Role of Oxidative Stress in Liver

Health and Disease

Guest Editors: Pablo Muriel and Karina R. Gordillo




Role of Oxidative Stress in
Liver Health and Disease



Role of Oxidative Stress in
Liver Health and Disease

Guest Editors: Pablo Muriel and Karina R. Gordillo



Copyright © 2016 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Oxidative Medicine and Cellular Longevity” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

Mohammad Abdollahi, Iran
Antonio Ayala, Spain
Neelam Azad, USA

Peter Backx, Canada
Damian Bailey, UK
Consuelo Borrds, Spain
Vittorio Calabrese, Italy
Angel Catald, Argentina
Shao-Yu Chen, USA
Zhao Zhong Chong, USA
Giuseppe Cirillo, Italy
Massimo Collino, Italy
Mark J. Crabtree, UK
Manuela Curcio, Italy
Andreas Daiber, Germany
Felipe Dal Pizzol, Brazil
Francesca Danesi, Italy
Domenico D’Arca, Italy
Yolanda de Pablo, Sweden
James Duce, UK

Grégory Durand, France
Javier Egea, Spain

Amina El Jamali, USA
Ersin Fadillioglu, Turkey
Qingping Feng, Canada
Giuseppe Filomeni, Italy
Swaran J. S. Flora, India
Rodrigo Franco, USA

José Luis Garcia-Giménez, Spain

Janusz Gebicki, Australia
Husam Ghanim, USA
Laura Giamperi, Italy

Daniela Giustarini, Italy

Saeid Golbidi, Canada

Tilman Grune, Germany
Hunjoo Ha, Republic of Korea
Guido Haenen, Netherlands
Nikolas Hodges, UK

Tim Hofer, Norway

Silvana Hrelia, Italy

Maria G. Isaguliants, Sweden
Vladimir Jakovljevic, Serbia
Peeter Karihtala, Finland
Raouf A. Khalil, USA

Kum Kum Khanna, Australia
Neelam Khaper, Canada
Thomas Kietzmann, Finland
Mike Kingsley, UK

Ron Kohen, Israel

W. J.H. Koopman, Netherlands
Jean-Claude Lavoie, Canada

Christopher Horst Lillig, Germany

Paloma B. Liton, USA
Nageswara Madamanchi, USA
Kenneth Maiese, USA

Tullia Maraldi, Italy

Reiko Matsui, USA

Steven McAnulty, USA

Bruno Meloni, Australia
Trevor A. Mori, Australia
Ryuichi Morishita, Japan

Ange Mouithys-Mickalad, Belgium

Hassan Obied, Australia
Pal Pacher, USA

Valentina Pallottini, Italy
David Pattison, Australia
Serafina Perrone, Italy
Tiziana Persichini, Italy
Vincent Pialoux, France
Chiara Poggi, Italy

Aurel Popa-Wagner, Germany
Ada Popolo, Italy

José L. Quiles, Spain
Walid Rachidi, France
Kota V. Ramana, USA
Pranela Rameshwar, USA
Sidhartha D. Ray, USA
Alessandra Ricelli, Italy
Francisco J. Romero, Spain
Vasantha Rupasinghe, Canada
Gabriele Saretzki, UK
Honglian Shi, USA

Cinzia Signorini, Italy
Dinender K. Singla, USA
Richard Siow, UK

Shane Thomas, Australia
Rosa Tundis, Italy
Giuseppe Valacchi, Italy
Jeannette Vasquez-Vivar, USA
Victor M. Victor, Spain
Michal Wozniak, Poland
Sho-ichi Yamagishi, Japan
Liang-Jun Yan, USA
Guillermo Zalba, Spain
Jacek Zielonka, USA




Contents

Role of Oxidative Stress in Liver Health and Disease
Pablo Muriel and Karina R. Gordillo
Volume 2016, Article ID 9037051, 2 pages

Ion Channels and Oxidative Stress as a Potential Link for the Diagnosis or Treatment of Liver Diseases
Ana Ramirez, Alma Yolanda Vazquez-Sanchez, Natalia Carrion-Robalino, and Javier Camacho
Volume 2016, Article ID 3928714, 17 pages

Protective Role of Dietary Curcumin in the Prevention of the Oxidative Stress Induced by Chronic
Alcohol with respect to Hepatic Injury and Antiatherogenic Markers

Ravi Varatharajalu, Mamatha Garige, Leslie C. Leckey, Karina Reyes-Gordillo,

Ruchi Shah, and M. Raj Lakshman

Volume 2016, Article ID 5017460, 10 pages

Spironolactone Effect in Hepatic Ischemia/Reperfusion Injury in Wistar Rats

Julio César Jiménez Pérez, Arani Casillas Ramirez, Liliana Torres Gonzalez, Linda Elsa Munoz Espinosa,
Marlene Marisol Perales Quintana, Gabriela Alarcon Galvan, Homero Zapata Chavira,

Francisco Javier Guzman de la Garza, Carlos Rodrigo Camara Lemarroy, Nancy Esthela Fernandez Garza,
Edelmiro Pérez Rodriguez, and Paula Cordero Pérez

Volume 2016, Article ID 3196431, 9 pages

Sympathetic Nervous System Control of Carbon Tetrachloride-Induced Oxidative Stress in Liver
through a-Adrenergic Signaling

Jung-Chun Lin, Yi-Jen Peng, Shih-Yu Wang, Mei-Ju Lai, Ton-Ho Young, Donald M. Salter,

and Herng-Sheng Lee

Volume 2016, Article ID 3190617, 11 pages

Oligonol Ameliorates CCl,-Induced Liver Injury in Rats via the NF-Kappa B and MAPK Signaling
Pathways

Jeonghyeon Bak, Nam Kyung Je, Hae Young Chung, Takako Yokozawa, Sik Yoon, and Jeon-Ok Moon
Volume 2016, Article ID 3935841, 12 pages

Is Liver Enzyme Release Really Associated with Cell Necrosis Induced by Oxidant Stress?
Martha Lucinda Contreras-Zentella and Rolando Hernandez-Mufioz
Volume 2016, Article ID 3529149, 12 pages

Oxidative Stress in the Healthy and Wounded Hepatocyte: A Cellular Organelles Perspective
Tommaso Mello, Francesca Zanieri, Elisabetta Ceni, and Andrea Galli
Volume 2016, Article ID 8327410, 15 pages

Cholesterol Enhances the Toxic Effect of Ethanol and Acetaldehyde in Primary Mouse Hepatocytes
Anayelly Lopez-Islas, Victoria Chagoya-Hazas, Benjamin Pérez-Aguilar,

Mayrel Palestino-Dominguez, Verénica Souza, Roxana U. Miranda, Leticia Bucio,

Luis Enrique Gémez-Quiroz, and Maria-Concepcion Gutiérrez-Ruiz

Volume 2016, Article ID 9209825, 9 pages

The Protective Effects of Trypsin Inhibitor on Hepatic Ischemia-Reperfusion Injury and Liver Graft
Survival

Lianyue Guan, Hongyu Liu, Peiyao Fu, Zhuonan Li, Peidong Li, Lijuan Xie, Mingang Xin, Zhanpeng Wang,
and Wei Li

Volume 2016, Article ID 1429835, 9 pages




Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 9037051, 2 pages
http://dx.doi.org/10.1155/2016/9037051

Editorial

Role of Oxidative Stress in Liver Health and Disease

Pablo Muriel' and Karina R. Gordillo>?

!Laboratory of Experimental Hepatology, Department of Pharmacology, CINVESTAV-IPN, Avenida Instituto Politécnico
Nacional 2508, Colonia San Pedro Zacatenco 07360, Apartado Postal 14-740, 07000 México, D.E, Mexico

ZLipz'd Research Laboratory, VA Medical Center, 50 Irving Street NW, Washington, DC 20422, USA

’Department of Biochemistry and Molecular Medicine, The George Washington University, 2300 I Street NW, Suite 530,

Washington, DC 20037, USA

Correspondence should be addressed to Pablo Muriel; pmuriel@cinvestav.mx

Received 24 November 2015; Accepted 24 November 2015

Copyright © 2016 P. Muriel and K. R. Gordillo. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

Liver diseases are a worldwide medical problem because
the liver is the principal detoxifying organ and maintains
metabolic homeostasis. The liver metabolizes various com-
pounds that produce reactive oxygen radicals (ROS). Prooxi-
dants are ROS which can cause tissue liver damage and whose
levels may be increased by certain drugs, infection, external
exposures, tissue injury, and so forth. Oxidative stress can
result from an increase in prooxidant formation or a decrease
or deficiency in antioxidants. Molecular redox switches
and oxygen sensing by the thiol redox proteome and by
NAD/NADP and phosphorylation/dephosphorylation sys-
tems are bias involved in signaling, control, and balance redox
of a the liver system.

Because of their reactivity, ROS readily interact with
all cellular macromolecules. ROS cleave the phosphodiester
bonds holding bases in RNA and DNA together, breaking the
chain structure of RNA and DNA. Polyunsaturated fatty acids
are also a major target for oxidation by ROS, in a process
called lipid peroxidation that disrupts normal membrane
structure leading to necrosis. In addition, ROS, especially the
hydroxyl radical, oxidize the SH group of cysteine residues of
proteins to the disulfides or to the sulfoxide or the sulfonic
acid; since enzymatic activity depends on cysteine, enzymes
are inactivated by ROS. Also oxidative stress contributes
to fibrogenesis by increasing harmful cytokines such as
transforming grown factor-f (TGF-p), interleukin-6 (IL-6),
and tumor necrosis factor-a (TNF-).

However, ROS are not always the bad guy; important
transcription factors such as Nrf2, NF-kB, and AP-1 are

activated by H,0O,-dependent oxidation of thiol residues.
These transcription factors subsequently activate many genes,
some of which code for cellular antioxidants. Thus, low levels
of ROS can cover up for high levels of ROS. Endogenous
(e.g., glutathione) or exogenous antioxidants (mainly from
diet) inhibit either formation of ROS or remove/scavenge
the generated radicals. Due to the central role of oxidative
stress on liver disease, this special issue was devoted to its
implication in hepatic health and disease.

From Mexico, Dr. J. Camacho et al. (in “Ion Channels and
Oxidative Stress as a Potential Link for the Diagnosis or Treat-
ment of Liver Diseases”) reviewed the link of ion channels
and oxidative stress in hepatic injury of various etiologies;
the main conclusion is that such association may be useful to
develop new treatments for the principal liver diseases. The
group of Dr. H.-S. Lee et al. from Taiwan (in “Sympathetic
Nervous System Control of Carbon Tetrachloride-Induced
Oxidative Stress in Liver through a-Adrenergic Signaling”)
found that the sympathetic nervous system allows oxidative
stress to damage the liver, thus suggesting that targeting the
hepatic a-adrenergic signaling may provide a therapeutic
approach to fight liver disease. Obesity associated with
excessive alcohol consumption produces fatty liver; in this
regard. Professor M.-C. Gutiérrez-Ruiz et al. from Mexico
(in “Cholesterol Enhances the Toxic Effect of Ethanol and
Acetaldehyde in Primary Mouse Hepatocytes”) found that
the combination of ethanol and cholesterol in vitro produced
a potent damage in steatotic hepatocyte. From Italy, Professor
A. Galli et al. (in “Oxidative Stress in the Healthy and
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Wounded Hepatocyte: A cellular Organelles Perspective”)
provided us with a very original review about the evolving
concept of oxidative stress in the cellular hepatocyte com-
partments, highlighting the essential mechanisms of damage
caused by free radicals.

The protective effect of dietary curcumin against alcohol
induced liver disease and atherosclerosis was reported by the
group of Professor M. R. Lakshman et al. from Washington
(in “Protective Role of Dietary Curcumin in the Prevention of
the Oxidative Stress Induced by Chronic Alcohol with respect
to Hepatic Injury and Anti-atherogenic Markers”). Since
ischemia/reperfusion (IR) injury is still an unsolved problem
in the clinical practice, efforts are being made to prevent it; in
this regard, Dr. P. C. Pérez et al. from Mexico demonstrated
that spironolactone reduced liver damage produced by IR by
increasing IL-6 production and catalase activity (“Spirono-
lactone Effect in Hepatic Ischemia/Reperfusion Injury in
Wistar Rats”). Oligonol, a low molecular weight polyphenol
derived from lychee fruit, was reported by Dr. J.-O. Moon et
al., from Korea, to ameliorate CCl,-induced liver injury by
antioxidant effects decreasing NF-xB activation via blockade
of the MAPKs and Akt kinases (“Oligonol Ameliorates CCl,-
Induced Liver Injury in Rats via the NF-Kappa B and MAPK
Signaling Pathways”). In the review made by Professor R.
Hernandez-Mufoz et al. from Mexico (“Is Liver Enzyme
Release Really Associated with Cell Necrosis Induced by
Oxidant Stress?”), the utility of liver enzymes as markers of
oxidative stress is challenged. Dr. Li et al., from Taiwan (“The
Protective Effects of Trypsin Inhibitor on Hepatic Ischemia-
Reperfusion Injury and Liver Graft Survival”), studied the
effect of ulinastatin on liver IRI and graft survival in mice
and found that this compound affords significant protection
to donor livers from cold IRI, probably by inhibition of
proinflammatory cytokine release and modulating apoptosis.

These authors highlight both the importance of free
radicals in the development, establishment and perpetua-
tion of liver disease, and the potential therapeutic effect
of compounds that directly or indirectly interfere with the
prooxidant process.

Hopefully, this publication will provide a benchmark for
future investigations evaluating a far greater body of basic and
clinical evidence regarding the role of oxidative stress in liver
health and disease as well the beneficial effect of antioxidant
therapy to prevent or reverse hepatic injury.

Pablo Muriel
Karina R. Gordillo

Oxidative Medicine and Cellular Longevity
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Oxidative stress results from a disturbed balance between oxidation and antioxidant systems. Reactive oxygen species (ROS)
and reactive nitrogen species (RNS) may be either harmful or beneficial to the cells. Ion channels are transmembrane proteins
that participate in a large variety of cellular functions and have been implicated in the development of a variety of diseases. A
significant amount of the available drugs in the market targets ion channels. These proteins have sulthydryl groups of cysteine
and methionine residues in their structure that can be targeted by ROS and RNS altering channel function including gating and
conducting properties, as well as the corresponding signaling pathways associated. The regulation of ion channels by ROS has been
suggested to be associated with some pathological conditions including liver diseases. This review focuses on understanding the
role and the potential association of ion channels and oxidative stress in liver diseases including fibrosis, alcoholic liver disease, and
cancer. The potential association between ion channels and oxidative stress conditions could be used to develop new treatments for

major liver diseases.

1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are produced during mitochondrial electron transport
or by other enzyme systems comprising several oxidore-
ductases (such as NADPH oxidase which is critical for the
bactericidal action of phagocytes) in all cells types, including
hepatocytes [1, 2].

ROS play a dual role, because they can be either harmful
or beneficial to the cells. The normal physiological ROS-
mediated processes include cellular growth, cell proliferation
and regeneration, apoptosis, and microbial killing by phago-
cytes [3]. The most relevant ROS in the cell physiology are
superoxide anion (O, "), hydroxyl radical ("OH), and hydro-
gen peroxide (H,O,) while the more common RNS are nitric
oxide (NO) and peroxynitrite (ONOO™).

ROS generation is essential to maintain cellular functions
and ensure cell survival [4]; this is achieved through the
activation of transcription factors, such as NF-kappa-B and
hypoxia-inducible-factor-la (HIF-1«). ROS also participate
in vascular processes [5] and regulate the activation of the
immune system by acting as intermediates for cytokines
like tumor necrosis factor (TNF-«) and interleukin-1/3 (IL-
1) [6, 7]. However, overproduction of ROS and/or RNS,
associated with a failure in the antioxidant system (superox-
ide dismutase, catalase, and glutathione peroxidase activities
[8]), causes cellular oxidative stress that promotes DNA,
protein, and lipid damage, triggering the development of
several diseases [9-11].

Many oxidative stress-related diseases have been reported
since the first introduction of this term in 1985 by Sies [12].
Some of the most studied conditions are neurodegenerative
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diseases (Alzheimer, Parkinson, and others) [13-16], cellular
aging [17], cardiovascular diseases (hypercholesterolaemia,
heart failure, hypertension, myocardial infarction, ische-
mia/reperfusion injury, and atherosclerosis) [18-20], and
pathologies involving chronic inflammation [21]. However,
recent studies have also associated oxidative stress with dia-
betes mellitus [22], obesity [23], infectious diseases (HCV
[24], malaria [25]), epilepsy [26], chronic pain [27, 28], and
even preeclampsia [29].

2. Oxidative Stress and Ion Channels

Ion channels are multimeric proteins located in the plasma
membrane and inner cell compartments forming ion-select-
ive pores that open or close in response to specific stimuli
such as membrane potential, ligand-binding, temperature,
and mechanical stimuli [30]. ROS and RNS can directly
induce posttranslational modification of ion channels lead-
ing to oxidation, nitrosylation, and/or nitration of specific
amino acid residues (sulthydryl groups or disulfide linkages
involving cysteine residues) or indirectly modulate channel
function by affecting the signaling pathways that control
gene transcription, trafficking, and turnover [31, 32]. The
association of ion channels in oxidative stress-related diseases
is reported mostly in cardiovascular [33, 34] and neurode-
generative illnesses [35-38]. Multiple studies have reported
the involvement of calcium [39-41], potassium [27, 30, 36,
42, 43], sodium [34], and chloride channels [44, 45] in the
development of pathologies where oxidative stress plays a
major role (Table 1). Ion channels have been also suggested
to be associated with oxidative stress in the liver [32, 46]
(Table 2). Next, we will describe some of the most studied
plasma membrane and mitochondrial ion channels associ-
ated with oxidative stress damage, focusing primarily on their
potential participation in liver pathological conditions.

2.1. Participation of Mitochondrial Ion Channels in Different
Pathologies. Generation of high energy molecules is carried
out by the mitochondria electron chain transport; hence a
great amount of ROS is generated during this metabolism [47,
48]. Because mitochondria are involved in the defense against
ROS and its effects on intracellular redox equilibrium, the
study of mitochondria in pathological conditions associated
with oxidative stress is fundamental [49, 50].

There is a huge diversity of ion channels in both the outer
and inner mitochondrial membrane (OMM, IMM). Some
of the ion channels located on the outer and inner mem-
brane include voltage dependent anion channel (VDAC),
Ca®* uniporter, permeability transition pore (PTP), calcium-
activated potassium channels (K,2+), ATP-sensitive potas-
sium channels (K,p), and inner membrane anion channel
(IMAC) [51]. The field of mitochondrial ion channels has
recently seen some progress through an integrative approach
using genetics, physiology, pharmacology, and cell biology
tools, which have helped to elucidate the possible functions
of these channels [52]. Some of these ion channels participate
in several processes such as apoptosis [53, 54], necrosis,
thermogenesis, and volume regulation.

Oxidative Medicine and Cellular Longevity

The relevance of mitochondrial ion channel research is
observed in numerous studies that have demonstrated its par-
ticipation in the development of pathological conditions like
neurodegenerative [35, 55] and cardiac diseases [51, 56-60].
Even though mitochondrial dysfunction is associated with
different liver pathologies, such as alcoholic liver diseases
(ALD) [49, 50, 61, 62], metabolic syndromes (insulin resis-
tance) [63], and nonalcoholic fatty liver disease (NAFLD)
[64], the participation of mitochondrial ion channels in the
onset or development of oxidative stress-related liver diseases
has not been fully explored.

Nakagawa et al. [65] reported the presence of mitochon-
drial ATP-sensitive K" (mitoK,p) channels in rat primary
hepatocytes. This study demonstrated that diazoxide (a selec-
tive opener of mitoK,rp channels) enhanced liver regener-
ation by keeping a higher ATP content in the liver tissue.
They concluded that diazoxide sustains the hepatocytes
mitochondrial energetics promoting liver regeneration after
partial hepatectomy, which is characterized by the presence of
oxidative stress. Indeed, potassium channel openers acting on
mitochondria have proved to reduce cell damage observed in
ischemia. For instance, the effect of cromakalim and diazox-
ide on cardioprotection against ischemia-reperfusion injury
has been shown [66]. Another study carried out by Shimizu et
al. [67] assessed the effect of diazoxide against brain damage
after middle cerebral artery occlusion (MCAO) in male
Wistar rats. The neurological score was improved in animals
treated with diazoxide in comparison with the control group;
the effects of diazoxide were prominent in the cerebral cortex.
Accordingly, the protective effect was reversed with pretreat-
ment of 5-hydroxydecanoate, a selective blocker of mitoK sp,
proving that selective opening of mitoK,rp channel has
neuroprotective effects against ischemia-reperfusion injury
in the rat brain.

Conductances reported for mitochondrial K,pp channels
of different cell types are lower than those reported for plasma
membrane K,rp variants, under the same ionic condi-
tions. Moreover, Szabo and Zoratti [52] mention that small-
conductance Ca**-activated K* channels have conductances
compatible with the lower values reported for mitoK,p
channels. Pharmacological approaches have their own com-
plications due to the nonspecific targeting exhibited by
some mitoKrp inhibitors (5-hydroxydecanoate) and open-
ers (such as diazoxide and cromakalim) which can also act on
plasma membrane K,pp channels, according to some stud-
ies. Activators of K,rp and SK,/IK, (small-conductance,
SKc,; and intermediate-conductance (IK,) calcium-acti-
vated potassium channels) have structural similarities, sug-
gesting the possibility of a pharmacological crossover [52].

Interestingly, mitochondria associated-endoplasmic reti-
culum membranes (MAMs), which are important for Ca*",
lipid, and metabolite exchange, were investigated by Arruda
etal. [63] in the liver. They reported that the reorganization of
MAMs in a background of obesity resulted in mitochondrial
Ca®" overload, which compromised mitochondrial oxidative
capacity and increased oxidative stress. Even though this
study did not address Ca®" flux in mitochondria, its results
indicate that obesity drives an abnormal increase in MAMs
formation, along with an alteration in Ca** flux from the ER
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TABLE 2: Ion channels involved in oxidative stress in the liver.

Ion channel  Pathology Model Oxidative stress effect Reference
K,2.1 Hepatoma Huh-7 cell line HCYV inhibits I.<v2..1, suppressing apoptosis in (24]
response to oxidative stress.
S LPS-induced mouse model of  K; 6.2 knockout exacerbates LPS-induced
K, 6.2 Acute liver injury liver ini o . . [207]
iver injury endoplasmic reticulum stress in the liver.
Acetaminophen-induced . H,0,” and acetaminophen-activated Ca* entry
208
TRPM2 liver damage TRPM2 KO mice is attenuated in TRPM2 KO mouse hepatocytes. [208]
TRPM7 Liver fibrosis Rat hepatic stellate cells Blockage of TI.{PM7 causes I._ISC death induced by (138]
ER stress-mediated apoptosis.
Human liver fibrotic tissues TRPV4 expression correlates with HSC activation
TRPV4 Liver fibrosis HSC-T6 cells . pressi . (144]
. . and in HSC-T6 induction of a-SMA and Collal.
Rat liver fibrosis model, CCl,
P2Y Liver fibrosis Rat liver fibrosis model, CCl, Blockage O.f RZY Teceptors inhibited CCl,-induced [131]
liver fibrosis in rats.
Liver fibrosis IC\:/I((:)Ese liver fibrosis model, P2X7 blockage attenuates mouse liver fibrosis and
pP2X7 NASH Mouze diet-induced obesit P2X7 gene-deleted mice decreased a-SMA, 117,133]
Y Collal, and TGF-f1 in DIO treated mice.
(DIO)
CLICI Hepatocarcinoma Mo_use hepa.tocarcmoma Ove.rexpr.essmn of CL_ICl c.ontr¥butes to .cell . (170]
ascites cell line (Hca-F) proliferation, apoptosis, migration, and invasion.
ASICla increases in HSC and inhibition of ASICla
ASICla Liver fibrosis Rat liver fibrosis model, CCl,  suppresses PDGF-induced profibrogenic effects of ~ [160]
activated HSC.
VSOR Hepatoma Rat hepatoma (HTC) cells Actlyated. by H, 0, regulating cell volume and cell (170]
proliferation.
Bax interacts with the PTP component protein
VDAC Acute ethanol intoxication Rat primary hepatocytes VDAC and likely causes PTP opening, [209]

cytochrome c release, caspase activation, and
apoptosis.

to mitochondria. Transient increase in Ca®" level activates
mitochondrial matrix enzymes and stimulates oxidative
phosphorylation; thus, a high Ca®* flux to the mitochondria
is detrimental, promoting oxidative metabolism and conse-
quently ROS production [68].

