta-analysis provided evidence that UW and alternative solutions
are associated with almost the same transplant outcome. Further studies
are needed with extended criteria donors to ascertain the superiority of any
alternative solution over UW.
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