Mitochondrial ion channels are also considered oncolog-
ical targets due to the fact that cancer transformation involves
reprogramming of mitochondrial metabolic and apoptotic
functions, which are necessary to ensure proliferation of
neoplastic cells and promote metastasis [53, 69-73].

3. Alcoholic Liver Disease

Alcohol is a psychoactive substance with dependence-pro-
ducing properties and is considered a causal risk factor for
a broad spectrum of diseases and injury conditions including
alcohol dependence, liver cirrhosis, and cancer [74]. Emerg-
ing evidence suggests that alcohol consumption is also related
to the incidence of infectious diseases such as tuberculosis
and HIV/AIDS [74]. Chronic alcohol (ethanol) consumption
is a well-reviewed risk factor of liver diseases [75-78]. In fact,
at least 15% of alcoholic cirrhosis cases end up in hepatocellu-
lar carcinoma (HCC), the most common type of liver cancer
[79], which has one of the highest mortality rates worldwide
[80].

Many investigations strongly suggest that liver damage
produced by alcohol is mediated through oxidative stress [76,
81-83]. The multistage process observed in ethanol-induced
liver diseases (also called alcoholic induced liver diseases
(ALD)) covers a broad spectrum of morphological changes
from hepatic steatosis (fatty liver), alcoholic hepatitis, chronic
hepatitis, and fibrosis ultimately to cirrhosis, which leads to
hepatocarcinoma [79]. Ethanol abuse is directly involved in
the generation of ROS and RNS that affect the intracellular
redox balance within hepatocytes and other cell types in the
liver, such as immune cells (neutrophils), sinusoidal endothe-
lial cells (SECs), Kupffer cells (KCs), and hepatic stellate cells
(HSCs). Actually, ethanol exposure impairs the structure and
function of mitochondria; thus when ROS production is
uncontrolled, several responses that promote immune cell
activation are triggered [84].

3.1 Ethanol-Induced Oxidative Stress. The liver oxidizes and
completely metabolizes alcohol, for which cytosolic and
mitochondrial enzymes are required. Ethanol metabolism is
carried out through three main pathways involving the fol-
lowing enzymes: alcohol dehydrogenase (ADH) and alde-
hyde dehydrogenase (ALDH), microsomal ethanol oxidation
system (MEOS) via catalysis by cytochrome P450 isoenzymes
(2EL, 1A2, and 3A4 isoforms) [85], and catalase. Any type of
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ethanol metabolism will lead to free radical generation that
affects the antioxidant defensive system of the cells [86].

Some of the mechanisms by which ethanol impairs the
oxidative balance within hepatic cells are acetaldehyde pro-
duction by ADH, ethanol-induced hypoxia, mitochondria
damage, effects on the immune system [87], induction of
CYP2FE1, mobilization of iron, and alteration of antioxidant
enzymes and chemicals [88]. Ethanol metabolism causes
depletion of reduced glutathione (GSH) levels and elevates
malondialdehyde (MDA), hydroxyethyl radical (HER), and
hydroxynonenal (HNE) protein adducts [86], leading to
structural and functional abnormalities in the liver. More-
over, alcohol metabolism via CYP2E] activates stress pro-
teins, promotes endoplasmic reticulum stress, and impairs
lysosomal function and autophagy [82]. Additionally, some
of the mitochondrial alterations caused by ethanol-induced
oxidative stress are DNA damage, ribosomal defects, and
inhibition of protein synthesis, which in turn affects the
integrity of the electron transport chain (complexes I and II)
and the oxidative phosphorylation system that is carried by
this organelle [50, 79, 89].

3.2. Ion Channels in ALD. The association of ion channels
in the mechanism of ethanol-induced oxidative stress to the
progression of ALD remains elusive and represents a very
interesting field of research. The mitochondrial alterations
observed under these conditions include the mitochondrial
membrane potential and permeability transition (PT) and
changes promoting apoptosis [90]. Alteration of mitochon-
drial membrane potential has been examined in rat hepa-
tocytes exposed to ethanol using rhodamine 123 (Rhi123),
an indicator of mitochondrial membrane potential. Acute
ethanol administration decreased mitochondrial membrane
potential in hepatocytes within 30 min, which indicates that
mitochondrial alteration is an early event of ethanol-induced
hepatocyte injury. Additionally, the increase in PT is induced
by opening of the mitochondrial megachannel also known as
permeability transition pore (PTP). PTP is regulated by mito-
chondrial matrix conditions: electrical membrane potential,
thiols, oxidants, pH, and calcium concentration; these are
factors disturbed as a consequence of ethanol metabolism
[91].

Furthermore, Yan et al. [92] evaluated the effect of etha-
nol on PTP, mitochondrial membrane potential, and intra-
cellular calcium concentration in cultured hepatocytes. Male
Wistar rats were administrated intragastrically with alcohol
plus olive oil diet; the control group was given an equal
amount of normal saline. Ultramicrostructural changes
in mitochondria, PTP opening, mitochondrial membrane
potential, mitochondrial mass, and intracellular calcium con-
centration of isolated hepatocytes were measured. The results
showed that the mitochondria of the model group had dif-
ferent shapes and that the PTP was disturbed, causing mito-
chondria swelling. Moreover, mitochondria transmembrane
potential was decreased in comparison with the control
group. Intracellular calcium concentration was also increased
in the liver cells of the group treated with alcohol. These
results indicate that ethanol-induced chondriosome injury
could be an important early step in ALD pathogenesis.

The molecular nature of PTP is not completely solved. In
the last decade findings made by Bernardi and collaborators
[93-95] suggested that reconstituted dimers of the FjF,
ATP synthase (or complex V) form a channel that exhibits
identical properties to those attributed to the mitochondrial
megachannel. Indeed, dimers of the ATP synthase treated
with Ca** generate currents indistinguishable from MMC,
while monomers lack any channel activity, strongly suggest-
ing that PTP forms from a specific Ca** dependent confor-
mation of the dimers. Moreover, inducers (thiol oxidants,
benzodiazepine (Bz-423)) and inhibitors (Mg2+, adenine
nucleotides) of PTP channel opening have the same effect on
ATP synthase. PTP modulators such as membrane potential
and matrix pH also constitute key regulators of the ATP
synthase. Open questions remain, and further studies are
needed to clarify the effect and mechanism of action of other
PTP regulators (e.g., rotenone and quinones) and additional
issues concerning the dimer hypothesis. According to these
findings, it seems that complex V plays a dual function: ATP
synthesis and PTP formation.

PTP participates also in mitochondrial calcium release
[96]. Pioneer work established its role regulating mitochon-
drial Ca** homeostasis in hepatocytes. Cyclosporin A (CsA)
is a potent inhibitor of prooxidant-induced release of Ca**
from isolated mitochondria. Pretreatment of hepatocytes
with CsA before exposure to prooxidants (tert-butyl hydro-
peroxide, cumene hydroperoxide, or 3,5-dimethyl-N-acetyl-
p-benzoquinone imine) protected hepatocytes from prooxi-
dant injury. This prevented excessive Ca** cycling (maintain-
ing mitochondrial Ca** pool) that leads to alterations of the
transmembrane potential and ATP synthesis and conse-
quently compromises mitochondrial functioning and cell
survival [97].

Participation of HSCs in ALD has been proposed in
various studies [98-101]. HSCs are located in the space of
Disse (the liver space between a hepatocyte and a sinusoid)
and these cells participate in the process of ECM remodeling
(collagen secretion, etc.) after liver injury. L-type voltage-
operated Ca®" channels (VOCC) regulate calcium entry into
the cytoplasm and subsequently cell contraction, which has
been well studied in cardiac and smooth muscle cells. HSCs
activated by transforming growth factor- 1 (TGE- 1) express
VOCC [102], suggesting that voltage-operated Ca®* channels
could also regulate hepatic microcirculation via cell contrac-
tion. Itatsu and collaborators [103] evaluated the effect of
ethanol on VOCC in HSCs activation. HSCs are known to
proliferate in response to liver injury, changing from a
“quiescent phenotype” to the “activated phenotype.” This
study showed that VOCC expression in activated HSCs is
significantly increased after 14 days of ethanol exposure
in comparison with untreated cells. Ethanol increases the
secretion of TGF-fI that also induces ROS production
and downregulates antioxidant enzymes, participating in
fibrogenesis and tumorigenesis [104]; however the precise
link between TGEF-f1, oxidative stress, and VOCC remains
elusive.



4. Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon liver disease reported in western nations. NAFLD preva-
lence is 30-45% in Americans. Hispanics have the highest
prevalence, followed by Caucasians and African Americans
[105]. NAFLD is the accumulation of fat in hepatocytes
corresponding to more than 5% of the liver weight in
patients and that is not associated with a significant alcohol
consumption (conventionally defined as an ethanol intake
>20 g/day). The histopathological spectrum includes steatosis
(fatty liver) and nonalcoholic steatohepatitis (NASH) which
can progress to cirrhosis and finally to hepatocellular carci-
noma. NAFLD is associated with the presence of metabolic
syndrome. Steatosis is usually associated with a benign
prognosis and does not affect overall survival of patients.
NASH represents 2-5% of NAFLD cases and is related
to increased mortality [106, 107]. The pathophysiology of
NASH is complex, involving free fatty acid accumulation
(fattyliver), hepatic inflammation (cytokine production), and
oxidative stress and lipid peroxidation, as well as hepatocel-
lular damage with or without the presence of fibrosis [108].
Oxidative stress triggers necroinflammation in the liver and
contributes to the pathogenesis of NASH. ROS generated
during fatty acid metabolism in microsomes, peroxisomes,
and mitochondria are the main source of oxidative stress
[109].

Mitochondrial dysfunction and oxidative stress play an
important role in the pathogenesis of NAFLD, observed in
rodent models as well as in patients [110, 111]. Increased
serum oxidative markers such as thioredoxin, oxidized LDL,
and malondialdehyde have been reported in NASH patients.
Lipid accumulation within hepatocytes impairs oxidative
capacity of the mitochondria, stimulating peroxisomal, and
microsomal pathways of fat oxidation, which results in lipo-
toxicity. Oxidative stress then promotes apoptosis of hepatic
cells via ATP, NAD, and glutathione depletion, as well as by
DNA, lipid, and protein damage [112].

A few studies on the participation of ion channels in the
pathogenesis of NAFLD or NASH have been reported. Recent
investigations reported that cation channels may generate
calcium signals during endolysosomal fusion and vesicle
trafficking. Two-pore channels (TPCs) are cation-selective
intracellular ion channels, expressed mostly in the endosomal
system (TPCl) and on late endosomes and lysosomes (TPC2).
Activation of TPCs mediates calcium release from lysosomal
stores. TPC2 leads to traflicking defects, promoting hepatic
cholesterol accumulation, hyperlipoproteinaemia, and finally
NASH. Grimm et al. [113] explored the role of TPC2 in vitro
and in vivo. Embryonic mouse hepatocytes lacking TPC2
displayed a significant impairment of LDL-cholesterol and
EGF/EGF-receptor trafficking which can be attributed to
a dysfunction of the endolysosomal degradation pathway.
TPC2-deficient mice also presented cholesterol overload
and liver damage consistent with NAFLD. These results
suggest that TPC2 plays an important role in trafficking
in the endolysosomal degradation pathway of lipids and is
potentially involved in the homeostatic control of various
molecules.
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NAFLD and obesity are frequently associated between
them and are characterized by the formation of protein
inclusions and ubiquitinated proteins. Moreover, it has been
suggested that autophagy deregulation during obesity con-
tributes to protein inclusion and progression to fatty liver
pathologies, such as steatohepatitis and HCC. To elucidate
how lipotoxicity and obesity can affect autophagy, an in vitro
system in HepG2 cells was established. HepG2 cells cultured
with saturated fatty acid exhibited the accumulation of
ubiquitinated proteins in soluble inclusion bodies. Increased
cytosolic calcium levels in the hepatocytes were observed
in an obesity mouse model. The calcium channel blocker
verapamil was proven to restore autophagic flux and suppress
protein inclusions in both models. Verapamil also reduced
hepatic lipid droplet accumulation, insulin resistance, inflam-
mation, and steatohepatitis, which suggest that calcium
channel blockers can be used in NAFLD pathologies [114, 115].

5. Fibrosis

Hepatic fibrosis is characterized by the excessive genera-
tion and accumulation of extracellular matrix (ECM)
constituents, particularly collagen (types I and III) and
fibronectin. Liver fibrosis is a progressive pathology resulting
in cirrhosis [116] and ultimately contributes to the develop-
ment of hepatocellular carcinoma, a malignancy of global
importance with very poor prognosis [117]. A fundamental
cell event in this process is the activation of HSCs into
fibrogenic myofibroblast-like cells which is characterized
by the expression of alpha-smooth muscle actin (x-SMA)
[118]. Following hepatic injury, HSCs become activated by
cytokines and ROS released from KCs, causing HSCs to
proliferate, synthesize, and secrete ECM components (Fig-
ure 1) [119-121]. Liver fibrogenesis is strongly associated with
oxidative stress and it may be the liver disease most frequently
related with changes in ion channels. Several studies of ion
channels and liver fibrosis are next described.

5.1. Purinergic Receptors. Purinergic receptors have binding
sites for nucleotides like ATP and are divided into ligand-
gated (P2X) and G protein-coupled (P2Y) receptors [122,
123]. Diverse roles of the purinergic signals in the liver have
been described in recent years. For example, purinergic
receptors are involved in the proliferation [124] and glucose
secretion [125] of hepatocytes. They are also related to the
secretion [126, 127], proliferation [128], and mechanosensa-
tion [129] in cholangiocytes. The first evidence relating pur-
inergic receptor and fibrosis showed the presence of func-
tional P2Y2, P2Y4, and P2Y6 receptors in both quiescent and
activated HSCs [130]. Dranoft et al. [131] demonstrated that the
administration of pyridoxal-phosphate-6-azophenyl-2',4'-
disulfonate (PPADS), a synthetic inhibitor of P2Y receptors,
markedly inhibited carbon tetrachloride- (CCl,-) induced
liver fibrosis in rats [131].

One of the most studied channels described in liver fibro-
sis is P2X7 [132]. Increased mRNA and protein expression
of P2X7 was observed in CCl,-induced liver fibrosis in mice
compared with vehicle-treated mice. The competitive P2X7
receptor antagonist A438970 significantly attenuated the
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FIGURE 1: Participation of ion channels in HSCs activation during fibrogenesis. Ion channel upregulation including TRPM7, TRPV4, P2X,,
and ASICla has been reported during the activation of HSCs, which is a major event during fibrogenesis. Blocking these channels with
pyridoxal-phosphate-6-azophenyl-2',4 -disulfonate (PPADS), 2-aminoethoxydiphenyl borate (2-APB), and Gd**; ruthenium red (Ru); PcTX1
or A438970 reduces proliferation of HSCs and production of profibrotic markers (a-SMA, Collal), preventing the progression of fibrosis.

CCl,-induced necrosis, inflammatory infiltration, and cell
injury. The antagonist also reduced collagen accumulation
and the production of the proinflammatory mediators TNF-«
and IL-1f3; in addition it inhibited the activity of NF-«xB dur-
ing inflammation as well as protein expression of profibrotic
factors including a-SMA and TGF-f1 [117]. Das et al. [133]
demonstrated that mRNA expressions of a-SMA, collagen
type 1 alpha 1 (Collal), and TGF-f1 were significantly
decreased in P2X7 gene-deleted mice compared with wild
type mice, suggesting that P2X7 gene-deleted mice are pro-
tected from fibrosis. mRNA expression of P2X receptors in
human LX-2, hTERT, and FHI11 hepatic stellate cell lines has
also been demonstrated [134].

5.2. TRPM7 Channels. Transient receptor potential (TRP)
channels are a superfamily of cation channels that play critical
roles in detecting environmental changes and stimuli. The
TRP melastatin-like 7 (TRPM7) channel is selective mainly
for Ca®" and is involved in sustaining intracellular Ca*"
homeostasis. TRPM?7 transcripts are detected in the liver of
zebrafish larvae [135] and rat liver [136]. The rat embryonic
hepatocyte line RLC-18 expresses a TRPM7-like current sug-
gested to be associated with the proliferation and differenti-
ation of hepatocytes [137]. Likewise, TRPM7 is expressed in
HSCs and liver cells from a rat hepatic fibrosis model [138-
141]. It is also expressed in rat hepatocytes, the rat hepatoma
cells WIF-B cells, and a polarized cell line derived from
rat hepatoma-human skin fibroblast cross [139], as well as
in H4-IIE cells (rat hepatoma cell line) [140]. Particularly,
TRPM7 protein was elevated in fibrotic human liver tissues
compared with normal liver tissue and the upregulation of
the channel strongly correlated with the increasing levels of
a-SMA and Collal proteins. Additionally, cultured rat HSC-
T6 cells treated with TGF- 1 showed increased expression of

mRNA and protein levels in a time-dependent manner by
mechanisms related to the activation of the TGF-f1/Smad3
pathway. The elevated channel levels were correlated with
the increasing levels of a-SMA and Collal proteins [141].
Other studies demonstrated that rat primary HSCs displayed
increased TRPM?7 expression with different stimuli including
TGE-f1 or platelet-derived growth factor (PDGF-BB), which
are some of the main growth factors stimulating the pro-
liferation of cultured-activated HSCs. This cell proliferation
was decreased by the treatment with different TRPM7 non-
specific inhibitors such as 2-aminoethoxydiphenyl borate (2-
APB) and Gd*'. Both inhibitors were able to decrease cell
viability in a dose-dependent manner via the activation of
the apoptotic pathway [138, 142, 143] and decreased the
expression of a-SMA and collagen I. Indeed, the treatment
with 2-APB and Gd** inhibited TRPM?7 protein expression
[143]. It has been also suggested that silencing TRPM?7 in
the activated HSCs may promote collagen degradation by
increasing the levels of hepatic matrix metalloproteinases
(MMPs) such as MMP-13 and decreasing the levels of tissue
inhibitors of metalloproteinases (TIMPs) like TIMP-1 and
TIMP-2 expression [141].

5.3. TRPV4. Increased mRNA and protein levels of TRP
vanilloid 4 (TRPV4) have been detected in CCl,-treated rat
livers and in cultured rat HSC-T6 cells. Additionally, the
expression of a-SMAD and Collal were elevated according to
the progression of HSC-T6 cell activation and correlated with
the levels of TRPV4. The blockage of the channel with ruthe-
nium red (a nonspecific TRPV4 channel blocker) or TRPV4
silencing inhibited the proliferation of TGF-f1-treated HSC-
T6 cells and decreased profibrotic marker expression. The
TRPV4 expression was directly regulated by miR-203 in TGF-
Pl-induced HSCs. Interestingly, increased TRPV4 protein



expression was found in the liver tissues from liver fibrosis
patients compared to normal liver [144].

5.4. Large Conductance Ca®" and Voltage-Activated K* Chan-
nels. 'The large conductance Ca®" and voltage-activated K*
(K¢, 1.1, BK) channels are activated by membrane depolar-
ization and/or elevations in intracellular Ca** concentration.
They are expressed in almost every tissue in the body par-
ticipating in numerous cellular functions including the reg-
ulation of neurotransmitter release and neuronal excitabil-
ity, relaxation in smooth muscle cells, hormone release in
endocrine and exocrine cells, and blood pressure control
[145, 146]. Recently attention has been drawn to BK channels
as critical targets of oxidative stress which modifies the gating
properties of the channel and is associated with numerous
diseases [147], mainly those associated with vascular impair,
vascular relaxation, and restricted blood flow [148]. Con-
traction of smooth vascular cells is given by high elevations
of intracellular Ca®>* which makes the plasma membrane
permeable to K' ions by activating BK channels which
hyperpolarizes the membrane and causes relaxation [149].
The participation of BK channels has been studied in the
modulation of the intrahepatic vascular tone in normal and
cirrhotic livers using male Wistar rats exposed to CCL,.
Cirrhotic livers displayed increased activity of BK channels
and blockage of the channel increased the baseline portal
perfusion pressure in cirrhotic livers [150]. They also used
a vasoconstrictor compound (methoxamine) in combination
with a channel opener (NS1619) observing a decrease in the
baseline portal perfusion pressure in cirrhotic livers, which
indicates the participation of BK channels in the modulation
of the intrahepatic vascular tone in cirrhosis. Also, in normal
human livers, incubating HSCs with the vasodilator NO
(nitric oxide) increases the open probability of BK [I51].
ROS have been considered to inhibit vascular BK channels.
Tang et al. [152] have found that H,O, greatly inhibits BK
channels by oxidizing a single cysteine residue (Cys911) near
the intracellular Ca®* binding site (Ca** bowl) in the BK «
subunit, disrupting the Ca®'-dependent activation of the
channel. These channels have big amounts of cysteines and
methionines in their o and f subunits [32, 147]; oxidative
molecules could cause alterations in these amino acids and
therefore impair the channel activity causing important
pathophysiological alterations, as it has been seen in vascular
relaxation and blood pressure in different diseases.

5.5. Chloride Channels. Chloride channels are ubiquitously
expressed and are localized in the plasma membrane
and intracellular organelles. These channels participate in
cell volume regulation, maintain intracellular pH, and are
involved in transepithelial transport, cell cycle, and electri-
cal excitability [153]. Nonspecific chloride channel blockers
including 4,4’ -diisothiocyanatostilbene-2,2'-disulfonic acid
disodium salt hydrate (DIDS), 5-nitro-2-(3-phenylpropyl-
amino)benzoic acid (NPPB), and indanyloxyacetic acid
(IAA-94) prevented the increase of intracellular levels of
O, " and inhibited the activation of the HSC human cell line
LX-2, induced by the free radical. These findings suggest
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that the O, " radical may enter through chloride channels
producing the HSC activation which is critical to fibrosis
development [154]. Other authors, Hawkins et al. [155], have
demonstrated that O, " flux across the endothelial cell
plasma membrane of immortalized human pulmonary
microvascular endothelial cells (HPMVEC) occurs through
CIC-3 channels and induces intracellular Ca** release, which
activates mitochondrial O, " production. Also, studies in
erythrocytes [156] and amniotic cells [157] have provided
evidence for O, " transport through anion channels, which
could be effectively blocked by DIDS.

5.6. Acid-Sensing Ion Channels. The acid-sensing ion chan-
nels (ASICs) are members of the degenerin/epithelial Na*
channel superfamily, which are activated by extracellular
protons and induce an amiloride-sensitive cation current
(Na* > Ca®" > K") [158]. The ASICs family is composed of
mammals by four different genes encoding seven isoforms:
ASICla, ASICIb, ASICIb2, ASIC2a, ASIC2b, ASIC3, and
ASIC4 [159]. ASICla, which is also permeable to Ca**, may
play a role in liver fibrosis because the channel mediates
the activation of HSCs. ASICla is normally expressed in rat
liver tissue including primary HSCs, while protein levels
were significantly increased in liver fibrosis induced by CCl,
where the channel was mainly expressed in activated HSCs.
Furthermore, the protein levels of ASICla increased in a
dose- and time-dependent manner in PDGF-activated HSCs
while the blockade of ASICla by Psalmotoxin (PcTX1) or the
downregulation of the channel by si-RNA reduced the activa-
tion of HSCs through the mitogen-activated protein kinases
(MAPK) signaling pathway; also ASICla silencing inhibited
extracellular-signal-regulated kinases 1 and 2 (ERK1/2) and
c-Jun N-terminal kinases (JNK) activation [160].

6. Cancer

HCC represents 80% of primary liver cancers; the causes
leading to HCC include hepatitis B and hepatitis C virus
infection (HBV and HCV, resp.) alcoholism, NASH, and
aflatoxin B, dietary exposure. These factors produce chronic
inflammation with severe oxidative stress leading to fibrosis
and then cirrhotic livers; this is a common initial mechanism
for HCC [161, 162]. Several ion channels have been studied
in HCC. Below we summarize recent studies that associate
oxidative stress and ion channels in liver carcinogenesis.

6.1. K" Channels. Potassium channels play an important role
in various biological processes including cell proliferation,
apoptosis, cell volume regulation, and migration and angio-
genesis of a variety of carcinoma cells [43]. Different K chan-
nels have been reported to be involved in the pathogenesis
of HCC. The intermediate-conductance Ca®" activated K*
channel 3.1 (IKCal, K¢,3.1) is overexpressed in HCC tissue
[163]. Channel blockade with TRAM-34 inhibited HCC cell
proliferation in a time- and dose-dependent manner [163,
164]. TRAM-34 inhibited the activation of NF-xB [164] and
activated the MAPK signaling pathway in the SK-Hepl,
an invasive liver cell line. The activation of this pathway
is linked with the progression of malignant carcinomas
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[165]. K* channels control the membrane potential; thus
overexpression in malignant cells is correlated with the
progression of the cell cycle from Gl into the S phase, since a
transient hyperpolarization is required in this step of the cell
cycle. K¢,3.1 could maintain the hyperpolarized membrane
potential in cancer liver cells, which promotes Ca*" influx
and facilitation of mitogenic activation [166]. Astemizole, a
nonspecific inhibitor of K,10.1 and K, 11.1 potassium chan-
nels, significantly decreased cell proliferation and increased
apoptosis in vitro in the liver cancer cell lines HepG2 and
HuH7 [167]. In the same study, the authors observed that
astemizole clearly prevented HCC development in vivo.
Another recent finding [168] reported that several potassium
channels were overexpressed in the liver only in the presence
of the chemical carcinogen diethylnitrosamine; when the
carcinogen treatment finished, the channel mRNA levels
returned almost to normal values. The authors suggested that
some potassium channels may serve as carcinogen exposure
indicators and that gene expression of the Abcc3 transporter
may serve as a liver tumor marker.

6.2. Chloride Channels. In response to oxidative stress in
hepatocarcinoma, two types of chloride channels have been
studied, the volume-sensitive outwardly rectifying (VSOR)
Cl” channel and chloride intracellular channel 1 (CLIC1).
VSOR CI™ channels are ubiquitously expressed in various cell
types and are involved in cell volume regulation after osmotic
swelling (regulatory volume decrease, RVD); but they also
participate in cell proliferation and apoptosis [169]. In rat
hepatoma cells (HTC), H,O, enhances Src mediated PLCy1
phosphorylation, which subsequently increases intracellular
Ca®" levels that activate Ca®'-sensitive pathways causing
VSOR CI™ channel activation [170]; these channels are also
activated by H,O, in HeLa cells and in both cell lines par-
ticipate in cell volume regulation and cell proliferation [169].
Thus, activation of VSORs in HTC may provide advantages
in the progression of cancer, but further studies are needed to
elucidate the potential mechanisms involved. CLICI protein
has been found to be overexpressed in liver cancer tissues
compared to noncancerous liver tissue and significantly
correlated with tumor size, metastasis, and poor prognosis
[45]. CLICl is overexpressed and promotes cell proliferation,
migration, and invasion in the mouse hepatocarcinoma
ascites cell line Hca-F that has the potential to produce
lymphatic metastasis. In accordance, silencing CLIC1 gene
expression with shRNA inhibited cell proliferation, induced
apoptosis, and decreased migration and invasion [171]. One of
the possible mechanisms by which CLICI mediates invasion
is by regulating maspin (tumor suppressor), matrix metallo-
proteinases [172], annexin A7, and gelsolin [173].

6.3. T-Type Ca** Channels. Oxidative stress induces Ca*"
cytoplasmic increase via calcium influx through plasma
membrane channels or calcium release from the endoplasmic
reticulum, increasing calcium influx into the mitochondria
and nuclei, where different signaling pathways take place in
the presence of Ca** [174]. T-type calcium channels play
a role in cell cycle progression in different types of cancer

[70, 175, 176]. 'The expression of the three T-type calcium
channel subunits was observed in six HCC cell lines (HuH-
1, PLC/PRF5, SMMC7721, SNU182, SNU449, and SNUA475)
and in the cell line SNU449 T-type channel blockage with
mibefradil decreased cell proliferation [177].

6.4. P2Y Receptor. Extracellular nucleotides, such as ATP, are
released from cells in response to various stimuli, such as
shear stress, stretching, hypoxia, inflammation, osmotic
swelling, and cell death. In HCC cell lines, the levels of
P2Y2 receptor are enhanced compared with human normal
hepatocytes; these receptors are involved in ATP-induced
[Ca*"]; increase. Silencing P2Y2R expression inhibited ATP-
induced human HCC cell proliferation and migration, and,
in nude mice that were implanted with human HCC cells,
blocking P2Y2R inhibited cell growth [178].

6.5. Hepatitis C Virus. Hepatitis C virus (HCV) infection is
a major health problem worldwide; an estimated 130-170
million people of the world’s population are infected with
HCV [179]. Most of these individuals (around 80%) will
develop chronic liver disease predisposing them to fibrosis
and serious clinical outcomes such as cirrhosis and hepa-
tocellular carcinoma [180]. HCV is an enveloped positive-
single stranded RNA virus whose genome encodes a single
polyprotein that produces mature proteins in the host cell:
mature viral structural proteins (Core, El, E2, and possibly
p7) and nonstructural proteins (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) [181]. Chronic HCV infection is associated
with elevated levels of ROS and RNS leading to an overall
increase of oxidative stress within the liver of patients; this
redox perturbation has been recognized as a key player
in HCV-associated liver diseases. Ion channels have been
involved in the development of the redox state in hepatocytes
[182,183], but their role in hepatitis C virus infection remains
largely unstudied. However, some studies have reported
changes in ion channels in the presence of HCV.

6.6. K" Channels. Voltage-gated potassium channels are
essential for several cellular processes participating in pro-
liferation, migration, survival, and apoptosis [184, 185]. In
HCV-infected cells, the NS5A viral protein inhibits apoptosis
in response to oxidative stress by disrupting the function of
the K,2.1 channel [24]. In response to oxidative stress, mixed
lineage kinase 3 (MLK3) is activated leading to activation of
p38-MAPK that phosphorylates K,2.1 at a serine residue in
the cytoplasmic C terminus (S800), which is then trafficked
to the plasma membrane resulting in an outward K* current,
which is involved in causing apoptosis. NS5A inhibits MLK3
activation then preventing K,2.1 phosphorylation and chan-
nel activity in the plasma membrane and avoiding apoptosis
[186]. This is advantageous to the infected cells that are able
to avoid apoptosis induced by oxidative stress.

6.7. Chloride Channels. Activation of chloride channels is
required for the life cycle of HCV; blocking chloride chan-
nels inhibits HCV genome replication and reduces NS5A
expression [187]. This might occur because Cl™ channels are
responsible for endosome and lysosomal acidification [153],
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which is necessary to initiate entry fusion of HCV envelope
proteins to the membrane and viral genome release [188].
HCV induces ROS production in liver infected cells and
activation of chloride channels may take place to maintain
the oxidative state in the infected cells. It has been proposed
that when ROS are produced by the NAPDH oxidase, the
transfer electrons from the intracellular donor NADPH to
extracellular oxygen gives rise to an outward flow of negative
charges that depolarizes the plasma membrane in leukocytes.
To counteract the more negative potential, the activation of
chloride channels may take place modifying the membrane
potential and allowing an optimal ROS production [44, 189].
Thus, HCV-infected cells may balance the loss of negative
charges in the cell by activating chloride channels.

6.8. P2X Receptors. P2X receptors regulate proliferation and
glucose release in hepatocytes [125, 190]. Transcripts of P2X1,
P2X2, P2X3, P2X4, and P2X7 have been observed in rat liver
cells and rat hepatocytes [125]. Huh-7 cells transfected with
the HCV proteins E1E2 showed increased P2X4 gene expres-
sion in comparison with control Huh-7 cells [191]. P2X4 is one
of the most responsive subtypes of P2X receptors and may
participate in mediating glucose-release via glycogenolysis
(192].

7. Conclusions

Ion channels play an important role in cellular processes
associated with oxidative stress in health and disease. These
proteins are very important pharmacological targets for
several human pathologies. Therefore, more research on the
participation of ion channels in oxidative stress-associated
liver diseases should help to find new early-detection tools
as well as novel therapeutic strategies.
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Curcumin, an antioxidant compound found in Asian spices, was evaluated for its protective effects against ethanol-induced
hepatosteatosis, liver injury, antiatherogenic markers, and antioxidant status in rats fed with Lieber-deCarli low menhaden
(2.7% of total calories from w-3 polyunsaturated fatty acids (PUFA)) and Lieber-deCarli high menhaden (13.8% of total calories
from w-3 PUFA) alcohol-liquid (5%) diets supplemented with or without curcumin (150 mg/kg/day) for 8 weeks. Treatment
with curcumin protected against high w-3 PUFA and ethanol-induced hepatosteatosis and increase in liver injury markers,
alanine aminotransferase, and aspartate aminotransferase. Curcumin upregulated paraoxonase 1 (PONI) mRNA and caused
significant increase in serum PONI and homocysteine thiolactonase activities as compared to high w-3 PUFA and ethanol group.
Moreover, treatment with curcumin protected against ethanol-induced oxidative stress by increasing the antioxidant glutathione
and decreasing the lipid peroxidation adduct 4-hydroxynonenal. These results strongly suggest that chronic ethanol in combination
with high w-3 PUFA exacerbated hepatosteatosis and liver injury and adversely decreases antiatherogenic markers due to increased
oxidative stress and depletion of glutathione. Curcumin supplementation significantly prevented these deleterious actions of
chronic ethanol and high w-3 PUFA. Therefore, we conclude that curcumin may have therapeutic potential to protect against

chronic alcohol-induced liver injury and atherosclerosis.

1. Introduction

Chronic alcohol consumption leads to alcoholic hepato-
steatosis and consequently to inflammation, necrosis, fibro-
sis, and finally cirrhosis that afflicts millions worldwide and
is one of the major causes of mortality in developed countries
[1]. Liver alcohol dehydrogenase is primarily responsible for
the oxidation of ethanol to acetaldehyde as well as hydroxyl
radicals leading to the generation of reactive oxygen species
(ROS). In addition, chronic ethanol-induced cytochrome
P4502E1 (CYP2EI) mediated oxidation of ethanol also pro-
duces a state of oxidative stress by generating ROS within
the cells including the «,8-unsaturated aldehyde, 4-hydroxy-
2-nonenal (4-HNE) that may be more harmful than ROS
because it has a longer half-life and can easily diffuse into

cellular membranes [2]. The 4-HNE, in turn, is likely to play a
major role for the progression of alcoholic fatty liver and liver
disease. Whereas high w-3 PUFA fish oil diet (~14% of dietary
calories from w-3 PUFA) causes severe hepatosteatosis liver
injury [3], we showed that w-3 PUFA fish oil diet (~2.7% of
dietary calories from w-3 PUFA) had protective effects [4].
Excess of ROS in alcoholics causes increased low density
lipoproteins (LDL) oxidation that is avidly scavenged by
macrophages leading to their transformation to foam cells
that are atherogenic. Further, oxidized LDL is capable of stim-
ulating endothelial cells to express adhesion molecules, which
attract excess of foamy macrophages under the subendothe-
lial layer, thereby promoting the seeding process of plaque
formation. Incidence of atherosclerosis is high in chronic
alcoholics due to higher level of ROS [5], homocysteine,
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and homocysteine thiolactone (HTL) [6]. Antiatherogenic
enzyme, paraoxonase 1 (PONI1), is predominantly synthe-
sized in the liver and secreted into circulation, where it
avidly binds and becomes an integral part of high density
lipoproteins (HDL) [7]. Antiatherosclerotic role of PONI
is to inhibit the oxidation of LDL as well as to inactivate
oxidized lipid molecules by hydrolyzing cholesteryl linoleate
hydroxide (CL-OH) and cholesteryl linoleate hydroperoxide
(CL-OOH) groups by its esterase activity, thus facilitating
reverse cholesterol transport (RCT) from macrophages to
the liver for degradation [8, 9]. Other crucial function of
PONI is to hydrolyze highly toxic homocysteine thiolactone
ultimately to methionine by methionine synthase pathway
(10, 11].

A number of etiological agents of liver disease such as
smoking, alcohol, high fat and high cholesterol, high polyun-
saturated fatty acids (PUFA), lipopolysaccharide (LPS), iron,
homocysteine, and HTL, ROS, and PONI gene polymor-
phism adversely affect PONI activity leading to cardiovas-
cular disease (CVD) [11-18]. Selective antioxidants such
as quercetin, pomegranate juice, vitamin C and folic acid,
vitamins C and E, resveratrol, and betaine have been shown
to protect against CVD by restoring PON activity [11, 19-24].

Curcumin (diferuloylmethane), a derivative of the spice
turmeric (Curcuma longa), has been used in traditional
medicine for thousands of years [25]. It is known for its
use in wound healing [26] and also as an antibacterial,
antiviral, and antifungal agent [27]. Curcumin also has
antioxidant and anti-inflammatory properties and prevents
alcohol- or carbon tetrachloride-induced liver injury by
inhibiting the activation of NF«B signaling cascade, and the
subsequent induction of proinflammatory cytokines, as well
as chemokines, cyclooxygenase-2 (COX-2), and inducible
nitric oxide synthase (iNOS) in Kupffer cells [28, 29]. A
number of studies have shown that curcumin can reduce lipid
peroxidation and liver and serum cholesterol in several liver
injury models [30-32].

Therefore, in this present study, we have addressed for
the first time the concerted protective role played by dietary
curcumin on chronic ethanol and PUFA mediated adverse
effects on hepatic liver injury due to oxidative stress as
evidenced by alterations in liver (i) ROS, (ii) endogenous
antioxidant, and reduced glutathione (GSH), as well as (iii)
hepatic lipid score. In addition, we also evaluated the possible
protective action of curcumin on the antiatherogenic gene,
PONI1/HTLase, as well as on plasma and liver lipids.

2. Materials and Methods

2.1. Animals. Female Wistar-Furth rats weighing between 130
and 150 g were purchased from Charles River Laboratories,
Inc. (Wilmington, MA). Female animals were chosen because
they are known to show more severe alcohol-induced liver
injury than males [33-35]. They were housed in pairs per cage
in plastic cages (40 x 24 x 18 cm), in a temperature-controlled
room at 25°C with 12-hour light : dark cycle. All rats were fed
a pelleted commercial diet (Purina Rodent Chow, #500, TMI
Nutrition, St. Louis, MO) during the first week of acclimation
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TaBLE 1: Composition of various experimental diets, total fat, w-3
PUFA, and ethanol.

As percent of total calories

Dietary groups (n = 4)
Total Fat Ethanol Protein Carbohydrate

Low w-3 PUFA control

35" 0 18 47
(LFO)
Low w-3 PUFA + X

35 36 18 11
ethanol (LFOE)
Low w-3 RUFA + ethanol 35" 36 18 n
+ curcumin (LFOEC)
High w-3 PUFA control 35t 0 18 47
(HFO)
High w-3 PUFA + :

35 36 18 11
ethanol (HFOE)
High w-3 PUFA +
ethanol + curcumin 35 36 18 1
(HFOEC)

*2.7% of total calories came from w-3 PUFA; 713.8% of total calories came
from w-3 PUFA.

TaBLE 2: Composition of various diets according to individual
ingredients.

iet ingredi C ition, L
Diet ingredient omposition, grams/

LFO LFOE HFO HFOE
Casein 414 41.4 414 41.4
L-Cysteine 0.5 0.5 0.5 0.5
DL-Methionine 0.3 0.3 0.3 0.3
Menhaden oil 8.5 8.5 39.6 39.6
Olive oil 28.4 28.4 0 0
Safflower oil 2.7 2.7 0 0
Maltose dextrin 115.2 25.6 115.2 25.6
Cellulose 10 10 10 10
Mineral mix 8.75 8.75 8.75 8.75
Vitamin mix 2.5 2.5 2.5 2.5
Choline bitartrate 0.53 0.53 0.53 0.53
Xanthan gum 3 3 3 3

period after arrival. They were then divided randomly into the
following low w-3 PUFA (LFO) and high w-3 PUFA (HFO)
groups as depicted in Table 1. Each of the LFO (n = 12) and
HFO (n = 12) groups were further subdivided separately
into three groups of 4 each: LFO or HFO (controls), LFO or
HFO plus ethanol (LFOE or HFOE, 35% of dietary calories
derived from ethanol), and LFOE or HFOE supplemented
with curcumin 150 mg/day/kg [36] body weight (LFOEC or
HFOEC). All LFO and HFO diets were made isoenergetic
by substituting ethanol calories with dextrin-maltose and all
these groups were pair-fed for 8 weeks. The composition of
each diet (Dyets Inc., Bethlehem, PA) according to individual
ingredients is described in Table 2.

2.2. Lipid Analysis. Blood samples were collected and cen-
trifuged at 3100 rpm (Beckman J6M) for 10 min at 4°C.
Separated serum, plasma, and liver samples were frozen at
—80°C until assayed. Liver lipids were extracted as previously
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described [37]. Both plasma and liver lipids were determined
using enzymatic reagents as described by the manufacturer
(Teco Diagnostics, Anaheim, CA).

2.3. Quantification of Hepatosteatosis by Oil Red O. Livers
from various experimental groups were cut into small pieces
and washed immediately with ice cold PBS and mounted on
optimum cutting temperature (OCT) embedding compound
in peel-a-way embedding molds (Electron Microscope Sci-
ences, Hatfield, PA). Liver tissues were cryosectioned and
stained with oil red O to measure accumulation of lipid using
an automated histometric system (Image-Pro Plus 6.1, Media
Cybernetics, Bethesda, MD) as described previously [11]. The
data are expressed as average oil red O percentage area of lipid
staining. Values are means + SEM.

2.4. 4-Hydroxynonenal (4-HNE) Staining of Liver Sections.
Liver tissue sections were dewaxed in xylene and rehydrated
and antigen was retrieved in heat incubated citrate buffer for
3 minutes. After washing in Tris buffered saline (TBS/T) con-
taining Tween 20 (0.1%), sections were incubated overnight
at 4°C in primary antibody raised in goat against 4-HNE
(Millipore Incorporation, MA, USA) that was diluted to
1:100 in CAS-Block (Life Technologies Grand Island, NY)
reagent. After an hour of secondary antibody incubation,
a DAB Plus Substrate kit (Life Technologies) was used as
the chromogen, and then slides were counterstained with
hematoxylin. Intensity of 4-HNE-positive brown colored area
was detected under optical microscopy (Observer Z1, Carl
Zeiss Microimaging, Inc., Thornwood, NY) and % of brown
pixels were calculated using AxioVision Rel.4.8.2 software in
4 randomly selected microscopic fields (magnification 40x)
per section of all groups (n = 4).

2.5. Serum Biomarkers of Liver Injury. Leakage of liver
transaminases into the blood compartment was assessed by
measuring serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) in each animal from the var-
ious experimental groups using commercial kits according
to manufacturer’s instructions (Teco Diagnostics, Anaheim,
CA). Mean serum ALT and AST activity in each group are
expressed as international units per liter (IU/L) + SEM.

2.6. RNA Isolation and Real-Time PCR. The total RNA was
isolated from each liver using the Tri-Reagent (Molecular
Research Center, Cincinnati, OH) as per manufacturer’s
instructions. Isolated total RNA was reverse transcribed by in
vitro transcription as described by the manufacturer (Invit-
rogen, Carlsbad, CA). Quantitative real-time PCR was per-
formed using a Bio-Rad iCycler using the SYBR green PCR
mix (Bio-Rad, Hercules, CA). To amplify the coding region
of PONI and S-actin, we used gene-specific primers for rat
PONI forward primer 5'-TGCTGGCTCACAAGATTCAC-
3" and reverse primer 5-TTCCTTTGTACACAGCAGCG-
3" and B-actin (forward: 5'-GTCAGGTCACTATCGGC-3';
reverse: 5'-CATGGATGCCACAGGATTCC-3'). Data were
normalized to $-actin and then quantified.

2.7. Serum PONI and HTLase Activity Measurement. Serum
PONI enzyme activity was determined with paraoxon
(Sigma-Aldrich Inc., St. Louis, MO) as the substrate. PON1
activity was measured as described by us previously [11, 13].
One unit of international enzyme activity is equal to 1 nmol of
paraoxon hydrolyzed per min per mL serum. PONI1 activity
in each experimental group was expressed as percent of the
activity in the corresponding control group.

Serum HTLase activity was measured using 10 mM y-
thiobutyrolactone (Sigma Inc.) as the substrate [11, 38] and
Ellman’s procedure to monitor the accumulation of free
sulthydryl groups via coupling with 1mM 5,5 -dithiobis(2-
nitrobenzoic acid). The assay conditions were the same as
for PONI assay above and the rate of y-thiobutyrolactone
hydrolysis was expressed as nmoles per mL per min.

2.8. Liver Reduced Glutathione (GSH) Measurement. 1g of
tissue was weighed and washed with ice cold saline and
homogenized in 10mL of ice cold homogenizing buffer
(10 mM Tris-HCI, pH 7.2; 250 mM Sucrose; 1mM EDTA)
containing 2x protease inhibitor cocktail. Reduced GSH was
quantified according to manufacturer’s instructions (Sigma
Inc.).

2.9. Statistical Analysis. All data are presented as means +
standard error of the mean (SEM). The data were analyzed
as one-way ANOVA. This design was selected rather than the
3-way factorial design in order to save unnecessary animals
in the curcumin treatment control groups. Pairwise compar-
isons and linear contrasts were not made where the overall
ANOVA p value exceeded 0.05. In order to protect against
inflation of the type 1 error rate, a Bonferroni adjustment
(SAS Institute Inc., Cary, NC, USA) was made to the critical
alpha value that was selected by dividing the 0.05 alpha by
the number of preplanned comparisons. A p value that was <
0.05 was considered significant.

3. Results

3.1. Influence of Chronic Ethanol, Low w-3 PUFA, High w-3
PUFA, and Curcumin on Growth Pattern and Hepatosomatic
Index in Various Experimental Groups. As shown in Table 3,
animals from all experimental groups grew normally with
significant gain in body weights, although the gains in the
mean body weight in the ethanol fed groups were not as
significant as in the corresponding control groups even when
supplemented with curcumin. The mean liver weight relative
to the mean body weight (hepatosomatic index) increased
significantly by 23% (p < 0.0001), in the high HFOE group
but not in the LFOE group.

3.2. Influence of Chronic Ethanol, Low w-3 PUFA, High w-
3 PUFA, and Curcumin on the Status of Plasma and Liver
Lipids. Table 4 shows that plasma triglycerides, VLDL-C,
LDL-C, HDL-C, and total cholesterol were insignificantly
altered in rats fed low PUFA alcohol group compared to
control low PUFA group. LFOEC group showed significantly
lowered plasma triglycerides compared to the LFOE group
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TaBLE 3: Effect of ethanol and curcumin in low and high w-3 PUFA on liver weight to body weight ratio.
?ietai‘)y 8TOUPS  Tnitial body weight (g) ~ Final body weight (g)  Body weight gain (g) ~ Final liver weight (g) ~Hepatosomatic index
n=
LFO 130.1+ 3.9 244.5+59 114.4 + 6.2 78 £0.4 3.2+0.16
LFOE 160 + 4.8 233.4 +4.8 73.4 +4.8" 75+0.3 3.2+0.20
LFOEC 156.5 + 3.4 209.0 + 4.4 53+ 41" 6.6+0.7" 3.0 £0.24
HFO 159.4 +2.9 268.2 +£7.3 108.8 + 4.3° 8.4+0.2 31+0.18
HFOE 1783 + 4.2 2283+ 6.7 50.3 +4.6" 8.8+0.3" 3.8+0.21"
HFOEC 1574 +3.3 216.5 + 0.6 59 + 2.8 772+ 0.17 3.6 +0.26"

Values are means + SEM. Means in a column with different superscripts differ significantly (p < 0.05) as calculated by t-test with Bonferroni correction.
*p < 0.0001, compared to corresponding LFO or HFO groups; T p < 0.0001, compared to the corresponding LFOE or HFOE groups; * p < 0.0001 compared
to HFO; *p < 0.02 compared to LFO. Hepatosomatic index = (Liver weight x 100)/body weight.

TaBLE 4: Effect of Chronic ethanol and curcumin on blood and livers lipids of rats fed low and high w-3 PUFA diets.

Groups 7 = 4 Plasma (mg/dL) Liver (mg/100 g)
Triglycerides VLDL-C LDL-C HDL-C Total-C Triglycerides Total-C
LFO 83+55 17+1.8 24 +2 2643 66+ 8 132 £16 56 + 6
LFOE 75+ 4.5" 15+17 20+ 4 25+6 60 +6 146 + 14 165 + 8*
LFOEC 64+ 5" 13+0.9 15+3 20+5 48+ 7™ 17 +12 17 +12™
HFO 104 + 8" 21+13" 6+0.6" 14 + 2™ 407" 549 + 42° 201 +8.0™
HFOE 74 + 6.3 15+ 1.5* 11+ 0.8 21 + 4% 4749 734 + 49* 393 + 53
HFOEC 86 + 7" 17 + 2.0 10 + 0.7 14+2 40+7 633 + 55 217 +5.0™

Values are means + SEM. Means in a column with different superscripts differ significantly (p < 0.05) as calculated by ¢-test with Bonferroni correction. *p <
0.05, compared to LFO; " p < 0.05, compared to the corresponding LFOE; * p < 0.05 compared to the corresponding HFO.

(p < 0.002); however plasma triglycerides significantly
increased in HFOEC group compared to HFOE group (p <
0.04). HFOE group had significantly lower VLDL-C com-
pared to HFO group (p < 0.0001). There was a tendency
for plasma LDL-C, HDL-C, and total cholesterol to increase
in HFOE group compared to HFOEC group, although the
results were not statistically significant. Compared to respec-
tive control groups, both LFOE (p < 0.0001) and HFOE
(p < 0.0005) groups exhibited significant increase in both
liver triglycerides and cholesterol. Both liver triglycerides and
cholesterol were significantly lower in LFOEC and HFOEC
groups compared to the corresponding LFOE (p < 0.0001,
p < 0.0001) and HFOE (p < 0.0001, p < 0.0001) groups,
respectively.

3.3. Influence of Chronic Ethanol, Low w-3 PUFA, High
w-3 PUFA, and Curcumin on Hepatosteatosis. As shown in
Figures 1(a) and 1(b), histochemistry of oil red O stained
liver sections of low w-3 PUFA ethanol fed rats showed no
significant changes of fat deposition compared to control.
Ethanol significantly increased hepatosteatosis in rats fed
high w-3 PUFA compared to other groups (p < 0.0001).
Curcumin significantly reduced hepatosteatosis in HFOEC
group compared to HFOE group (p < 0.002).

3.4. Influence of Chronic Ethanol, Low w-3 PUFA, High w-3
PUFA, and Curcumin on Liver Injury. As shown in Figures
2(a) and 2(b), serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) did not alter significantly

between LFO and HFO groups. However, while serum AST
and ALT increased significantly by 28% (p < 0.008) and 40%
(p < 0.008), respectively, in LFOE group compared to LFO
group, these markers were significantly restored to the level
of LFO group by curcumin supplementation (p < 0.0002).
Furthermore, serum ALT and AST increased dramatically by
60% (p < 0.0001) and by 50% (p < 0.0001), respectively,
in HFOE compared to the HFO group. Curcumin feeding
significantly blocked these dramatic increases in serum ALT
and AST as compared to HFOE group (p < 0.0001).

3.5. Influence of Chronic Ethanol, Low w-3 PUFA, High w-3
PUFA, and Curcumin on Liver PONI mRNA Expression.
As shown in Figure 3, liver PON1 mRNA expression was
decreased by 23% (p < 0.01) in the high w-3 PUFA-fed
group compared to the low w-3 PUFA group. Chronic ethanol
feeding decreased liver PON1 mRNA expression by 25%
(p < 0.001) and 30% (p < 0.01) in both low and high
w-3 PUFA groups, respectively, compared to low w-3 PUFA
group. Curcumin significantly increased liver PON1 mRNA
expression in high PUFA alcohol group (p < 0.04) but
insignificantly increased PON1 mRNA in low PUFA alcohol
groups.

3.6. Influence of Chronic Alcohol, Low w-3 PUFA, High w-3
PUFA, and Curcumin on Serum PONI and HTLase Activity.
As shown in Figure 4, high w-3 PUFA significantly decreased
serum PONI activity (Figure 4(a)) by 20% (p < 0.003)
and HTLase activity (Figure 4(b)) by 28% (p < 0.0001,
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FIGURE 1: Histopathology of rat liver specimens and lipid deposits in the study groups. Cryosections of tissues were prepared as described in
Section 2. Sections were stained with oil red O and counterstained with hematoxylin. (a) Representative 20x photomicrograph from the var-
ious groups. (b) Quantification of oil droplets in oil red O stained sections as determined by the Image-Pro Plus version 6.1 method. The data
are expressed as average oil red O percentage area of lipid staining. Values are means + SEM. Statistical significance of variance was calculated
using t-test with Bonferroni correction; * p < 0.0001 compared to all groups except HFOEC group; " p < 0.002 compared to HFOE group.

Figure 4(b)) compared to low w-3 PUFA. Correspondingly,
serum PONI activity (Figure 4(a)) decreased by 23% (p <
0.05) in LFOE group and 58% (p < 0.0001) in HFOE
group while serum HTLase activity (Figure 4(b)) decreased
by 25% (p < 0.0001) and 59% (p < 0.0001) in the low
and high w-3 PUFA alcohol groups, respectively. Curcumin
moderately stimulated serum PONI activity by 15% (p <
0.05) (Figure 4(a)) in the high w-3 PUFA alcohol group
compared to HFOE group while it had no effect as compared
to the LFOE group. Curcumin caused similar changes in
serum HTLase activity only in the high w-3 PUFA ethanol

group.

3.7 Influence of Chronic Ethanol, PUFA, and Curcumin on
Liver GSH. As shown in Figure 5, there was no significant
difference in the liver GSH levels in low or high w-3 PUFA
fed groups. However, chronic ethanol significantly decreased
liver GSH levels by 27% (p < 0.0001) in low w-3 PUFA group
and by 38% (p < 0.005) in high w-3 PUFA group. Curcumin

restored liver GSH levels in both low and high w-3 PUFA
alcohol groups nearly to the control level (p < 0.05).

3.8. Influence of Chronic Ethanol, PUFA, and Curcumin on
Lipid Peroxidation. To determine if the treatment with cur-
cumin may have protected livers from the onset of alcohol-
induced hepatitis, we determined levels of 4-HNE protein
adduct which is an indicator of lipid peroxidation. Figure 6
shows the staining of 4-HNE protein adducts was found to
be significantly elevated in livers of LFOE (Figure 6(b)) and
HFO (Figure 6(d)) and HFOE (Figure 6(e)) as compared to
LFO (Figure 6(a)) group (p < 0.0001). Curcumin feeding
significantly lowered levels of 4-HNE protein adducts in both
LFOEC (Figure 6(c)) and HFOEC (Figure 6(f)) as compared
to LFOE and HFOE groups (p < 0.001), respectively.

4. Discussion

This study clearly demonstrates the ability of dietary curcu-
min to significantly attenuate chronic ethanol and w-3 PUFA
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FIGURE 2: Influence of chronic ethanol, w-3 PUFA, and curcumin on serum ALT and AST in rats fed low and high w-3 PUFA diets. The
animals in the indicated groups (n = 4) were pair-fed their respective Lieber-DeCarli alcohol containing liquid diets supplemented with the
indicated concentration of curcumin for 8 weeks after which the animals were killed and each serum sample was analyzed. (a) ALT and (b)
AST levels of these liver markers were measured as described in Section 2. The relative ALT and AST activities in the various experimental
groups are expressed as international units per liter. The data are Means + SEM. Statistical significance of variance was calculated using ¢-test
with Bonferroni correction; *p < 0.008 compared to LFO group; "p < 0.0002 compared to the corresponding LFOE group; *p < 0.0001
compared to HFO group; * p < 0.0001 compared to HFOE group.
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FIGURE 3: Effect of chronic ethanol and curcumin onPON1 mRNA expression in livers of rats fed low and high w-3 PUFA diets. The animals
in the indicated groups (n = 4) were pair-fed their respective Lieber-DeCarli control or alcohol containing liquid diets for 8 weeks after which
the animals were killed and each liver was analyzed for PON1 mRNA as described in Section 2. The relative expression of PON1 mRNA in
the HFO group is expressed as percent of the corresponding values in the LFO group. The data are Means + SEM. Statistical significance of
variance was calculated using ¢-test with Bonferroni correction; * p < 0.0001 compared to LFO group; ' p < 0.04 compared to HFOE group.
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FIGURE 4: Influence of chronic ethanol and curcumin on serum PONI and homocysteine thiolactonase activities were measured in rats fed
low and high w-3 PUFA diets. The animals in the indicated groups (n = 4) were pair-fed their respective Lieber-DeCarli alcohol containing
liquid diets supplemented with the indicated concentration of the curcumin for 8 weeks after which the animals were killed and serum sample
was analyzed. (a) Serum PONI activity measured using paraoxon as substrate. (b) Serum homocysteine thiolactonase activity was measured
using y-thiobutyrolactone as substrate. Enzyme activities in the various experimental groups are expressed as percent of the corresponding
values in the LFO group. The data are Means + SEM. Statistical significance of variance was calculated using ¢-test with Bonferroni correction;
* p < 0.0001 compared to LFO group; ' p < 0.0001 compared to LFO group; *p < 0.05 compared HFOE group.
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FIGURE 5: Influence of chronic ethanol, w-3 PUFA, and curcumin on liver GSH level in rats fed low and high w-3 PUFA diets. The animals in
the indicated groups (1 = 4) were pair-fed their respective Lieber-DeCarli alcohol containing liquid diets supplemented with the indicated
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asdescribed in Section 2. The data are Means + SEM. Statistical significance of variance was calculated using t-test with Bonferroni correction;
*p < 0.0001 compared to corresponding LEO or HFO group; ' p < 0.005 compared to the corresponding LEOE or HFOE group.

mediated hepatomegaly (Table 3), hyperlipidemia (Table 4),
hepatosteatosis (Figure 1), steatohepatitis (Figure 2), and
antiatherogenic markers. Furthermore, the protective prop-
erties of curcumin were associated with its antioxidant
actions. This was assessed by biochemical and histological
methods.

Consistent with numerous alcohol feeding studies, the
present study confirms that alcohol-fed animals do not seem
to gain as much weight as the control animals in spite of pair-
feeding leading to increased hepatosomatic index (Table 3).
Strikingly, curcumin feeding seems to further reduce the
gain in body weight resulting in greater increase in the
hepatosomatic index in both a low and a high PUFA alcohol
diet, showing its ameliorative effects on hepatomegaly. These
results may be related in part to the ability of curcumin to
suppress adipogenesis.

The significant decreases in plasma triglycerides in
LFOEC group compared to LFOE group (Table 4) could be
explained due to the potential inhibitory action of curcumin
on hepatic triglyceride and VLDL synthesis. This is reflected
in significant decreases in plasma VLDL-C and total choles-
terol. The present work clearly shows that feeding a high
PUFA alcohol diet increased hepatosteatosis (measured with
oil red O staining) and liver triglycerides and total cholesterol
(Table 4), whereas curcumin feeding significantly prevented
these effects on the hepatosteatotic action of chronic ethanol.
These results are in accord with the effects of curcumin in
ob/ob male mice fed high fat diet [39].

Levels of ALT and AST were increased in animals fed
with high PUFA alcohol (Figure 2), indicating hepatocellular
injury and dysfunction. It must be pointed out that the gross
liver appearance and liver histopathology as well as ALT
and AST data show that the liver injury caused by chronic
ethanol is markedly alleviated by curcumin feeding in high
w-3 fatty acid fed animals. Supporting our observations,
curcumin has been shown to decrease hepatocellular injury
and dysfunction in other hepatic injury models such as
carbon tetrachloride [27, 36, 40], LPS/D-glucosamine [41],
and methionine/choline deficiency [42].

Our present study clearly shows that feeding both low
and high w-3 PUFA significantly downregulates the gene
expression and activity of the multifunctional antioxidant
enzyme PONI in both total liver and serum (Figure 3).

These results are consistent with our previous study [11]
and with those of Kudchodkar et al. [43]. Since chronic
ethanol-induced cytochrome P4502E1 (Cyp2El) exacerbates
the accelerated generation of ROS in the presence of high
w-3 PUFA, it is reasonable that this increased ROS may be
responsible for these deleterious effects on PONI status that
is vulnerable to oxidative stress. The ability of curcumin to
partially restore chronic ethanol and w-3 PUFA-mediated
downregulation of serum PONI activity and also PONI
mRNA in the liver as well as liver HTLase activity supports
its antiatherogenic role of this antioxidant enzyme. Beneficial
effects of other antioxidants such as pomegranate [44],
vitamins C and E [22], and catechin [45] on serum PONI
activity are known. However, to our knowledge, this is the
first time the protective effect of curcumin on chronic ethanol
in combination with high w-3 PUFA mediated decrease in
serum PONI activity has been demonstrated. Since serum
PONI is an integral component of serum HDL-C there is
a direct positive correlation between serum HDL-C and
serum PONI level. Therefore, the inability of curcumin to
completely restore serum PONI and HTLase activities in
HFOEC group to their corresponding levels in HFO group
may be due to the fact that curcumin also independently
lowers plasma HDL-C (Table 4). It is well known that, apart
from plasma HDL, PONI is the only other most important
antiatherogenic marker because of its ability to not only
prevent LDL oxidation, but also destroy the other atherogenic
molecule, homocysteine [6-9, 13-20].

The above antihepatosteatotic and antiatherogenic effects
of curcumin are accompanied by reciprocal restoration of
severely depleted liver GSH level and a reduction of 4-HNE
lipid peroxidation product in chronic ethanol-fed group.
These results are consistent with previous reports [27, 40]
indicating that curcumin acts as an antioxidant. Our data are
also consistent with previous studies, which demonstrated
that curcumin induced de novo synthesis of GSH [46, 47].
These results strongly suggest the antioxidant capacity of
curcumin in nullifying ethanol-induced ROS generation.

5. Conclusion

In conclusion, we have demonstrated that dietary curcumin
not only effectively protects against the deleterious effects
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FIGURE 6: Effect of chronic alcohol, w-3 PUFA, and curcumin on 4-HNE protein adducts levels (x200) in liver samples of various groups.
The animals in the indicated groups (n = 4) were pair-fed their respective Lieber-DeCarli alcohol containing liquid diets supplemented with
the indicated concentration of curcumin for 8 weeks after which the animals were killed and each rat liver sample was paraffin sectioned
and stained with 4-HNE specific antibody. (1) Representative photomicrographs of immunohistochemically stained 4-HNE protein adducts
(scale bars: 200 ym) in liver sections of following groups shown in (a) LFO; (b) LFOE; (c) LFOEC; (d) HFO; (e) HFOE; and (f) HFOEC
and (g). Bar graph shows the % of pixel values of brown color representing 4-HNE specific antibody reactivity from four randomly selected
regions per section of each group (n = 4) measured using AxioVision Rel.4.8.2 software. The data are Means + SEM. Statistical significance
of variance was calculated using ¢-test with Bonferroni correction; *p < 0.0001 compared to all groups except HFOEC group; 'p < 0.001

compared to HFOE group.

of chronic ethanol in combination with high PUFA on
liver injury, but also favorably improves the antiatherogenic
markers such as PON1/HTLase and GSH. These findings
raise the possibilities that consuming traditional natural
antioxidants compounds like curcumin may benefit health by
modulating the lipid metabolism in alleviating hepatosteato-
sis and suppressing atherogenesis.
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Introduction. Ischemia/reperfusion (IR) injury, often associated with liver surgery, is an unresolved problem in the clinical practice.
Spironolactone is an antagonist of aldosterone that has shown benefits over IR injury in several tissues, but its effects in hepatic
IR are unknown. Objective. To evaluate the effect of spironolactone on IR-induced damage in liver. Materials and Methods. Total
hepatic ischemia was induced in rats for 20 min followed by 60 min of reperfusion. Spironolactone was administered and hepatic
injury, cytokine production, and oxidative stress were assessed. Results. After IR, increased transaminases levels and widespread
acute inflammatory infiltrate, disorganization of hepatic hemorrhage trabeculae, and presence of apoptotic bodies were observed.
Administration of SPI reduced biochemical and histological parameters of liver injury. SPI treatment increased IL-6 levels when
compared with IR group but did not modify either IL-1/3 or TNF-« with respect to IR group. Regarding oxidative stress, increased
levels of catalase activity were recorded in IR + SPI group in comparison with group without treatment, whereas MDA levels were
similar in IR + SPI and IR groups. Conclusions. Spironolactone reduced the liver damage induced by IR, and this was associated
with an increase in IL-6 production and catalase activity.

1. Introduction

Clamping of the hepatic pedicle during resection of liver
tumors or liver transplantation is often unavoidable, and
during these conditions hepatic ischemia/reperfusion (IR)
injury may occur. IR injury is the main cause of primary graft
dysfunction or nonfunction after liver transplantation. In
addition, the liver suffers from warm IR injury during tissue

resections (Pringle Maneuver), hemorrhagic or endotoxin
shock, and thermal injury [1]. Hepatic IR involves a complex
series of processes that comprises microcirculatory failure,
followed by necrosis and cell death [2]. The destructive effects
of IR are in part triggered by the acute generation of reactive
oxygen species following reoxygenation, which causes direct
tissue injury and initiates a chain of deleterious cellular
responses leading to inflammation and cell death, which
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eventually culminate in target organ failure [3]. Current
strategies for the treatment of liver IR injury are either
preventive [4] or pharmacological [5]. Pharmacological mod-
ulation may have a more universal application; however,
several therapeutic formulations have been studied and none
has been fully successful in preventing mortality associated
with liver IR [6, 7]. Thus, the development of new strategies
for prevention and treatment of liver damage due to IR
is critical to improving outcomes for patients under such
conditions.

Recent studies in humans and experimental models
have shown that aldosterone plays a pivotal role in the
pathophysiology of cardiovascular and renal injury. In this
regard, clinical trials have evidenced that mineralocorticoid
receptor (MR) blockade improves the survival of patients
with chronic heart disease and chronic renal failure [8-
11]. The protective effect of MR blockade is associated with
decreased fibrosis and vascular inflammation, suggesting that
aldosterone is a profibrotic hormone [12, 13]. Spironolactone
(SPI) is a synthetic 17-lactone steroid, which is a competitive
aldosterone antagonist in a class of pharmaceuticals called
potassium-sparing diuretics. SPI is considered fourth line
therapy for hypertension in patients already treated with
multiple medications [14, 15]. Antagonists of aldosterone have
shown beneficial effects in IR experimental models in retina
[16], intestine [17], heart [18], kidney [19], and brain [20], but
nothing has been reported yet in the setting of hepatic IR
injury.

In this study, we sought to evaluate the effect of SPI in
livers undergoing normothermic IR injury and to investigate
if the protective effects of SPI could be associated with a
reduction in oxidative stress and the inflammatory response.

2. Materials and Methods

2.1. Animals. Animal procedures were performed in accor-
dance with the proper use and care of laboratory animals,
approved by the ethics committee of our institution. Exper-
iments were performed using 15 male Wistar rats weighing
200-250 g. Animals were maintained under standard condi-
tions such as stable room temperature (24 + 3°C) and a 12-
hour light-dark cycle and were allowed access to commercial
rat pellets and water ad libitum.

2.2. Experimental Model. Briefly, after 24 hours of fasting, the
animals were anesthetized with pentobarbital sodium anes-
thesia (60 mg/kg i.p.) and were placed below a heating lamp
to maintain constant temperature (37°C), and an identical
midline abdominal incision was performed.

2.2.1. Total Hepatic Ischemia. The hepatic hilum was iden-
tified and complete warm hepatic ischemia was induced
by Pringle Maneuver [21, 22] with microvascular bulldog
clamps; ischemia was noticed by color changes in the liver
and intestinal tissue. Hepatic ischemia was maintained for
20 minutes, and then clamps were removed to allow 60-
minute reperfusion, after which blood and liver samples were
collected, and rats were humanely sacrificed.
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2.2.2. Partial Hepatic Ischemia. A model of 70% hepatic
ischemia was also used, following procedures described in
the literature [23]. Briefly, after midline laparotomy, the liver
was freed from its ligaments and subsequently all structures
of the portal triad of the left and median hepatic lobes
were occluded for 60 minutes with a microvascular clamp
(Aesculap, San Francisco, CA). In this model, mesenteric
congestion is prevented by allowing intestinal blood flow
through the right and caudate lobes. The clamps were then
removed to allow 6-hour reperfusion, after which blood
and liver samples were collected, and rats were humanely
sacrificed.

2.3. Experimental Protocol

Protocol 1 (dose-response study to assess the effect of SPI on
hepatic injury). To determine the most effective dose of SPI
in reducing hepatic injury in conditions of complete warm
ischemia, a dose-response study was carried out to evaluate
the effect of several doses of SPI as follows:

(1.A) IR group (n = 5 rats): animals were subject to total
hepatic ischemia as described above and received
vehicle only (saline).

(1.B) IR + SPI group (n = 5 rats): it is as in group B, but
animals received SPI at dose of 1000 ug/kg orally 20
hours before induction of IR.

(1.C) IR + SPI group (n = 5 rats): it is as in group B, but
animals received SPI at dose of 2600 ug/kg orally 20
hours before induction of IR.

(1.D) IR + SPI group (n = 5 rats): it is as in group B, but
animals received SPI at dose of 5000 pg/kg orally 20
hours before induction of IR.

(L.E) IR + SPI group (n = 5 rats): it is as in group B, but
animals received SPI at dose of 10,000 pg/kg orally 20
hours before induction of IR.

(L.F) IR + SPI group (n = 5 rats): it is as in group B, but
animals received SPI at dose of 20,000 ug/kg orally 20
hours before induction of IR.

Protocol 2 (effect of SPI on hepatic injury associated with nor-
mothermic IR). To evaluate whether spironolactone treatment
at the most effective dose could reduce hepatic injury in
conditions of either total or partial normothermic IR, the
following experimental groups were performed:

(2.A) Sham group (n = 5 rats): animals received only Sham
surgery, where laparotomy was performed but liver
was only manipulated and warm hepatic ischemia was
not induced.

(2.B) IR group (n = 5 rats): animals were subject to total
hepatic ischemia as described above and received
vehicle only (saline).

(2.C) IR + SPI group (n = 5 rats): it is as in group B,
but animals received SPI (2.6 mg/kg) orally 20 hours
before induction of IR.
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(2.D) PIR group (n = 5 rats): animals were subject to partial
hepatic ischemia as described above and received
vehicle only (saline).

(2.E) PIR + SPI group (n = 5 rats): it is as in group D,
but animals received SPI (2.6 mg/kg) orally 20 hours
before induction of IR.

2.4. Histological Examination. Immediately after obtaining
the liver, the sample was fixed in 10% neutral buffered
formalin. Samples were then embedded in paraffin, and 4 ym
thick sections were stained with hematoxylin and eosin and
examined under light microscope by a blinded pathologist.
The hepatic histological damage and hepatocellular necrosis
were evaluated according to the Shen [24] and Chen [25]
scales, respectively.

The hepatic histological damage scale consists in 4
degrees (G0-G3): grade 0 indicates minimal or no evidence
of injury; grade 1 indicates mild injury with cytoplasm
vacuolization and focal nuclear pyknosis; grade 2 indicates
moderate-to-severe injury with extensive nuclear pyknosis,
loss of intercellular borders, and mild-to-moderate neu-
trophil infiltration; grade 3 indicates severe injury with
disintegration of hepatic cords, hemorrhage, and severe PMN
infiltration. The hepatocellular necrosis scale consists in 4
degrees (GO-G3): none is grade 0, single cell is grade 1, =30%
is grade 2, and >30% is grade 3.

2.5. Biochemical Analysis

2.5.1. Measurements of Transaminases. Blood samples were
used to determine serum levels of ALT and AST by standard
commercial biochemical assay kits, using DT6011 analyzer
(Vitros DTII Systems Chemistry, module DTSCII; Johnson
& Johnson Ortho-Clinical Diagnostics, New Brunswick, NJ,
USA).

2.5.2. Cytokine Determination. Serum levels of tumour
necrosis factor-alpha (TNF-«), Interleukin-1 (IL-1), and
Interleukin-6 (IL-6) were determined using a rat TNF-alpha,
IL-1, and IL-6 enzyme, linked immunosorbent assay (ELISA)
kit (Peprotech, México).

2.5.3. Oxidative Stress Parameters. In serum samples, total
antioxidant capacity was determined using an Antioxidant
Assay Kit, which assesses the combination of both small
molecule and protein antioxidants (Cayman Chemical Com-
pany, Michigan, USA); catalase activity using a Catalase Assay
Kit (Cayman Chemical Company, Michigan, USA); and
malondialdehyde (MDA) using a MDA Assay Kit (Cayman
Chemical Company, Michigan, USA).

2.6. Statistical Analysis. The SPSS 22.0 statistical software
package (SPSS Inc. Software, Chicago, Illinois, USA) was
used to analyze data using one-way analysis of variance
(ANOVA) and Tukey’s post hoc test to determine comparison
between groups and differences between groups, respectively.
All values are expressed as mean + standard deviation (SD)
and P < 0.05 was considered statistically significant. Pearson’s
chi-square test was applied for histological examination; P
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FIGURE 1: Dose-response study of spironolactone on hepatic injury
in total normothermic IR. The effects of SPI treatment on ALT
and AST levels were assessed. Rats were treated with SPI (0, 1,000,
2,600, 5,000, 10,000, and 20,000 pg/kg). Transaminase levels were
measured after 1h of reperfusion. Means without a common letter
are different; P < 0.05.

value < 0.05 was considered statistically significant. The dose-
response study results were analyzed using Prism version
6 (GraphPad Software Inc., San Diego, CA). Data were
evaluated by one-way analysis of variance and Bonferroni’s
post-test.

3. Results

3.1. Dose-Response Effect of SPI on Hepatic Injury in Total
Warm Ischemia. We administered SPI at doses of 1,000,
2,600, 5,000, 10,000, and 20,000 ug/kg in rats 20 hours before
the surgical procedure, and the effects on hepatic injury were
determined 1h after reperfusion. Our results indicated that
SPI protected livers against damage in a dose-dependent
manner. The ED50 values for ALT and AST were 1,056 ug/kg
and 1,030 ug/kg, respectively. The most effective dose of
SPI in reducing the parameters of hepatic injury in liver
undergoing warm ischemia was 2,600 ug/kg (2.6 mg/kg).
This dose was then used in the rest of the experimental
procedures. Higher doses were not associated with lower
hepatic damage (Figure 1).
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FIGURE 2: Effect of spironolactone on biochemical parameters of
liver injury in total normothermic IR. ALT and AST levels were
measured in plasma. * P < 0.05 versus Sham; * P < 0.05 versus IR.

3.2. Spironolactone as Pharmaceutical Strategy to Reduce He-
patic IR Injury. In the total liver normothermic IR model,
the administration of spironolactone at the selected dose of
2.6 mg/kg (IR + SPI group) reduced ALT and AST levels
compared with the results obtained in IR group (ALT values:
494 + 83.9 and 226 + 103IU/L for the IR and IR + SPI,
resp.; AST values: 1072 + 198 and 559 + 176 IU/L, for the
IR and IR + SPI, resp.) (Figure 2). Biochemical parameters of
hepatic injury were consistent with histological study of the
liver. The IR group showed extensive inflammatory infiltrate
with presence of apoptotic bodies. The IR + SPI group showed
conserved cellular architecture, isolated pockets of acute
inflammation, and apoptotic bodies (Figure 3). Significantly
lower histological damage and hepatocellular necrosis scores
were found in the IR + SPI group when compared with IR
group at the end of reperfusion (Table 1).

Oxidative Medicine and Cellular Longevity

FIGURE 3: Hematoxylin and eosin staining of hepatic tissue. The
Sham group (a) showed conserved cellular architecture. IR group
(b) showed numerous inflammatory cell groups predominantly
perivenular and presence of apoptotic bodies isolated surrounded
by inflammation. The IR + SPI group (c) showed conserved cellular
architecture, isolated pockets of acute inflammation, and apoptotic
bodies.

TaBLE 1: Evaluation of hepatic tissue according to histological
damage.

Hepatic histological Hepatocellular

damage scale necrosis scale
Sham 1 0
IR 2" 3"
IR + SPI 1 1*

* indicates P < 0.05 versus Sham.
# indicates P < 0.05 versus IR.
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FIGURE 4: Effect of spironolactone on biochemical parameters
of liver injury in normothermic PIR. ALT and AST levels were
measured in plasma. * P < 0.05 versus Sham; *P < 0.05 versus PIR.

Similar results were obtained in the partial liver IR model,
where the administration of spironolactone at the selected
dose of 2.6 mg/kg (PIR + SPI group) reduced ALT and AST
levels compared with the results obtained in PIR group (ALT
values: 855 + 55 and 431 + 41 TU/L for the PIR and PIR + SPI,
resp.; AST values: 1085 + 75 and 708 + 80 IU/L, for the PIR
and PIR + SPI, resp.) (Figure 4).

3.3. Effect of SPI on Cytokine Production and Oxidative Stress
in Hepatic Normothermic IR Injury. Asshown in Figure 5,IL-
13, TNF-a, and IL-6 levels of the IR group were of the same
order as those of the Sham group (IL-18 values: 1.38 + 0.25
and 1.32 + 0.28 ng/mL, in IR and Sham groups, resp.; TNF-«
values: 1.01 + 0.61 ng/mL and 1.06 + 0.46 ng/mL, in IR and
Sham groups,; IL-6 values: 0.48 £ 0.23 and 0.32 +0.29 ng/mL,
in IR and Sham groups, resp.). Treatment with spironolactone
did not result in changes in plasma IL-13 and TNF-« levels
with regard to those found in the IR group (IL-13 values:
1.55+0.24 and 1.38 £ 0.25 ng/mL, in IR + SPT and IR groups,
resp.; TNF-« values: 1.42 + 0.47 and 1.01 + 0.61 ng/mL, in IR
+ SPI and IR groups, resp.). However, IR + SPI group showed
increased IL-6 levels when compared with the IR group (IL-6
values: 2.15 + 0.53 and 0.48 + 0.23 ng/mL, in IR + SPI and IR
groups, resp.) (Figure 5).

Regarding oxidative stress parameters, total antioxidant
capacity of the IR and Sham groups was similar (total
antioxidant capacity values: 3.07+£0.52 and 2.96+0.52 mM, in

IR and Sham groups, resp.). IR increased catalase activity and
MDA levels when compared with the Sham group (catalase
activity values: 214.22+61.1 and 18.9+8.50 nmol/min/mL, in
IR and Sham groups, resp.; MDA values: 18.0+2.75and 11.1+
0.96 uM, in IR and Sham groups, resp.). Spironolactone did
not have a significant effect over total antioxidant capacity,
since this parameter in the IR + SPI group was similar to
that recorded in IR group (total antioxidant capacity values:
3.07 £ 0.52 and 2.89 + 0.41 mM, in IR + SPI and IR groups,
resp.). Results showed an increase in catalase activity in the
IR + SPI group in comparison with the IR group (catalase
activity values: 651.55 + 57 and 214 + 61.1 nmol/min/mL, in
IR + SPI and IR groups, resp.). Treatment with spironolactone
did not modify MDA levels with respect to the IR group
(MDA values: 19.1 + 3.61 and 18.0 + 2.75 uM, in IR + SPI
and IR groups, resp.) (Figure 6).

4. Discussion

We found that SPI was able to reduce liver IR injury in
total liver IR models, as evidenced by attenuation of the
histopathological alterations associated with IR injury as well
as by reduction of serum levels of AST and ALT. Spironolac-
tone is widely used in clinical practice [25-27]. In fact, several
studies have evaluated the usefulness of spironolactone in the
treatment of ischemia reperfusion in organs such as kidney
and heart in clinical studies, and the results obtained have
shown beneficial effects of this drug [28-30]. Our results
reveal that pretreatment with spironolactone could open new
pathways for protecting liver against IR injury, a strategy that
could turn out to be clinically relevant.

As the experimental model of total hepatic IR involves
the fact that both gut and liver are subjected to ischemic
conditions, it is possible to consider that the observed effects
on the liver might thus represent gut-originating responses
to ischemia and their modification by SPI. To assess this
possibility, an experimental model of partial hepatic IR was
carried out to evaluate the effect of SPI on hepatic injury,
since in this model intestinal congestion is prevented. Our
results indicated that the same dose of SPI was able to reduce
biochemical parameters of hepatic injury, thus indicating
a liver-specific protective effect for SPI in normothermic
hepatic IR.

It is well known that, during hepatic IR, cytokines
are released through the induction of adhesion molecules
(ICAM and vascular cell adhesion molecule [VCAM]) and
CXC chemokine which leads to neutrophil activation and
accumulation. These neutrophils then extravasate, causing
parenchymal injury by ROS production [31]. Several exper-
imental studies in IR models in tissues different to liver have
demonstrated that SPI has anti-inflammatory activity, which
may rely on its ability to modulate the production of cytokines
including IL-1p3, TNF-a, and IL-6 [17, 32, 33]. By analyzing
these parameters in our study, the benefits of spironolactone
could be associated only with increased IL-6 production. IL-
6 treatment has been found to have protective effects against
warm IR injury in rodents [34]. One study showed worse
IR injury in livers of IL-6 knockout mice than wild type
mice, which was restored to the wild type injury patterns
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by administration of recombinant IL-6 to the knockout mice
before ischemia [35]. These results suggest that SPI-induced
protection against IR injury could be partly explained by
modulation of IL-6 levels but not by any effects over IL-13
or TNF-«.

Spironolactone had a protective effect in several models
of IR injury model through amelioration of oxidative stress.
[16, 17]. In this study, three oxidative stress mediators were
analyzed: total antioxidants, catalase activity, and MDA.
Unlike other studies that have reported reduction in oxidative
stress parameters after SPI administration [17, 19, 28], we
found no relevant changes in MDA. This could be due to
differences in the experimental conditions in the models
used. Our results suggest that, in the conditions evaluated
herein, SPI did not reduce markers of oxidative stress. We
evaluated total antioxidant capacity but results indicated that
SPI treatment did not induce any change in this parameter.

Then, we decided to assess catalase activity, since this enzyme
is one of the most important antioxidants in the context
of hepatic IR. [25, 36]. The effect of SPI on catalase was
evaluated, and we found that SPI increased catalase activity
at the systemic level. Thus, in addition to inducing IL-6
production, SPI increased antioxidant enzymes, resulting
in the preservation of hepatic structure and reduction of
liver injury, as was shown by the light microscopic findings
and the biochemical liver injury markers. This may indicate
that SPI is inducing endogenous protective mechanisms in
hepatic tissue as a way to counteract the injurious effects of
normothermic IR.

Studies on myocardial infarction models have also
shown that mineralocorticoid receptor blockers can mod-
ulate macrophage function, thus diminishing the cellular
inflammatory response [37]. The proteolytic enzyme cathep-
sin was also shown to be modulated by MR blockade in an
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intestinal IR injury model [38]. Whether these mechanisms
are implicated in SPI-induced hepatoprotection in liver IR
injury remains unknown and deserves further studies.

There are some limitations in this study. The sample size
is small, and molecular mediators were assessed on serum
and not on tissue. This could reflect more a systemic response
to IR, irrespective of the beneficial effects we observed
over histopathological scores. Finally, further studies would
be necessary to conclude that these results are clinically
relevant.

5. Conclusions

In conclusion, the present study demonstrated for the first
time that SPI has hepatoprotective properties in IR liver
injury model. This effect was associated with the induction

of protective mechanisms in hepatic tissue such as IL-6
production and increased catalase activity.
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ROS: Reactive oxygen species
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In addition to being the primary organ involved in redox cycling, the liver is one of the most highly innervated tissues in
mammals. The interaction between hepatocytes and sympathetic, parasympathetic, and peptidergic nerve fibers through a variety
of neurotransmitters and signaling pathways is recognized as being important in the regulation of hepatocyte function, liver
regeneration, and hepatic fibrosis. However, less is known regarding the role of the sympathetic nervous system (SNS) in
modulating the hepatic response to oxidative stress. Our aim was to investigate the role of the SNS in healthy and oxidatively
stressed liver parenchyma. Mice treated with 6-hydroxydopamine hydrobromide were used to realize chemical sympathectomy.
Carbon tetrachloride (CCl,) injection was used to induce oxidative liver injury. Sympathectomized animals were protected
from CCl, induced hepatic lipid peroxidation-mediated cytotoxicity and genotoxicity as assessed by 4-hydroxy-2-nonenal levels,
morphological features of cell damage, and DNA oxidative damage. Furthermore, sympathectomy modulated hepatic inflammatory
response induced by CCl,-mediated lipid peroxidation. CCl, induced lipid peroxidation and hepatotoxicity were suppressed by
administration of an a-adrenergic antagonist. We conclude that the SNS provides a permissive microenvironment for hepatic
oxidative stress indicating the possibility that targeting the hepatic a-adrenergic signaling could be a viable strategy for improving
outcomes in patients with acute hepatic injury.

1. Introduction

The liver is one of the most highly innervated tissues in
mammals. The interaction between hepatocytes and sympa-
thetic, parasympathetic, and peptidergic nerve fibers through
a variety of neurotransmitters and signaling pathways is
recognized as being important in the regulation of hepatocyte
function and hepatic response to injury [1]. Studies of

hepatic architecture identify adrenergic nerve fibers extend-
ing from perivascular plexus in the portal space into the
lobule [2]. Sympathetic nervous system (SNS) transmission
to hepatocytes occurs through release of norepinephrine and
epinephrine as neurotransmitters from intrahepatic nerve
endings and by delivery as hormones from adrenal glands.
In addition to being important for a range of functions
such as regulating hepatic circulation, metabolism, and bile
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formation the SNS is also known to modulate both liver
regeneration and fibrosis [3-5].

Potential associations between the SNS and oxidative
stress are indicated from previous studies. Hepatic mono-
amine oxidases catalyze oxidative deamination of catechol-
amines such as norepinephrine and epinephrine. During this
process hydrogen peroxide (H,0,) is generated and further
converted to water by glutathione peroxidase during which
glutathione is utilized [6]. Thus, oxidation of catecholamines
is a source of reactive oxygen species (ROS) [7]. Long-term
elevation of epinephrine can deplete hepatic glutathione as
epinephrine both decreases the rate of glutathione synthesis
in the liver and increases the rate of glutathione release from
the liver whilst decreasing the rate of recycling of oxidized
glutathione [8-10]. Similarly, epinephrine stimulates H,O,
production via cyclic 3'-5'-adenosine monophosphates in
macrophages [11]. Intense physical work is known to increase
sympathetic activity and ROS production in the rodent heart
[12]. The knowledge that 3-adrenergic stimulation is the main
driver of ROS generation in mitochondria [13] has indicated
the use of 3-adrenergic receptor blockers to reduce oxidative
stress in cardiac failure [14, 15].

Although these studies clearly suggest a role for cate-
cholamines in the modulation of oxidative stress, whether the
SNS affects oxidative stress in the liver has yet to be estab-
lished. CCl, is a classic model compound for inducing free
radical damage in the liver [16,17], being metabolized to form
trichloromethyl and trichloromethyl peroxy radicals which
covalently bind to proteins, lipids, and nucleic acids to initiate
lipid peroxidation, generate 4-hydroxy-2-nonenal (4-HNE),
and thus induce liver damage [17]. This model is also useful
for characterization of xenobiotic-induced hepatotoxicity,
screening of hepatoprotective effects of drugs, and studying
mechanisms of human liver injury [18, 19]. An ablation of the
SNS exerts a protective effect against CCl, induced acute liver
injury in mice [20]. In the current study peripheral injection
of the neurotoxin 6-hydroxydopamine hydrobromide (6-
OHDA) was used to induce chemical sympathectomy and
the effects on acute CCl, induced hepatic lipid peroxidation
were assessed. We also tested the hypothesis that adrenergic
signaling is required for control of the oxidative stress
in hepatocytes after acute CCl, exposure. The observation
that chemical sympathectomy or treatment with the «-
adrenoreceptor antagonist has profound inhibitory effects
on CCl, induced hepatic oxidative injury has important
implications for understanding of how the response to liver
injury may be controlled and, on a clinically applicable basis,
indicate potential novel strategies for management of acute
or, indeed, chronic liver injury.

2. Materials and Methods

2.1. Animal Care. Male C57Bl/6]Narl mice aged 8 weeks
were obtained from the National Laboratory Animal Center
in Taipei, Taiwan. They were maintained under controlled
conditions (22 + 1°C and 12h day/night rhythm) and fed
standard laboratory food.
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2.2. Chemical Sympathectomy and Antagonists. Mice were
intraperitoneally injected with 100 mg kg™ 6-OHDA (Sigma,
St. Louis, MO, USA) in 0.1% ascorbic acid (Sigma) in
phosphate buffered saline (PBS, Gibco, Gaithersburg, MD)
daily over 5 consecutive days. Peripheral administration of 6-
OHDA results in a “chemical sympathectomy” by depleting
sympathetic fibers [20] and has previously been found to
induce an 85% decrease in norepinephrine levels in the
liver [21]. Control mice received injections of 0.1% ascorbic
acid in PBS. One day following the final treatment with
6-OHDA, mice were subjected to the acute oxidative liver
injury protocol described below. Phentolamine (10 mgkg™)
and nadolol (20 mgkg™") were injected in 0.9% saline daily
intraperitoneally, commencing 5 days before CCl, adminis-
tration, while control mice were injected with 0.9% saline
vehicle.

2.3. Acute Oxidative Liver Injury Induced by CCl,. Mice were
injected intraperitoneally with a single dose of CCl, (Sigma)
(12.5% in olive oil (Sigma), 2mLkg™"). Control groups were
treated with vehicle (2 mLkg ™" of olive oil). At 24 h after CCl,
or vehicle treatment, mice were weighed and then euthanized
by carbon dioxide asphyxiation. Blood was collected from
the heart for analysis of serum AST, ALT, LDH, and ALP by
standard enzymatic methods. The liver was then removed,
weighed, and processed for further analysis as described.

2.4. Immunostaining and Assessment of Hepatocyte Nuclear
Morphology. Samples of liver from mice with or without
chemical sympathectomy were embedded in optimum cut-
ting temperature (OCT) (Tissue-Tek, Sakura, CA, USA) com-
pound and quickly frozen. Five ym thick sections were cut
and fixed with methanol/acetone. Immunohistochemistry for
identification of sympathetic nerve fibers was performed
with a primary antibody against tyrosine hydroxylase (the
key enzyme for norepinephrine production in sympathetic
nerve endings, Millipore, Billerica, MA, USA) and an Alexa
488 conjugated secondary antibody (against rabbit IgG,
Invitrogen Corporation, Carlsbad, CA, USA). Following a
final incubation for 1h with propidium iodide (50 yg/mL)
(Invitrogen) sections were viewed with a Zeiss LSM 510 Meta
inverted confocal microscope using a LD-Achroplan 20x lens.

For assessment of nuclear morphology sections were
washed twice in TBST (12.5mM Tris/HCl, pH 7.6, 137 mM
NaCl, and 0.1% Tween 20) before 4',6-diamidino-2-pheny1—
indole dihydrochloride (DAPI) (Sigma) diluted 1:10,000 in
PBS for 5 min at room temperature. Slides were mounted with
glycerin, coverslipped, and examined using a fluorescence
microscope (Olympus BX-51).

2.5. Histological Analysis of the Liver. The liver left lateral
lobes were removed and fixed in 10% buffered formalin before
standard tissue processing, embedding in paraffin wax, and
cutting into 5pm sections which were stained with hema-
toxylin and eosin. Histological examination was performed
in a blinded fashion by three experienced pathologists. The
severity of hepatic injury was scored as described by Camargo
et al. [22] according to the following criteria: 0, minimal



Oxidative Medicine and Cellular Longevity

or no evidence of injury; 1, mild injury with cytoplasmic
vacuolization and focal nuclear pyknosis; 2, moderate to
severe injury with extensive nuclear pyknosis, cytoplasmic
hypereosinophilia, and loss of intercellular borders; and 3,
severe necrosis with disintegration of hepatic cords, hem-
orrhage, and neutrophil infiltration. Areas of hepatocyte
necrosis were expressed as the percentage of damaged liver
architecture, measured in 10 randomly selected high-power
fields per section using Image] software (version 1.48u, US
National Institutes of Health).

2.6. Estimation of Hepatic Lipid Peroxidation Assay. Samples
of liver were homogenized on ice in PBS containing butyl-
hydroxytoluene and centrifuged at 10,000 g (4°C, 5 min). 4-
HNE adducts were measured in supernatants with the OxiS-
elect HNE-His adduct enzyme-linked immunosorbent assay
(ELISA) kit (Cell Biolabs, Inc., San Diego, CA) in accordance
with the manufacturers’ instructions. The concentration of 4-
HNE adducts was normalized per microgram of total protein,
the concentration of the latter being determined by the Lowry
method.

2.7. Transmission Electron Microscopy. Liver tissues were
fixed in a mixture of 4% paraformaldehyde and 0.5% glu-
taraldehyde in PBS, pH 74, and prepared routinely for
transmission electron microscopy with final embedding in
LR white resin. Ultrathin sections (70-80nm) were cut,
placed on a nickel grid, and then examined under a Hitachi
H-600 transmission electron microscope.

2.8. 8-Hydroxy-2-deoxyguanosine (8-OHAG) Assay. Total DNA
from liver was extracted using the Qiagen DNeasy blood
and tissue kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA, USA). A NanoDrop 1000 spectropho-
tometer (Thermo Fisher, Pittsburgh, PA, USA) was utilized to
measure DNA purity. Briefly, pH of DNA (25 pug) was adjusted
to 5.2 with 3M sodium acetate. The DNA reaction mixture
was subjected to 1 4L of nuclease P1 (1 U/uL) digestion for 2h
at 37°C. After 2 h of incubation, 15 L of 1 M Tris-HCI (pH 8.0)
was used to bring the pH back to 7.4, followed by treatment
with 5 puL of alkaline phosphatase (1 U/uL stock) for 1 h. The
reaction mixture was centrifuged for 5min at 6,000 g, and
the supernatant was collected for the 8-OHdG assay using
the OxiSelect oxidative DNA damage ELISA kit (Cell Biolabs,
Inc., San Diego, CA, USA) according to the manufacturer’s
instructions. Known standards were also included in the
assay to allow accurate quantitation. Six livers were used for
each experimental group.

2.9. Cytokines/Chemokines Antibody Array. Livers were
homogenized in lysis buffer (kit component) and then
centrifuged to collect the supernatant to detect 40 cytoki-
nes/chemokines on the RayBio Mouse Inflammation Anti-
body Array 1 membrane (RayBiotech, Inc., Norcross, GA,
USA), according to the manufacturer’s protocol. We pooled
six samples per group to obtain 300 ug total proteins per
membrane (one membrane for each group). The membranes
were blocked in 2 mL of blocking bufter for 30 min and then

incubated with pooled supernatant at room temperature for
2h. The samples were then decanted from each container,
and the membranes were washed three times with 2mL of
wash buffer I, followed by two washes with 2 mL of 1x wash
buffer IT at room temperature with shaking. The membranes
were incubated in 1:250-diluted biotin-conjugated primary
antibodies at room temperature for 2h and washed as
above before incubation in 1:1000-diluted horseradish
peroxidase-conjugated streptavidin. After incubation in
horseradish peroxidase-conjugated streptavidin for 1h, the
membranes were washed thoroughly and exposed to a
peroxidase substrate for 5 min in the dark before imaging. The
membranes were scanned and analyzed by using TotalLab
Quant software (TotalLab Ltd., Newcastle upon Tyne, UK).
Proteins with >2-fold differences in their expression levels
between the saline + CCl, group and the saline + olive oil
group were considered as differentially expressed.

2.10. Statistical Analysis. The results were expressed as mean
+ standard deviation (SD). Results were analyzed using
Student’s t-test for unpaired data. The statistical significance
level was a p value of < 0.05.

3. Results

3.1. Alleviation Effect of Chemical Sympathectomy on Lipid
Peroxidation in CCl, Induced Hepatic Injury. Tyrosine hydro-
xylase-expressing fibers were readily identified in the border
of periportal areas of saline-treated mice but were essentially
absent in 6-OHDA-treated animals (Supplementary Data,
Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/3190617) confirming success-
ful hepatic sympathectomy. There was no hepatic necrosis
in saline- or 6-OHDA-treated mice treated with olive oil
alone. The extent of CCl, induced hepatic necrosis was
significantly greater in saline-treated mice than in 6-OHDA-
treated mice (32.1 £+ 8.6% versus 9.2 + 4.4%, p = 0.0007)
(Supplementary Data, Figures S2(a) and S2(b)). Similarly
the severity score of hepatic injury was significantly greater
(Supplementary Data, Figure S2(c), p < 0.0001) in the
saline + CCl, group (2.7 + 0.5) when compared to the 6-
OHDA + CCl, group (1.5+0.5). Biochemical markers of liver
injury, including aspartate aminotransferase (AST; 4,115 +
1,755 versus 17,830 + 3,078IU/L, p < 0.0001), alanine
aminotransferase (ALT; 7,809 + 2,527 versus 15,519 + 4,678,
p = 0.0052), alkaline phosphatase (ALP; 56 + 26 versus 128 +
11, p = 0.0013), and lactate dehydrogenase (LDH; 11,139 +
5,496 versus 28,764+ 8,063, p = 0.0001) levels 24 h after CCl,
treatment were lower in serum from 6-OHDA-treated mice
compared to the saline-treated group (Supplementary Data,
Table S1).

As secondary products during lipid peroxidation, mal-
ondialdehyde appears to be the most mutagenic product of
lipid peroxidation, whereas 4-HNE is the most toxic and
considered as “one of major generators of oxidative stress”
and a “major lipid peroxidation product” [23-25]. Thus,
we investigated ROS-induced lipid damage as measured by
changes in 4-HNE levels in the livers of saline- and 6-OHDA-
treated mice 24h after CCl, administration (Table ). As



4 Oxidative Medicine and Cellular Longevity
TaBLE 1: Effect of sympathectomy on CCl, induced lipid peroxidation in liver.
Saline + olive oil 6-OHDA + olive oil Saline + CCl 6-OHDA + CCl
Parameter 4 4
(n=6) (n=6) (n=06) (n=6)
4-Hydroxy-2-nonenal (4-HNE, ug/ug protein) 0.23 + 0.02 0.18 +0.02"* 0.33 + 0.07" 0.23 + 0.03"1

The results are presented as mean + SD.

* denotes significant differences compared with the saline + olive oil group (p < 0.05).

** denotes significant differences compared with the saline + olive oil group (p < 0.01).

## denotes significant differences compared with the saline + CCl, group (p < 0.01).

1 denotes significant differences compared with the olive oil + 6-OHDA group (p < 0.001).

expected, 4-HNE was elevated in the livers of saline-treated
mice 24 h after CCl, treatment (p = 0.0122). This increase in
lipid peroxidation was blocked when mice were treated with
6-OHDA prior to CCl, (p = 0.0053).

3.2. Protective Effect of Chemical Sympathectomy on the Ultra-
structure of Hepatocyte Injury. Elevation in lipid peroxida-
tion levels has been reported to correlate with ultrastructural
changes in hepatocytes following CCl, exposure since 4-
HNE can promote organelle damage [25-27]. In the current
study the ultrastructure of hepatocytes was normal in the
olive oil-treated groups (Figures 1(a), 1(b), 1(e), and 1(f)).
Twenty-four hours after CCl, administration, ultrastructural
changes including expansion of the perinuclear space with
a pyknotic condensed nucleus, increased number and size
of lipid globules, glycogen loss, and mitochondrial swelling
with loss of cristae in addition to dilation of the cisternae of
rough endoplasmic reticulum were evident (Figures 1(c) and
1(g)). In comparison to the saline + CCl, mice, the number
and size of lipid globules were decreased and glycogen
deposits were readily identifiable within hepatocytes in the 6-
OHDA + CCl, group. Similarly the organelle and cytoplasmic
structures appeared preserved from the deleterious effects of
CCl, (Figures 1(d) and 1(h)).

3.3. Attenuation Effect of Chemical Sympathectomy on Hepatic
Nuclear Damage. Lipid peroxidation products, in particular,
4-HNE, are known to promote hepatocyte nuclear loss or
injury [24, 27, 28] which can be visualized by DAPI staining
[29]. The nuclei in hepatocytes of olive oil alone-treated mice
were round and emitted even blue fluorescence (Figure 2). In
the necrotic pericentral region livers of saline-treated mice
24 h after CCl, administration nuclei were absent, condensed,
or fragmented. 6-OHDA effectively preserved the integrity
and morphology of hepatic nuclei in CCl,-treated mice
(Figure 2).

3.4. Inhibition Action of Chemical Sympathectomy on Oxida-
tive DNA Damage in Liver. Since 4-HNE also has high
capability of reaction with DNA to cause DNA damage [25,
30], we examined whether sympathectomy attenuates liver
oxidative DNA damage by analyzing 8-OHdG content in
hepatocyte. The level of 8-OHdG in CCl,-treated livers with-
out sympathectomy was increased by 94% when compared
with that in olive oil-treated livers without sympathectomy
(Figure 3, p = 0.0092). Pretreatment with 6-OHDA, on the
other hand, abrogated this increase (p = 0.0113). There

was no significant difference in levels of 8-OHdAG between
the 6-OHDA + olive oil group and saline + olive oil group
(Figure 3).

3.5. Analysis of Cytokine and Chemokine Protein Profiling in
Livers. 1t is known that 4-HNE plays a role as mediator of
inflammatory processes with interactions with the cytokine
networks [31-33]. In the current study we investigated the
inflammatory response using a multiplex of 40 cytokines and
chemokines. The results are shown in Figure 4. Following
administration of CCl, there was increased expression of a
number of cytokines including IL-1« (2.28-fold, p = 0.0192),
IL-10 (3.64-fold, p = 0.0070), leptin (9.27-fold, p = 0.0496),
tissue inhibitor of metalloproteinase-2 (TIMP-2, 2.90-fold,
p = 0.0087), soluble tumor necrosis factor receptor I (sSTNFR
I, 3.62-fold, p = 0.0228), and granulocyte-macrophage
colony-stimulating factor (GM-CSE, 5.58-fold, p = 0.0019).
There was also an increase in expression of 5 inflammation-
associated chemokines. These were CCL3 (3.80-fold, p =
0.0243), CCL5 (2.42-fold, p = 0.0153), CCL9 (3.57-fold,
p = 0.0064), CCLII (3.79-fold, p = 0.0344), and CXCLIl
(6.71-fold, p = 0.0057). With chemical sympathectomy, in
the absence of CCl,, there was reduction of protein levels
of CCL5 (0.66-fold, p = 0.0022) and CCL9 (0.54-fold, p =
0.0083) when compared with the saline + olive oil group
but no significant change in the levels of other cytokines
and chemokines was evident. Pretreatment with 6-OHDA
inhibited the increase in hepatic cytokine and chemokine
levels induced by CCl,.

3.6. Hepatoprotective and Antioxidant Effects of a-Adrenergic
Blockade against CCl, Induced Oxidative Damage. Our
findings strongly implicate an important role for the SNS
in modulating CCl, induced oxidative stress in liver,
based strictly on 6-OHDA ablation of the peripheral SNS.
However, it is unclear whether 6-OHDA could affect other
cell types, for example, hepatocytes, in mice and through an
alternative route directly or indirectly affect oxidative stress
or the hepatic antioxidant status. To address this concern,
we treated mice with drugs that selectively block a- or
p-adrenergic receptors. Phentolamine, an w«-blocker, and
nadolol, a f3-blocker, were delivered intraperitoneally over
5 consecutive days before injection with CCl,. Nadolol had
no significant effect on hepatic injury and antioxidant status
(Table 2), indicating that $-adrenergic stimulation may not
enhance or suppress hepatic oxidative stress responses to
CCl,. Strikingly, phentolamine enhanced antioxidant status



Oxidative Medicine and Cellular Longevity
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FIGURE I: Effect of 6-OHDA on CCl, induced changes on hepatocyte morphology. Representative micrographs of transmission electron
microscopy (magnification 6,000x or 12,000x) in the liver tissues. (a and e) The saline + olive oil group; (b and f) the 6-OHDA + olive oil
group; (c and g) the saline + CCl, group; and (d and h) the 6-OHDA + CCl, group. Arrows denote rough endoplasmic reticulum. Arrowheads
denote perinuclear space. C, chromatin; G, glycogen deposits; L, lipid drops; Vac, vacuolization. Scale bar denotes 100 nm in (a)-(d) and
500 nm in (e)-(h).

TaBLE 2: Hepatic lipid peroxidation and serum biochemical markers in mice after 24 hours of CCl, treatment with or without pretreatment

of a-adrenergic blocker or 3-adrenergic blocker.

P Saline + CCl, Phentolamine + CCl, Nadolol + CCl,
arameter

(n=4) (n=4) (n=4)
4-Hydroxy-2-nonenal (4-HNE, ug/ug protein) 0.34 +0.04 0.25 + 0.01" 0.28 + 0.02
Aspartate transaminase (AST, IU/L) 16,695 + 5,203 6,038 +3,320" 13,571 + 5,758
Alanine transaminase (ALT, IU/L) 14,559 + 3,268 7,318 + 3,799" 10,830 + 4,381
Alkaline phosphatase (ALP, IU/L) 131+14 106 + 217 140 + 31
Lactate dehydrogenase (LDH, IU/L) 30,656 + 9,387 8,994 + 5,986" 17,483 + 10,584

The results are presented as mean + SD.

* denotes significant differences compared with the saline + CCly group (p < 0.05).

in liver (Table 2, p = 0.0238) and suppressed both the extent
of hepatic necrosis (11.62 + 2.76% versus 27.55 + 12.60%,
p =0.0009) (Figure 5) and serum levels of AST (p = 0.0478),
ALT (p = 0.0387), ALP (p = 0.0346), and LDH (p = 0.0247)
(Table 2) following CCl, administration. Pretreatment with
phentolamine abrogated the increased level of 8-OHdG in
CCl,-treated livers (p = 0.0193). There was no significant
difference in levels of 8-OHdG between the nadolol + CCl,
group and saline + CCl, group (Figure 5(c)). The magnitude
of the effect was similar to that induced by 6-OHDA
treatment, pointing to an important role in SNS activation
of w-adrenergic receptors in regulating antioxidant status in
liver.

4. Discussion

In the current study we show that the SNS has major roles
in regulating lipid peroxidation, oxidative DNA damage, and
proinflammatory cytokine production in the liver associated
with CCl, toxicity with chemical sympathectomy essentially
preventing the major hepatotoxic effects seen within 24h
of CCl, administration. We also present that «-adrenergic
signaling is required for control of the oxidative stress in
hepatocytes after acute CCl, exposure.

The changes of hepatocyte ultrastructure identified in the
current study following CCl, administration are in line with
previous observations [26] and are likely to be the result of
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FIGUre 2: Effect of 6-OHDA on CCl, induced changes in hepatocyte nuclei. Representative micrographs of DAPI stained nuclei
(magnification 200x or 400x) in the liver tissues. Typical images were selected from each experimental group (original magnification 200x or

400x). Scale bar = 100 ym in 200x and 50 gm in 400x.

damage to cellular and organelle membrane structure caused
by lipid peroxidation [25, 27]. As chemical sympathectomy
prevents these changes it is probable that sympathectomy
supports the antioxidant defense system, maintaining mem-
brane integrity. Sympathectomy also attenuated CCl, toxicity
characterized by the appearance of dysfunctional hepatic
nuclei which arise as a result of enhanced lipid peroxidation
[24, 27, 28] further supporting the idea that the mode of
action of the beneficial effect of sympathectomy is through
reducing oxidative stress. Similarly, the observation that 6-
OHDA treatment inhibited oxidative stress-mediated DNA
damage in CCl,-treated mice suggests that sympathectomy;,
at least in part, may attenuate oxidative stress-induced DNA
damage through the inhibition of lipid peroxidation and the
reduction of 4-HNE generation because 4-HNE is biologi-
cally reactive and known to cause DNA damage [25, 30].
The cytokine/chemokine array data also demonstrate
an inhibitory effect of chemical sympathectomy on CCl,

induced hepatic proinflammatory responses. CCl, induced
production of inflammation-associated cytokines (IL-1e, IL-
10, leptin, TIMP-2, and sTNFR 1) in the liver, in part a
consequence of combined lipid peroxidation [31-33] and
hepatocyte necrosis [34], results in an immunostimulatory
environment [16, 35, 36]. Presumably the inhibitory effects
of sympathectomy on CCl, induced liver cell damage were
sufficient to prevent activation of inflammatory cascades. It
may also be possible that the SNS has a direct regulatory effect
on resident Kupffer [37] and stellate cells [38] within the liver.
We also identified an effect of sympathectomy on elevation
of hepatic leptin following CCl, induced injury. There is
increasing evidence that leptin augments inflammatory and
profibrogenic responses to hepatic injury [39, 40] whilst
downregulation of leptin decreases liver fibrosis [40, 41].
Sympathectomy appears therefore to potentially have both
protective anti-inflammatory and potentially antifibrogenic
effects.
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FIGURE 3: Effect of 6-OHDA on CCl, induced oxidative DNA damage. Oxidized DNA in liver was measured 24 hours after exposure to
olive oil or CCl, following pretreatment with saline of 6-OHDA. Data plotted are mean and SD (1 = 6 animals in each group). *= denotes
significant differences (p < 0.01) compared with the saline + olive oil group. # denotes significant differences (p < 0.05) compared with the

saline + CCl, group.

CCl, also induced or upregulated the protein expres-
sion levels of 5 inflammation-associated chemokines (CCL3,
CCL5, CCL9, CCL1l, and CXCLI11), a response inhibited
by pretreatment with 6-OHDA. Increased expression of
CCL3 and CCL5 following CCl, treatment is consistent with
previous studies [42, 43]. To the best of our knowledge,
this is the first demonstration of expression of CCL9, a
mouse CC chemokine and strong chemoattractant for bone
marrow cells [44], in liver. CCL1I is a known potent inducer
of eosinophil chemotaxis and regulates the recruitment to
the liver after CCl, induced hepatic injury to facilitate liver
regeneration [45]. CXCLII release has previously been shown
to be induced by oxidative stress exposure [46] and liver
ischemia/reperfusion injury [47] supporting the idea that the
antioxidant effect of sympathectomy is possibly attributable
to the downregulation of CXCLIl1 and possibly the other
cytokines and chemokines studied including GM-CSF [48].

Studies describing an interaction with pharmacological
sympathetic blockade have been reported for CCl,. Pretreat-
ment with either prazosin, an «;-selective adrenoreceptor
antagonist, or yohimbine, an «,-selective adrenoreceptor
antagonist, abolishes methamphetamine potentiation of CCl,
hepatotoxicity. However, neither prazosin nor yohimbine has
any effects on toxicity produced by CCl, alone [5, 49]. The
ability of phenoxybenzamine, a nonselective, irreversible «-
adrenergic receptor antagonist, to counteract the hepatotoxic
effect of CCl, by preventing the action of catecholamines [50],
has been reported. A similar observation was noticed in the
recent study of the interaction between dopaminergic agonist
piribedil and CCl,. Administration of piribedil results in
amelioration of CCl, induced liver damage probably due to its
«,-adrenoceptor antagonist properties to reduce sympathetic
outflow and then decrease the extent of lipid peroxidation
[51]. Since both phenoxybenzamine and piribedil cross the
blood-brain barrier, they would be expected to antagonize
pan «- or ,-adrenoreceptors, respectively, within the central

nervous system (CNS). Our findings that phentolamine, a
pan a-adrenergic antagonist which has no access to the CNS,
suppresses hepatic injury through oxidative stress suggest
that suppression of antioxidant status by SNS is associated
with the peripheral release of catecholamines. Moreover,
we show that it is unlikely that the B-adrenergic signaling
modulates CCl, induced oxidative stress by pretreatment
with nadolol. This observation appears to be consistent with
a role for isoproterenol, an agonist at both f,- and f,-
adrenoreceptors, found to have no effect on potentiation of
CCl, induced hepatotoxicity [52] and may be due to the con-
cept that f-receptor activation decreases H,O, synthesis in
hepatocyte plasma membrane [53, 54]. Although we favor the
idea that the a-blocker acts directly on hepatocytes we cannot
eliminate the potential contribution of catecholamines on
blood flow to liver. Activation of the SNS results in production
of both “classical” neurotransmitters norepinephrine and
epinephrine and cotransmitters such as adenosine triphos-
phate and adenosine. Hepatocytes express various adrenergic
and purinergic receptors that are sensitive to these molecules,
and the production of cytokines/chemokines is probably
modulated by activation of these receptors [1, 55] and not
necessarily by adrenergic activity alone.

5. Conclusions

In conclusion, we found that sympathectomy or «-adrenergic
blockade decreased hepatic lipid peroxidation in CCl,
induced liver injury. Our results also suggest that the SNS may
regulate inflammatory cytokine and chemokine production
following hepatic injury through regulation of lipid peroxida-
tion. This study demonstrates that modulation of the SNS can
potentially influence the outcome of acute liver damage and
provides a basis to explore the effects of adrenergic modifiers
on treatment of drug-induced liver injury in humans.
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FIGURE 4: Effect of 6-OHDA on levels of hepatic cytokines and chemokines in the absence and following CCl, treatment. (a) A cytokine array
assay in the liver of the saline + olive oil group, the 6-OHDA + olive oil group, the saline + CCl, group, and the 6-OHDA + CCl, group was
measured. Altered cytokines (twofold or more), including IL-1e, IL-10, leptin, TIMP-2, sTNFR I, GM-CSE CCL3, CCL5, CCL9, CCLI1], and
CXCLI, are indicated by boxes. (b) The relative density of cytokines and chemokines was normalized with the internal control and expressed
as a ratio of the expression level of cytokines and chemokines in each group divided by the expression level in the saline + olive oil group.
Each value represents the average of two replicated spots on the membrane. In all figures, * denotes significant differences compared with
the saline + olive oil group (p < 0.05). ** denotes significant differences compared with the saline + olive oil group (p < 0.01). # denotes
significant differences compared with the saline + CCl, group (p < 0.05). ## denotes significant differences compared with the saline + CCl,
group (p < 0.01).



Oxidative Medicine and Cellular Longevity

cal,

Saline

50 7

30

20

Necrosis area (%)

10 —

Saline + CCl;  Phentolamine + CCl, Nadolol + CCl,

(®)

Phentolamine

Nadolol

150

100 —

50

8-OHdG (ng/mg DNA)
*

Saline + CCl, Phentolamine + CCl, Nadolol + CCl

(c)

FIGURE 5: Effect of a- or S-adrenergic blocker on CCl, induced hepatic injury and oxidative DNA damage. Histological features (a) and
area of necrosis (b) of liver sections stained with hematoxylin and eosin 24 h after CCl, treatment. Typical images were selected from each
experimental group (original magnification 200x). The saline + CCl, group showing hepatocellular necrosis; the phentolamine + CCl, group
showing mild hepatocellular necrosis. (c) Oxidized DNA in liver was measured 24 hours after exposure to CCl, following pretreatment with
saline, phentolamine, or nadolol. Data plotted are mean and SD (n = 4 animals in each group). * denotes significant differences (p < 0.05)
compared with the saline + CCl, group. * * * denotes significant differences (p < 0.001) compared with the saline + CCl, group.

Ethical Approval

All experimental procedures and animal care were performed
in accordance with the guidelines approved by the Committee
on Institutional Animal Care and Use (IACUC-14-123 and
IACUC-15-033) of National Defense Medical Center (Taipei,
Taiwan).

Conflict of Interests

The authors declare no conflict of interests.

Authors’ Contribution

Jung-Chun Lin and Herng-Sheng Lee conceived and
designed the experiments. Jung-Chun Lin, Yi-Jen Peng, and
Shih-Yu Wang performed the experiments. Jung-Chun Lin,
Yi-Jen Peng, Shih-Yu Wang, Mei-Ju Lai, Ton-Ho Young, and
Herng-Sheng Lee analyzed the data. Jung-Chun Lin wrote
the paper. Donald M. Salter and Herng-Sheng Lee provided

advice in designing experiments and writing the paper. All
authors have reviewed the paper.

Acknowledgments

The authors acknowledge the skilled technical assistance of
Fang-Show Liou, Yu-Ju Lin, Chih-Shan Chang, Sz-Chi Chen,
Ya-Ting Ku, and Chih-Min Kuo. This study was supported
in part by grant from Ministry of Science and Technol-
ogy, Taiwan (MOST 103-2320-B-075B-003), Department of
Medical Research of Cardinal Tien Hospital, Taiwan (CTH-
103-1-2C04), Tri-Service General Hospital, National Defense
Medical Center, Taiwan (TSGH-C102-069, TSGH-C103-078,
TSGH-C103-080, TSGH-C104-175, TSGH-C104-183, TSGH-
C105-061, TSGH-C105-074, and TSGH-C105-189), and Med-
ical Affairs Bureau, Ministry of National Defense, Taiwan
(MAB-103-066 and MAB-104-089). They would also like
to thank Dr. Tung-Hung Chueh for statistical analysis and
acknowledge the service of Instrument Center of National
Defense Medical Center for the Zeiss LSM 510 Meta inverted



10

confocal microscope, especially Po-Li Chen for her technical
support.

References

(1]

N

(8]

(10]

(11]

L. A. Streba, C. C. Vere, A. G. Ionescu, C. T. Streba, and I.
Rogoveanu, “Role of intrahepatic innervation in regulating the
activity of liver cells,” World Journal of Hepatology, vol. 6, no. 3,
pp. 137-143, 2014.

A. Geerts, “Hepatic nervous system: foreword,” The Anatomical
Record Part A: Discoveries in Molecular, Cellular, and Evolution-
ary Biology, vol. 280, no. 1, pp. 805-806, 2004.

H. Kato and T. Shimazu, “Effect of autonomic denervation on
DNA synthesis during liver regeneration after partial hepatec-
tomy,” European Journal of Biochemistry, vol. 134, no. 3, pp. 473-
478, 1983.

C.-T. Hsu, “The role of the autonomic nervous system in
chemically-induced liver damage and repair—using the essen-
tial hypertensive animal model (SHR),” Journal of the Auto-
nomic Nervous System, vol. 51, no. 2, pp. 135-142, 1995.

L. Dubuisson, A. Desmouli¢re, B. Decourt et al., “Inhibition
of rat liver fibrogenesis through noradrenergic antagonism,”
Hepatology, vol. 35, no. 2, pp. 325-331, 2002.

B. Pereira, L. E B. P. Costa-Rosa, E. J. H. Bechara, P. Newsholme,
and R. Curi, “Changes in the TBARs content and superoxide
dismutase, catalase and glutathione peroxidase activities in the
lymphoid organs and skeletal muscles of adrenodemedullated
rats,” Brazilian Journal of Medical and Biological Research, vol.
31, no. 6, pp. 827-833, 1998.

S. L. Jewett, L. J. Eddy, and P. Hochstein, “Is the autoxidation of
catecholamines involved in ischemia-reperfusion injury?” Free
Radical Biology and Medicine, vol. 6, no. 2, pp. 185-188, 1989.

J. M. Estrela, E. Gil, J. M. Vila, and J. Vina, “Alpha-adrenergic
modulation of glutathione metabolism in isolated rat hepato-
cytes,” The American Journal of Physiology—Endocrinology and
Metabolism, vol. 255, no. 6, part 1, pp. E801-E805, 1988.

P. M. Toleikis and D. V. Godin, “Alteration of antioxidant
status following sympathectomy: differential effects of modified
plasma levels of adrenaline and noradrenaline,” Molecular and
Cellular Biochemistry, vol. 152, no. 1, pp. 39-49, 1995.

Z. Song, D. Cawthon, K. Beers, and W. G. Bottje, “Hepatic and
extra-hepatic stimulation of glutathione release into plasma by
norepinephrine in vivo,” Poultry Science, vol. 79, no. 11, pp. 1632—
1639, 2000.

L. E Costa Rosa, R. Curi, C. Murphy, and P. Newsholme,
“Effect of adrenaline and phorbol myristate acetate or
bacterial lipopolysaccharide on stimulation of pathways of
macrophage glucose, glutamine and O, metabolism. Evidence
for cyclic AMP-dependent protein kinase mediated inhibition
of glucose-6-phosphate dehydrogenase and activation of
NADP+-dependent ‘malic’ enzyme,” Biochemical Journal, vol.
310, part 2, pp. 709-714, 1995.

H. Bo, N. Jiang, G. Ma et al.,, “Regulation of mitochondrial
uncoupling respiration during exercise in rat heart: role of
reactive oxygen species (ROS) and uncoupling protein 2, Free
Radical Biology and Medicine, vol. 44, no. 7, pp. 1373-1381, 2008.

M. Ishizawa, K. Mizushige, T. Noma et al., “An antioxidant
treatment potentially protects myocardial energy metabolism
by regulating uncoupling protein 2 expression in a chronic beta-
adrenergic stimulation rat model,” Life Sciences, vol. 78, no. 25,
pp. 2974-2982, 2006.

(14]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

Oxidative Medicine and Cellular Longevity

M. L. Kukin, J. Kalman, R. H. Charney et al., “Prospective,
randomized comparison of effect of long-term treatment with
metoprolol or carvedilol on symptoms, exercise, ejection frac-
tion, and oxidative stress in heart failure,” Circulation, vol. 99,
no. 20, pp. 2645-2651, 1999.

K. Kawai, F. Qin, J. Shite, W. Mao, S. Fukuoka, and C.-S. Liang,
“Importance of antioxidant and antiapoptotic effects of beta-
receptor blockers in heart failure therapy,” The American Journal
of Physiology—Heart and Circulatory Physiology, vol. 287, no. 3,
pp. H1003-H1012, 2004.

N. Nakamoto, S. Tada, K. Kameyama et al., “A free radical
scavenger, edaravone, attenuates steatosis and cell death via
reducing inflammatory cytokine production in rat acute liver
injury;” Free Radical Research, vol. 37, no. 8, pp. 849-859, 2003.

]. D. Morrow, J. A. Awad, T. Kato et al., “Formation of novel
non-cyclooxygenase-derived prostanoids (F2-isoprostanes) in
carbon tetrachloride hepatotoxicity. An animal model of lipid
peroxidation,” The Journal of Clinical Investigation, vol. 90, no.
6, pp. 2502-2507, 1992.

J. Liu, K. C. Wu, Y.-E Lu, E. Ekuase, and C. D. Klaassen,
“NREF2 protection against liver injury produced by various
hepatotoxicants,” Oxidative Medicine and Cellular Longevity,
vol. 2013, Article ID 305861, 8 pages, 2013.

E Zhang, X. Wang, X. Qiu et al,, “The protective effect of
esculentoside a on experimental acute liver injury in mice;
PLoS ONE, vol. 9, no. 11, Article ID el13107, 2014.

J. C. Lin, Y. J. Peng, S. Y. Wang et al., “Role of the sympathetic
nervous system in carbon tetrachloride-induced hepatotoxicity
and systemic inflammation,” PLOS ONE, vol. 10, no. 3, Article
ID 0121365, 2015.

H. Terazono, T. Mutoh, S. Yamaguchi et al., “Adrenergic regula-
tion of clock gene expression in mouse liver,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 11, pp. 6795-6800, 2003.

C. A. Camargo Jr, J. E Madden, W. Gao, R. S. Selvan,
and P-A. Clavien, “Interleukin-6 protects liver against warm
ischemia/reperfusion injury and promotes hepatocyte prolifer-
ation in the rodent,” Hepatology, vol. 26, no. 6, pp. 1513-1520,
1997.

H. Esterbauer, P. Eckl, and A. Ortner, “Possible mutagens
derived from lipids and lipid precursors,” Mutation Research/
Reviews in Genetic Toxicology, vol. 238, no. 3, pp. 223-233,1990.

P. M. Eckl, “Genotoxicity of HNE, Molecular Aspects of
Medicine, vol. 24, no. 4-5, pp. 161-165, 2003.

A. Ayala, M. F. Munoz, and S. Argiielles, “Lipid peroxidation:
production, metabolism, and signaling mechanisms of malon-
dialdehyde and 4-hydroxy-2-nonenal,” Oxidative Medicine and
Cellular Longevity, vol. 2014, Article ID 360438, 31 pages, 2014.

L. Knockaert, A. Berson, C. Ribault et al., “Carbon tetrachlo-
ride-mediated lipid peroxidation induces early mitochondrial
alterations in mouse liver;” Laboratory Investigation, vol. 92, no.
3, pp. 396-410, 2012.

L. Moldovan and N. I. Moldovan, “Oxygen free radicals and
redox biology of organelles,” Histochemistry and Cell Biology,
vol. 122, no. 4, pp. 395-412, 2004.

J. Gewiese-Rabsch, C. Drucker, S. Malchow, J. Scheller, and
S. Rose-John, “Role of IL-6 trans-signaling in CCl, induced
liver damage,” Biochimica et Biophysica Acta—Molecular Basis
of Disease, vol. 1802, no. 11, pp. 1054-1061, 2010.

N. Atale, S. Gupta, U. C. S. Yadav, and V. Rani, “Cell-death
assessment by fluorescent and nonfluorescent cytosolic and



Oxidative Medicine and Cellular Longevity

[30]

(31]

(34]

(35]

[36]

(37]

(38]

(39]

[41]

(42

nuclear staining techniques,” Journal of Microscopy, vol. 255, no.
1, pp. 7-19, 2014.

K. E. McElhanon, C. Bose, R. Sharma, L. Wu, Y. C. Awasthi,
and S. P. Singh, “Gsta4 null mouse embryonic fibroblasts exhibit
enhanced sensitivity to oxidants: role of 4-hydroxynonenal in
oxidant toxicity, Open Journal of Apoptosis, vol. 2, no. 1, pp. 1-
11, 2013.

O. Sommerburg, T. Grune, S. Klee, E R. Ungemach, and W. G.
Siems, “Formation of 4-hydroxynonenal and further aldehydic
mediators of inflammation during bromotrichlorornethane
treatment of rat liver cells;” Mediators of Inflammation, vol. 2,
no. 1, pp. 27-31,1993.

L. Milkovic, A. Cipak Gasparovic, and N. Zarkovic, “Overview
on major lipid peroxidation bioactive factor 4-hydroxynonenal
as pluripotent growth-regulating factor,” Free Radical Research,
vol. 49, no. 7, pp- 850-860, 2015.

U. C. S. Yadav and K. V. Ramana, “Regulation of NF-xB-
induced inflammatory signaling by lipid peroxidation-derived
aldehydes,” Oxidative Medicine and Cellular Longevity, vol. 2013,
Article ID 690545, 11 pages, 2013.

T. Sakurai, G. He, A. Matsuzawa et al., “Hepatocyte necrosis
induced by oxidative stress and IL-1 alpha release medi-
ate carcinogen-induced compensatory proliferation and liver
tumorigenesis,” Cancer Cell, vol. 14, no. 2, pp. 156-165, 2008.

Y. Yamada and N. Fausto, “Deficient liver regeneration after
carbon tetrachloride injury in mice lacking type 1 but not type
2 tumor necrosis factor receptor, The American Journal of
Pathology, vol. 152, no. 6, pp. 1577-1589, 1998.

E. Roeb, E. Purucker, B. Breuer et al., “TIMP expression in toxic
and cholestatic liver injury in rat,” Journal of Hepatology, vol. 27,
no. 3, pp. 535-544, 1997,

M. A. Ajakaiye, A. Jacob, R. Wu et al., “Upregulation of Kupfter
cell a2A-Adrenoceptors and downregulation of MKP-1 mediate
hepatic injury in chronic alcohol exposure,” Biochemical and
Biophysical Research Communications, vol. 409, no. 3, pp. 406—
411, 2011.

B. Sigala, C. McKee, J. Soeda et al., “Sympathetic nervous
system catecholamines and neuropeptide Y neurotransmitters
are upregulated in human NAFLD and modulate the fibrogenic
function of hepatic stellate cells,” PLoS ONE, vol. 8, no. 9, Article
ID e72928, 2013.

K. Ikejima, H. Honda, M. Yoshikawa et al., “Leptin augments
inflammatory and profibrogenic responses in the murine liver
induced by hepatotoxic chemicals,” Hepatology, vol. 34, no. 2,
pp. 288-297, 2001.

J. A. Handy, P. P. Fu, P. Kumar et al., “Adiponectin inhibits leptin
signalling via multiple mechanisms to exert protective effects
against hepatic fibrosis,” Biochemical Journal, vol. 440, no. 3, pp.
385-395, 2011.

B. Lu, L. Yu, S. Li, S. Si, and Y. Zeng, “Alleviation of CCl4-
induced cirrhosis in rats by tetramethylpyrazine is associated
with downregulation of leptin and TGF-1 pathway,” Drug and
Chemical Toxicology, vol. 33, no. 3, pp. 310-315, 2010.

A. Nellen, D. Heinrichs, M.-L. Berres et al., “Interference
with oligomerization and glycosaminoglycan binding of the
chemokine CCL5 improves experimental liver injury; PLoS
ONE, vol. 7, no. 5, Article ID e36614, 2012.

R. G. Gieling, A. M. Elsharkawy, J. H. Caamad No et al.,
“The c-Rel subunit of nuclear factor-«b regulates murine liver

inflammation, wound-healing, and hepatocyte proliferation,”
Hepatology, vol. 51, no. 3, pp. 922-931, 2010.

(44]

(45]

[48]

(51]

1

M. Yang and P. R. Odgren, “Molecular cloning and character-
ization of rat CCL9 (MIP-1y), the ortholog of mouse CCL9,
Cytokine, vol. 31, no. 2, pp. 94-102, 2005.

Y. P. S. Goh, N. C. Henderson, J. E. Heredia et al., “Eosinophils
secrete IL-4 to facilitate liver regeneration,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 24, pp. 9914-9919, 2013.

J. @vrevik, M. Refsnes, P. Schwarze, and M. Lag, “The ability of
oxidative stress to mimic quartz-induced chemokine responses
is lung cell line-dependent,” Toxicology Letters, vol. 181, no. 2, pp.
75-80, 2008.

Y. Zhai, X.-D. Shen, W. W. Hancock et al., “CXCR3"CD4" T cells
mediate innate immune function in the pathophysiology of liver
ischemia/reperfusion injury;,” Journal of Immunology, vol. 176,
no. 10, pp. 6313-6322, 2006.

H. Nagashima, K. Nakamura, and T. Goto, “Rubratoxin B
induced the secretion of hepatic injury-related colony stimu-
lating factors in human hepatoma cells,” Toxicology Letters, vol.
145, no. 2, pp. 153-159, 2003.

S. M. Roberts, R. D. Harbison, and R. C. James, “Metham-
phetamine potentiation of carbon tetrachloride hepatotoxicity
in mice,” Journal of Pharmacology and Experimental Therapeu-
tics, vol. 271, no. 2, pp. 1051-1057, 1994.

T. M. Brody, D. N. Calvert, and A. E Schneider, “Alteration
of carbon tetrachloride-induced pathologic changes in the rat
by spinal transection, adrenalectomy and adrenergic blocking
agents,” Journal of Pharmacology and Experimental Therapeu-
tics, vol. 131, no. 3, pp. 341-345, 1961.

O. M. E. Abdel-Salam, A. A. Sleem, and N. Shafee, “The
dopamine agonist piribedil exerts hepatoprotective effects on
carbon tetrachloride-induced hepatic damage,” Comparative
Clinical Pathology, vol. 22, no. 3, pp. 413-419, 2013.

S. M. Roberts, R. D. Harbison, J. E. Seng, and R. C. James,
“Potentiation of carbon tetrachloride hepatotoxicity by phenyl-
propanolamine,” Toxicology and Applied Pharmacology, vol. 111,
no. 2, pp. 175-188, 1991.

A. Diaz-Cruz, R. Guinzberg, R. Guerra et al, “Adrenaline
stimulates H,O, generation in liver via NADPH oxidase,” Free
Radical Research, vol. 41, no. 6, pp. 663-672, 2007.

A. Diaz-Cruz, M. M. Vilchis-Landeros, R. Guinzberg, R.
Villalobos-Molina, and E. Pifia, “NOX2 activated by «, -adreno-
ceptors modulates hepatic metabolic routes stimulated by S-
adrenoceptors,” Free Radical Research, vol. 45, no. 11-12, pp.
1366-1378, 2011.

D. S. Emmett, A. Feranchak, G. Kilic et al., “Characterization
ofionotrophic purinergic receptors in hepatocytes,” Hepatology,
vol. 47, no. 2, pp. 698-705, 2008.



Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 3935841, 12 pages
http://dx.doi.org/10.1155/2016/3935841

Research Article

Oligonol Ameliorates CCl,-Induced Liver Injury in Rats via
the NF-Kappa B and MAPK Signaling Pathways

Jeonghyeon Bak,'! Nam Kyung Je,! Hae Young Chung,1 Takako Yokozawa,’

Sik Yoon,’ and Jeon-Ok Moon'

! College of Pharmacy, Pusan National University, Busan 609-735, Republic of Korea
Graduate School of Science and Engineering for Research, University of Toyama, Toyama 930-0194, Japan
’Department of Anatomy, College of Medicine, Pusan National University, Yangsan 626-870, Republic of Korea

Correspondence should be addressed to Jeon-Ok Moon; mjo@pusan.ac.kr

Received 24 July 2015; Accepted 27 September 2015

Academic Editor: Pablo Muriel

Copyright © 2016 Jeonghyeon Bak et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Oxidative stress is thought to be a key risk factor in the development of hepatic diseases. Blocking or retarding the reactions
of oxidation and the inflammatory process by antioxidants could be a promising therapeutic intervention for prevention or
treatment of liver injuries. Oligonol is a low molecular weight polyphenol containing catechin-type monomers and oligomers
derived from lychee fruit. In this study, we investigated the anti-inflammatory effect of oligonol on carbon tetrachloride- (CCl,-)
induced acute hepatic injury in rats. Oral administration of oligonol (10 or 50 mg/kg) reduced CCl,-induced abnormalities in liver
histology and serum AST and serum ALT levels. Oligonol treatment attenuated the CCl,-induced production of inflammatory
mediators, including TNF-«, IL-1f3, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) mRNA levels. Western
blot analysis showed that oligonol suppressed proinflammatory nuclear factor-kappa B (NF-«B) p65 activation, phosphorylation
of extracellular signal-regulated kinase (ERK), c-Jun NH,-terminal kinase (JNK), and p38 mitogen-activated protein kinases
(MAPKs) as well as Akt. Oligonol exhibited strong antioxidative activity in vitro and in vivo, and hepatoprotective activity against
t-butyl hydroperoxide-induced HepG2 cells. Taken together, oligonol showed antioxidative and anti-inflammatory effects in CCl,-
intoxicated rats by inhibiting oxidative stress and NF-«B activation via blockade of the activation of upstream kinases including

MAPKSs and Akt.

1. Introduction

Liver inflammation is a common response to various types
of chronic liver injury. In the initial stages of inflamma-
tion, hepatocytes, Kupffer cells, platelets, and leukocytes
are activated and produce reactive oxygen species (ROS)
and inflammatory mediators such as platelet-derived growth
factor, transforming growth factor-f (TGF-f), connective
tissue growth factor, and tissue necrosis factor-a (TNF-«).
These factors probably act as paracrine mediators to activate
quiescent hepatic stellate cells (HSCs) that are localized in
the perisinusoidal space, resulting in abnormal quantity and
composition of extracellular matrix [1], which in turn leads
to hepatitis, liver fibrosis, and cirrhosis. Thus, it is important
to suppress hepatic inflammation in the early stages of liver
fibrosis.

Oxidative stress, in particular, lipid peroxidation, has
been considered one of the major causes of liver damage and
has been reported to be associated with HSC activation [2].
Lipid peroxidation may provoke liver damage by compro-
mising the integrity of membranes and by inducing covalent
binding of reactive intermediates to important antioxidants
such as glutathione [3]. Antioxidants are potent free radical
scavengers and have been documented to protect hepatocytes
from lipid peroxidation in the carbon tetrachloride- (CCl,-)
or dimethylnitrosamine- (DMN-) induced liver injury mod-
els [4, 5]. Therefore, blocking or retarding the reactions of
lipid peroxidation and the inflammatory process by antiox-
idants could be a promising therapeutic intervention for
prevention or treatment of liver injuries.

Dietary phytochemicals of fruits, vegetables, whole
grains, and other plant foods were shown to have potent
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antioxidant activity, and the mixture or combination of
phytochemicals was proposed to be responsible for their
strong antioxidant activity [6]. In most cases, the poor
absorption rate of polyphenolic substances limits their use as
dietary supplements in human. Particularly, many polyphe-
nols exist in polymeric forms of high molecular weight that
may further decrease their bioavailability [7]. Oligonol is a
phenolic product derived from lychee fruit (Litchi chinensis
Sonn.) extract by a manufacturing process that converts
polyphenol polymers into oligomers. Oligonol comprises
16.0% monomers (catechin, epicatechin, epicatechin gallate,
and epigallocatechin gallate), 13.9% dimers (procyanidin Al,
A2, Bl, and B2), and oligomers of proanthocyanidins [8].
Oligonol delivers higher levels of oligomeric proanthocyani-
dins compared with fruit and plant sources that contain high
molecular weight proanthocyanidins [7].

There is a growing evidence that oligonol can elicit some
physiological and biochemical alterations in vitro and in vivo,
such as inhibition of adipogenesis in 3T3-L1 adipocytes [9],
improvement of memory and cognition under an amyloid
beta-induced Alzheimer’s mouse model [10], the induction of
apoptosis in MCF-7 and MDA-MB-231 human breast cancer
cell lines [11], and antioxidant and anti-inflammatory effects
in ultraviolet B- (UVB-) irradiated mouse skin [12]. However,
the potential protective activity and mechanism of oligonol
on acute liver inflammation induced CCl, have not yet been
conducted.

Here, we report that oral administration of oligonol
exerts an antioxidant, anti-inflammatory, and hepatopro-
tective effect in CCl,-induced acute liver injury in rats.
The possible molecular mechanism of action of oligonol
was explored by analyzing the expression of nuclear factor-
kappa B (NF-xB), TNF-q, IL-1B3, cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), Akt, and mitogen-
activated protein kinases (MAPKs), including extracellular
signal-regulated kinase (ERK), c-Jun NH,-terminal kinase
(JNK), and p38.

2. Materials and Methods

2.1. Chemicals. Bicinchoninic acid (BCA) solution, bovine
serum albumin (BSA), t-butyl hydroperoxide (t-BHP),
butylated hydroxytoluene (BHT), CCl,, 1,1-diphenyl-2-pi-
crylhydrazyl (DPPH), formalin, sodium carboxymethylcellu-
lose (CMC), 2',7'-dichlorofluorescin diacetate (DCFDA),
phosphoric acid, trichloroacetic acid (TCA), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium  bromides
(MTT), and Trolox were obtained from Sigma-Aldrich
Co. 2-Thiobarbituric acid (TBA) was obtained from Tokyo
Chemical Industry Co. Malondialdehyde (MDA) tetrabutyl-
ammonium salt was obtained from Fluka. Oligonol is
commercially available (Amino Up Chemical Co., Ltd.,
Sapporo, Japan).

2.2. DPPH Assay. The scavenging activity of oligonol was
measured using the stable DPPH free radical, according
to a published method [13] with slight modifications. The
reaction mixture contained 50 mM phosphate buffer at pH
7.4 (80 uL), 100 uM DPPH dissolved in ethanol (100 yL), and
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the indicated concentrations of oligonol and Trolox (20 uL).
Triplicate reaction tubes were wrapped in aluminum foil
and placed at room temperature for 30 min in the dark.
Spectrophotometric readings were taken at 517 nm using a
microplate reader (Apollo-LB913, Berthold Technologies).
The percent inhibition of free radical production was cal-
culated from ([A, — (A — Ap)]/A,) x 100, where A, is the
absorbance of the control, A is the absorbance of the sample,
and A, is the absorbance of the blank sample (containing all
reagents except DPPH). IC,, values were obtained from the
inhibition curves.

2.3. Antioxidative Activity against Lipid Peroxidation Induced
FeSO,/H,0, in Rat Liver Homogenates. Lipid peroxidation
in rat liver homogenates induced by the Fenton reaction,
comprising 0.1 mM FeSO,, 3mM H,0O,, various concentra-
tions of the tested substances, and liver homogenates (7.5 mg
protein/mL), was measured by the method of Buege and
Aust [14] with some modifications. The reaction was started
by the addition of FeSO, and H,0O, and then incubated
at 37°C for 10 min. The reaction was stopped by mixing
with 3mL of a stock solution of 15% (w/v) TCA, 0.375%
(w/v) TBA, 0.125M hydrochloric acid, and 0.6 mM BHT.
The combination of reaction mixture and stock solution was
heated for 30 min in a boiling water bath. After cooling,
the flocculent precipitate was removed by centrifugation
at 1,250 g for 20 min. The absorbance of the supernatant
was determined at 532nm, and the MDA concentration
was calculated using MDA tetrabutylammonium salt as a
standard. Protein concentrations were determined by the
BCA assay using BSA as the reference standard.

2.4. Protective Effect of Oligonol on Cell Damage Induced
by t-BHP. The human hepatocellular carcinoma cell line
HepG2 was purchased from the Korean Cell Line Bank.
The cells were cultured in a complete medium composed of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1% glutamine, penicillin
(100 pg/mL), and streptomycin (100 ug/mL) at 37°C in a
5% CO, humidified incubated environment. The cells were
placed in 96-well plates at a density of 2.0 x 10* cells per
well. After 24 h cultivation, the complete medium of the
plates was replaced with serum-free medium, and various
concentrations of oligonol (0.5, 2, 5, and 10 ug/mL) were
added to the cells. Four hours later, the cells were exposed
to 300 uM t-BHP for 3 h. After incubation, 100 uL of MTT
solution (1 mg/mL in phosphate buffered saline) was added
to each well and incubated for another 2 h. After the culture
medium had been removed, 100 L of DMSO was added
and mixed to dissolve the MTT formazan crystals. The
plates were read on a microplate reader (Apollo-LB913,
Berthold Technologies) using a wavelength of 540 nm. The
survival values, used to examine the protective effects of the
compounds against cell damage by t-BHP, were expressed as
a percentage of the absorbance of the normal cells.

2.5. Cell Lysis. Cells were washed by phosphate buffered
saline (PBS), and then 1mL of ice-cold PBS was added.
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Pellets were harvested at 1,000 g at 4°C for 3 min. The pellets
were suspended in ProEX CETi Lysis Buffer (TransLab),
incubated on ice for 20 min and then centrifuge at 14,000 g
at 4°C for 10 min. The supernatants were used as total protein
extraction.

2.6. Animals. Male Sprague-Dawley rats were obtained from
Samtako (Osan, Korea). Animals were provided standard rat
chow with free access to tap water and were maintained at
a controlled temperature (23 + 3°C) and humidity (50 +
20%) with a 12h light-dark cycle. With respect to ethical
issues and scientific care, the animal protocol used in this
study was reviewed and approved by the Pusan National
University-Institutional Animal Care and Use Committee
(PNU-IACUC; Approval number PNU 2008-0541).

2.7. Induction of Acute Hepatic Inflammation with CCl,.
Twenty-four rats weighing 140-160 g and 5-6 weeks in age
were assigned to 4 groups (n = 6): control, CCl,, Olil0, and
Oli50. Animals in the control group received olive oil (CCl,
vehicle) by intraperitoneal (i.p.) injection and CMC (oligonol
vehicle) by oral gavage; the CCl, group received CCl, and
CMC, while the Olil0 and Oli50 group received CCl, and
oligonol at 10 and 50 mg/kg/day, respectively. Liver injury was
induced by a single i.p. injection of 25% (w/v) CCl, (0.6 g/kg
body weight) in olive oil. Oligonol was suspended in 0.5%
CMC solution to a concentration of 10 and 50 mg/mL and
administered by oral gavage twice, once at 16 h and once at
30 min before CCl, intoxication. Twenty-four hours after the
CCl, injection, all rats were euthanized by ether anesthesia,
and the livers were excised and weighed. Blood samples for
biochemical analyzes were obtained from the inferior vena
cava.

2.8. Liver Homogenate Preparation. The remaining liver tis-
sue was rapidly cut into small pieces and homogenized with
two volumes (w/v) of ice-cold potassium phosphate buffer
(pH 7.4) using an IKA T10 basic Ultra-Tur Rax homogenizer.
Debris and nuclei were removed from the homogenate by
centrifugation at 700 xg at 4°C for 10 min and stored at —80°C
for further analysis.

2.9. Histology. Liver specimens were fixed by immersion in
10% neutral buffered formaldehyde solution (NBF) for 24 h
and then washed overnight. The samples from each group
(n = 6) were dehydrated in a graded series of ethanol
solutions, cleared in xylene, and embedded in paraffin.
Eight to ten tissue sections (6 ym thick) were cut and
stained with hematoxylin and eosin (H&E) to assess the
architectural alterations. The degree of liver damage was
evaluated semiquantitatively using the Ishak system under a
light microscope [15].

2.10. Biochemical Analysis of Liver Enzymes. Serum aspartate
transaminase (AST) and alanine transaminase (ALT) activ-
ities were measured using the method described by Reit-
man and Frankel [16], using AST/ALT kits (Asan Chemical
Co.).

2.11. Determination of MDA Content. MDA levels in the
liver tissue were measured by a published method with
modifications [17]. Standards were prepared via serial dilu-
tion of a stock solution of 10 uyM MDA tetrabutylammonium
salt in distilled water. For the assay, 10 mg of liver tissue
was homogenized with 1mL of solution containing 26 mM
TBA, 0.64 mM BHT, 0.93M TCA, and 11 mM hydrochloric
acid. The homogenates were heated for 1h in a boiling water
bath. After cooling, tubes were centrifuged for 15min at
2,000 xg. The absorbance of supernatant was determined at
532nm and the MDA concentration was calculated using
MDA tetrabutylammonium salt as a standard.

2.12. Measurement of ROS Level. A fluorometric assay was

used to determine levels of ROS, such as ‘O, , "OH, and
H,0,. Nonfluorescent DCFDA was oxidized to the highly
fluorescent 2',7'-dichlorofluorescin (DCF) in the presence of
esterases and ROS, including lipid peroxides [18]. For the
assay, 50 uM DCFDA was added to liver homogenates for
250 uL of final volume. Changes in fluorescence intensity
were measured every 5 min for 30 min on a fluorescence plate
reader, GENios (Tecan Instrument, Salzburg, Austria), with
excitation and emission wavelengths set at 485 and 530 nm,
respectively.

2.13. RNA Extraction and Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR). Total RNA was extracted from
samples of 100mg of frozen liver by homogenization in
Trizol reagent (Invitrogen). RNA purity was assessed by
the absorbance ratio at 260 nm and 280 nm. cDNA was
prepared from samples of 1ug of RNA with iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the
protocol provided by the manufacturer. PCR was performed
in 20 uL of reaction solution containing 1 g of cDNA and the
appropriate primers from Bioneer (Daejeon, Korea) (Table 1)
using a Promega GoTaq Flexi DNA Polymerase PCR kit. PCR
conditions were as follows: denaturation at 95°C for 10 min,
35 cycles of 30s at 95°C, 90s at 60°C, 60s at 72°C, and a
final extension at 72°C for 5min. GAPDH was measured
as an internal control for normalization of mRNA levels.
The amplified products were analyzed by 1.5% agarose gel
electrophoresis and visualized by ethidium bromide staining
under UV light illumination (Gel Doc/ChemiDoc imager,
Azure). All reactions were performed in triplicate.

2.14. Western Blotting Analysis. Nuclear extracts, cytosol
extracts, or total proteins of liver tissue were prepared as
a published method with modification [19]. The protein
concentration was measured by the BCA assay. Aliquots of
protein (30 pg) were denatured at 95°C for 5 min before elec-
trophoresis on 10% SDS-polyacrylamide gel. After transfer to
a polyvinylidene difluoride (PVDF) membrane (Millipore),
the blot was blocked with 5% nonfat milk solution for 1h at
room temperature and then incubated with a1:1,000 dilution
of primary antibodies selective against either NF-«xB p65,
total JNK, p-JNK, total ERK, p-ERK, total Akt, p-Akt, total
p38, p-p38, histone, or B-actin (Santa Cruz Biotechnology)
in Tris-buffered saline Tween-20 (TBST) at 4°C overnight,
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TaBLE 1: Oligonucleotide sequences used in RT-PCR analysis.

Group Direction Sequence

TNF-a Forward TTCTGTCTACTGAACTTGGGGGTGATCGGTCC
Reverse GTATGAGATAGCAAATCGGCTGACGGTGTGGG

1L-18 Forward ATGGCAACTGTTCCTGAACTCAACT
Reverse CAGGACAGGTATAGATTCTTTCCTTT

COX-2 Forward CCAGAGCAGAGAGATGAAATACCA
Reverse GCAGGGCGGGATACAGTTC

iNOS Forward GATTCAGTGGTCCAACCTGCA
Reverse CGACCTGATGTTGCCACTGTT

GAPDH Forward GACAACTTTGGCATCGTGGA
Reverse ATGCAGGGATGATGTTCTGG

TNEF-«: tumor necrosis factor-alpha; IL-183: interleukin-1 beta; COX-2: cyclooxygenase-2; iNOS: inducible nitric oxide synthase; GAPDH: glyceraldehyde-3-

phosphate dehydrogenase.

TaBLE 2: Antioxidative activities of oligonol against DPPH radical.

Substances Concentration Inhibition (%) | (O
5 10.7 £ 0.002
10 28.5 £ 0.001

Oligonol (pg/mL) 25 38.9 +0.001 50.5
50 49.9 £ 0.001
100 61.1 + 0.006
5 19.2 £ 0.008
10 26.1+0.003

Trolox (uM) 25 50.4 + 0.007 18.6
50 65.1+0.001
100 71.3 £ 0.006

The reaction mixture consisted of 0.5mL of 60 uM ethanolic solution of
DPPH and 0.5 mL of various concentrations of sample solution. After allow-
ing the mixture to stand at room temperature for 30 min, the absorbance of
the remaining DPPH was determined at 517 nm. Trolox was used as a positive
control.

followed by 1h at room temperature. The membrane was
washed 3 times for 5 min each with TBST solution. The mem-
branes were incubated with 1:10,000 dilution of horseradish
peroxidase-conjugated rabbit or mouse secondary antibodies
(Santa Cruz Biotechnology) at room temperature for 1h.
The transferred proteins were visualized with an enhanced
chemiluminescence (ECL) detection system and the band
intensities were determined using a Gel Doc/ChemiDoc
imager (Azure). The protein concentration was determined
with a BCA protein assay kit (Pierce, Rockford, IL, USA).

2.15. Statistical Analyses. All results are expressed as the
mean + SE of the indicated number of replicates. Data were
analyzed for statistical differences by one-way analysis of
variance (ANOVA). A p value of 0.05 or less was considered
statistically significant.

3. Results

3.1. Antioxidative Activities of Oligonol against the Lipid
Peroxidation of Rat Liver Homogenates Induced by FeSO, and
H,0, and against DPPH Radical. The antioxidant activities

TABLE 3: Antioxidative activities of oligonol against the lipid
peroxidation of rat liver homogenates induced by FeSO, and H,0O,.

Substances Concentration Inhibition (%) 1Cs,
10 4752 £ 0.06
Oligonol (pg/mL) >0 62.01.+0.01 15.16
100 74.74 + 0.06
500 93.02 + 0.01
5 16.51 + 0.04
BHT (M) 10 43.43£0.03 15.01
20 59.82 +0.01
50 89.61 £ 0.05
Results are expressed as mean + SE (n = 3). The reaction mixture was

composed of the rat liver homogenate, 0.l mM FeSO,4, 3mM H,0O,, and
various concentrations of oligonol or BHT. After incubation at 37°C for
10 min, the amount of MDA formation was measured by the method of
Buege and Aust. Inhibition (%) of MDA formation in oligonol or BHT was
calculated based on the amount of MDA formation of the FeSO,/H,0,-
treated control after subtracting the normal.

of oligonol were investigated by the examination of the
inhibitory effect against FeSO,/H,0,-induced lipid perox-
idation in rat liver homogenates (Table 2) and the DPPH
radical scavenging effect (Table 3). As positive control for
the inhibition of lipid peroxidation, a well-known antioxidant
BHT was tested. Under the reaction condition which allows
the IC;, of BHT to be 15.01uM, ICs, of oligonol was
15.15 pg/mL. Oligonol showed DPPH free radical scavenging
activity (ICs, = 50.5 ug) and Trolox was tested as a positive
control (IC5, =18.6 uM)

3.2. Hepatoprotective Effect of Oligonol against Cell Damage
Induced by t-BHP. t-BHP is a cytotoxic agent that is metab-
olized to free radicals including ¢-butoxyl, t-butylperoxyl,
or methyl radical that interfere with cellular functions.
The protective effect of oligonol on cell damage induced
by t-BHP was examined (Figure 1). By exposing the cells
to 300 uM t-BHP for 3h, cell viability decreased to 46%.
However, oligonol was found to protect t-BHP-induced cell
damage dose-dependently, and the EC;, was calculated to
be 0.25 pg. In addition, we investigated the effect of oligonol
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FIGURE 1: Effect of oligonol on HepG2 cell damage induced by ¢-
BHP. Cell viability was assessed using MTT assays. Data shown
represent means + standard deviation of triplicate experiments.

on the induction of proinflammatory mediator COX-2 in ¢-
BHP-treated HepG2 cells at the protein level by western blot
analysis. As shown in Figure 2, oligonol suppressed the ¢-
BHP-induced COX-2 induction.

3.3. Changes in Body and Liver Weight and Serum Parameters
in Rats Intoxicated by CCl,. Treatment with CCl, caused
a slight increase in the ratio of body weight/liver weight
when compared with the control group (Table 4). In contrast,
animals injected with CCl, and orally administered with
oligonol showed significantly reduced ratios of liver weight
to body weight, compared to untreated animals injected
with CCl,. These results indicate that oligonol reduces the
ratios of body to liver weight induced by CCl, intoxication.
Biochemical analyses of serum AST and serum ALT activities
were performed to determine whether oligonol protected
the liver from CCl,-induced injury (Figures 3(a) and 3(b)).
Serum AST and serum ALT levels were significantly higher in
rats injected with CCl, (475.1 £ 330.3 and 160.0 + 120.6 U/L,
resp.) than in the control rats (35.5 + 5.2 and 28.4 + 4.3 U/L,
resp.). Serum AST and serum ALT activities were signifi-
cantly reduced by oral administration of oligonol at both 10
and 50 mg/kg doses; levels of AST and ALT in the Olil0 group
were 193.7 £ 61.7 and 72.9 + 26.0 U/L, respectively, and levels
in the Oli50 group were 121.1 + 29.4 and 44.2 + 176 U/L,
respectively.

3.4. Prevention of ROS Production and Lipid Peroxidation by
Oligonol. To assess the overall oxidative status, total ROS
was measured with DCFDA probe in the liver homogenates.
Results show that increased ROS levels with CCl, intoxi-
cation were suppressed by the administration of oligonol
(Figure 4(a)). Induction of lipid peroxidation by CCl, was
measured by the production of MDA in liver tissues (Fig-
ure 4(b)). The MDA content in the livers of CCl,-treated rats
was significantly higher than that in the control animals but
significantly reduced in the livers of rats treated with oligonol
in a dose-dependent manner, which is consistent with the
results of ROS production and the liver function tests.

TaBLE 4: Effects of oligonol on body and liver weights of rats treated
with CCl,.

Body weight (g) Liver weight (g) Ratio (%)*
Control 154.02 + 7.40 5.96 +1.25 3.85
CCl, 158.01 + 7.29 7.69 + 0.66"" 4.87
Olil0 158.16 + 4.62 6.98 + 0.34" 4.42
0li50 156.75 +10.05 6.71+0.29° 4.29

CCly: CCly alone treated group; Olil0: oligonol (10 mg/kg) with CCly; Oli50:
oligonol (50 mg/kg) with CCl,. *Values are expressed as the ratios of liver
weight to body weight. Data are the mean + SE of n = 6 rats/group. *“p <
0.01 compared with the control group and *p < 0.05 compared with the
CCly group.
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F1GURE 2: Effect of oligonol on t-BHP-induced COX-2 expression on
HepG2 cells. HepG2 cells were treated with different concentrations
of oligonol (0, 0.5, and 2 pg/mL) for 4h before being exposed
to t-BHP (200 uM) for 24 h. Western blotting was performed to
detect COX-2 in whole protein (30 ug) from HepG2 cell. One
representative blot of each protein is shown from three experiments
that yielded similar result, respectively. Values are normalized as
percentage of f-actin. Values are mean + SE of n = 3. "p < 0.05
compared with the control group, and *p < 0.05 and ¥p < 0.01
compared with the ¢-BHP group.

3.5. Liver Histopathology. The effect of oligonol on CCl,-
induced histopathological changes in the liver was evaluated
on H&E stained liver sections (Table 5). Livers of the control
group showed normal lobular architecture with central veins
and radiating hepatic cords. No histological abnormalities
were observed (Figure 5(a)). In contrast, the liver sections
from CCl,-treated animals showed distorted tissue archi-
tecture, submassive necrosis, vacuolization, and macrovesic-
ular fatty changes of hepatocytes (Figure 5(b)). Notably,
these pathologic changes were markedly reduced dose-
dependently in the livers of animals treated with oligonol
(Figures 5(c) and 5(d)).
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FIGURE 3: Measurements of serum ALT and serum AST levels. Groups are as described in “Methods.” Values are mean + SE of n = 6
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FIGURE 4: Effect of oligonol on ROS and MDA levels in rat liver intoxicated with CCl,. ROS generation was measured by DCF formation
with a fluorescent probe, DCFDA. Effect of oligonol on CCl,-induced lipid peroxidation activity from the liver was measured by the method
of Buege and Aust. Values are mean + SE of n = 6 rats/group. **P < 0.01 and ***p < 0.001 compared with the control group. #p < 0.001

compared with the CCl, group.

TaBLE 5: Effects of oligonol on the histopathological score of liver of
CCl,-treated rats.

Histopathological score of liver

Group  Number

0 1 2 3 4
Control 6 6 0 0 0 0
cal, 6 0 0 0 1 5
Oli10 6 1 2 1 2 0
0li50 6 3 1 1 1 0

3.6. Expression of TNF-«, IL-1f3, COX-2, and iNOS mRNA.
Expression of mRNA of proinflammatory cytokines TNF-«
and IL-18 and proinflammatory proteins COX-2 and iNOS
in the liver was measured by RT-PCR. Following agarose
gel electrophoresis of reaction products, mRNA levels were
quantified by normalization against the expression of the
housekeeping gene, GAPDH. CCl, treatment increased the

expression of TNF-a, IL-1f3, COX-2, and iNOS mRNA in
the liver, but these were dose-dependently and significantly

reduced by pretreatment of rats with oligonol (Figures 6 and
7).

3.7. NF-kB Translocation to the Nucleus. The protein level
of transcription factor NF-xB was examined. Activation
of NF-xB was based on the detection of its translocation
into cell nuclei from its initial location in the cytoplasm
where it exists in an inactive form. Western blotting of
NF-xB p65 protein in nuclear and cytosolic fractions of
the liver tissues indicates that CCl, treatment exhibited an
enhancement of nuclear NF-xB and a reduction of cytosolic
NEF-«B (Figure 8). Oligonol treatment to CCl,-intoxicated rat
markedly inhibited CCl,-induced increase of NF-«B in the
nuclear fraction of the liver. It also abrogated the reduction
of NF-«B in the cytosolic fraction. The relative level of NF-
«B p65 in the nuclear and cytosol is compared with S-actin
and histon, respectively, and quantified by image analysis.
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FIGURE 5: Effects of oligonol on CCl,-induced histopathological changes in rat livers. Representative H&E stained sections of livers of rats
treated as described in methods. (a) Liver section of control group shows normal liver architecture, intact hepatocytes, and radiating hepatic
cords from the central vein (CV); (b) CCl,-induced damage is indicated by distortion of the tissue architecture, submassive necrosis (thick
arrows), fatty changes (thin arrows) in hepatocytes, and aggregations of inflammatory cells (arrowheads); (c) oligonol (10 mg/kg) plus CCl,;
and (d) oligonol (50 mg/kg) plus CCl,; oligonol treatment reduced the pathological alterations induced by CCl,. All images are original

magnification x400.

It showed that CCl,-treated rats had significantly increased
expression of NF-xB p65 compared with the control animals.
Moreover, the expression of NF-«B p65 in the oligonol-
treated rats was reduced significantly in a dose-dependent
manner. These results demonstrate that oligonol treatment in
CCl,-intoxicated rats strongly inhibited the translocation of
NF-xB p65 from the cytosol to the nuclear fraction.

3.8. MAPKs and Akt Signaling Pathways Involved in NF-xB
Activation. To investigate the molecular mechanism of NF-
kB activation in the CCl,-intoxicated rat, we measured the
expression levels of ERK1/2, JNK, and p38 MAPKs as well as
Akt by using western blot analysis. The phosphorylation of
MAPKs and Akt was increased in rats treated with CCl, alone
as compared with the control group. However, treatment with
low (10 mg/kg/day) and high (50 mg/kg/day) dose of oligonol
in CCl-intoxicated rats significantly decreased the expres-
sion levels of phosphorylated ERK1/2, JNK, and p38 MAPKs
as well as Akt, in a dose-dependent manner (Figure 9).

4. Discussion

Oxidative stress, caused by the increased production of reac-
tive oxygen species (ROS), is thought to be a key risk factor in
the development of liver disease [20]. CCl, intoxication has
been widely used as an experimental model of liver injury.
CCly is a substrate for cytochrome P450 2E1 (CYP2EL). It
is converted to a CCly radical, which generates CCl;00°

by reacting with molecular oxygen. Since CCl;00" reacts
with microsomal membranes and induces lipid peroxidation,
membrane damage by free radical chain reaction has been
postulated to be the primary cause of hepatocellular injury
by this compound [21]. In CCl,-induced injury, antioxidants
are widely known to be able to protect against hepatocyte
necrosis because they intercept the CCl,-induced oxidative
stress in hepatocytes by scavenging *CCl; and lipid peroxy
radicals [22].

In this study, a single dose of CCl, induced distorted
tissue architecture, submassive centrizonal necrosis, fatty
changes, and inflammatory cell infiltration. However, these
pathologic changes were significantly reduced by pretreat-
ment of 10 and 50 mg/kg of oligonol dose-dependently.
Treatment of oligonol effectively improved the CCl,-induced
elevation in serum AST and serum ALT levels, indicating the
hepatoprotective effects of oligonol against CCl, intoxication.
CCl, treatment caused high levels of liver oxidative damage,
as evidenced by a significant elevation of ROS production and
MDA concentration in liver homogenates. However, oligonol
markedly inhibits CCl,-induced oxidative stress in liver of
rats in a dose-dependent manner.

Antioxidant activity of oligonol is well established in
many studies [23], and the activities were consistent with
the results that oligonol exerts the inhibitory effect against
FeSO,/ H,0,-induced lipid peroxidation in rat liver homo-
genates and against the DPPH radical scavenging effects. In
addition, the protective effect of oligonol via antioxidative
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FIGURE 6: Effects of oligonol on TNF-« and IL-13 mRNA expression after CCl, administration. RT-PCR was performed to measure TNF-«
and IL-13 mRNA expression in the liver tissues. Values are mean + SE of n = 6. **p < 0.01 and ***P < 0.001 compared with the control

group and P < 0.01 and **p < 0.001 compared with the CCl, group.

activity was assessed in t-BHP-induced HepG2 cell damage.
HepG2 cells are considered a reasonable model for study-
ing in vitro xenobiotic metabolism and liver toxicity since
they maintain a majority of specialized functions similar to
normal human hepatocytes [24]. The oxidant t-BHP is well
known to induce oxidative stress [25]. Oligonol showed hep-
atoprotective effects against t-BHP-induced oxidative stress.
Taken together, hepatoprotective effects of oligonol in CCl,-
intoxicated rat model and in ¢-BHP-induced HepG2 cells may
be due to the potent antioxidant and free radical scavenging
activities of oligonol.

Proinflammatory cytokines such as TNF-«, IL-183, and
IL-6 have been the focus of investigations of inflammatory
organ injury because the uncontrolled and prolonged action
of these proteins is potentially harmful [26]. Considerable
evidence suggests that TNF-a and IL-18 contribute to the
pathogenesis of liver inflammatory diseases by activating
the NF-«B signaling pathway [27], suggesting that it may
be important to monitor proinflammatory cytokines when
studying liver injury. In our study, we focused on the anti-
inflammatory effect of oligonol by analyzing the expression
of NF-«B p65, TNF-a, and IL-15. Our data show that the
production of TNF-« and IL-1/3 were significantly increased
by CCl,-induced hepatotoxicity, which is consistent with the
findings of Reyes-Gordillo et al. [28]. We found that the
translocation of NF-xB p65 protein into nucleus and TNF-«

and IL-13 mRNA expression were inhibited in rat pretreated
oligonol, suggesting that oligonol acts, at least in part, by
inhibition of NF-«B activity.

Beside proinflammatory cytokines, NF-«xB regulates the
expression of the inflammatory proteins COX-2 and iNOS.
This study showed a significant increase of COX-2 and iNOS
mRNA expression levels in the liver treated CCl,. These
increases were attenuated by treatment with oligonol. In the
study with HepG2 cells, the increased COX-2 protein levels
in t-BHP-treated cells were also reduced by pretreatment of
oligonol in a dose-dependent manner. These results suggest
that oligonol exerts effects in suppressing inflammatory
responses caused by CCl, or t-BHP.

A series of upstream kinases including MAPKs and
Akt are involved in a relay in transmitting stimuli-induced
signals to the downstream transcription factors like NF-xB
by regulating transcriptional activation of a variety of genes
encoding COX-2, iNOS, TNF-«, and IL-13. MAPKs mediate
intracellular signaling associated with a variety of cellular
activities including cell proliferation, differentiation, survival,
death, and transformation [29]. The mammalian MAPK
family consists of ERK, JNK, and p38. The MAPK pathways
are activated by diverse extracellular and intracellular stimuli
including cytokines and various cellular stressors such as
oxidative stress caused ROS and endoplasmic reticulum
stress. Activated MAPKs phosphorylate various substrate
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proteins including transcription factors like NF-xB. Our
results also showed that CCl, exposure induced activation
of MAPKSs in rat liver, and oligonol inhibited CCl,-induced
JNK, ERK, and p38 phosphorylation. In addition, in order to
activate NF-«B in response to specific stimuli, NF-«B needs
to first be liberated from its inhibitory IxB partner [30]. On
phosphorylation by IxB kinase (IKK), IkB is degraded by
the proteasome and NF-«B is set free. IKK can be activated
by Akt. In this study, phosphorylation of Akt was increased
in CCl,-intoxicated rats, while oligonol suppressed this Akt
activation. This suggests that oligonol is involved with the
Akt/NF-xB pathway.

5. Conclusion

The findings of the present study indicate that oligonol is
highly effective in preventing CCl,-induced acute liver dam-
age, which is most likely mediated by its activity to suppress
oxidative stress and lipid peroxidation as an antioxidant.
It has capacity to inhibit NF-«B p65 activation and the
expression of the proinflammatory cytokines, TNF-« and IL-
183, and proinflammatory proteins, such as COX-2 and iNOS.
The underlying mechanisms for this NF-xB inactivation may
be due to inhibition of the activation of upstream kinases
including ERK, JNK, and p38 MAPKs as well as Akt. Our data
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suggests that oligonol may be useful as a therapeutic agent for
the suppression of hepatic inflammation.
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Hepatic diseases are a major concern worldwide. Increased specific plasma enzyme activities are considered diagnostic features
for liver diseases, since enzymes are released into the blood compartment following the deterioration of the organ. Release of liver
mitochondrial enzymes is considered strong evidence for hepatic necrosis, which is associated with an increased production of
ROS, often leading to greater hepatic lipid peroxidation. Lipotoxic mediators and intracellular signals activated Kupffer cells, which
provides evidence strongly suggesting the participation of oxidant stress in acute liver damage, inducing the progression of liver
injury to chronic liver damage. Elevated transaminase activities are considered as an index marker of hepatotoxicity, linked to
oxidant stress. However, a drastic increase of serum activities of liver enzyme markers ought not necessarily to reflect liver cell
death. In fact, increased serum levels of cytoplasmic enzymes have readily been observed after partial hepatectomy (PH) in the
regenerating liver of rats. In this regard, we are now showing that in vitro modifications of the oxidant status affect differentially
the release of liver enzymes, indicating that this release is a strictly controlled event and not directly related to the onset of oxidant

stress of the liver.

1. Introduction

Every organ can elicit a specific pattern of enzyme release,
which remains not elucidated. Specifically, above-normal
plasma enzyme activities are considered as diagnostic fea-
tures for several diseases [1]. Release of enzymes usually
follows their respective concentration gradients between an
organ, such as the liver, and the blood compartments [2-4]. In
fact, values of serum enzymes activities (“released”) are much
higher than the apparent disappearance rate constants and
they are also consistent with disappearance rates from plasma
to lactate dehydrogenase (LDH) and aspartate (AST) and
alanine (ALT) aminotransferases, after acute liver injury [5].
However, the mechanisms controlling cellular enzyme release
remain poorly understood. Moreover, a drastic increase of
serum activities of “liver enzyme markers” ought not neces-
sarily to reflect liver cell death. Therefore, pathological eleva-
tions of the plasma activities of liver enzymes do not seem to
be simply related to the quantitative release of such enzymes
from the liver. Consequently, several enzymatic indices may
be determined by differences in the time course of hepatic

enzyme release, rather than reflecting true differences in
the released quantities of various enzymes [5]. However, the
quantitative use of enzymatic data is hampered by the fact that
the fractional catabolic rate constants for the elimination of
enzyme activities from plasma are unknown [5].

Release of mitochondrial enzymes from the liver is
considered to provide strong evidence for hepatic necrosis
[6, 7] and is also associated with specific forms of liver
disease. It has been shown, for instance, that glutamate
dehydrogenase (GDH) correlates well with the presence and
extent of necrosis in alcoholic liver disease [8]. Furthermore,
the ratio of mitochondrial and total AST (mAST) has been
proposed as a marker for chronic alcoholism [9]. However,
both GDH and mAST are widely distributed in various
organs and lack specificity as a marker of liver injury. Despite
the fact that it was reported that cumulative release of various
cytosolic enzymes occurred in proportion to the correspond-
ing activities in human control livers, the mechanisms that
govern the release of liver enzymes into the bloodstream are
practically unknown.
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2. Liver Damage

Hepatic diseases are a major concern worldwide. Since the
liver is a primary organ involved in biotransformation of
food and drugs, hepatic disorders are very often [10]. These
disorders are mainly caused by toxic chemicals, xenobi-
otics, and anticancer, immunosuppressant, analgesic anti-
inflammatory, and antitubercular drugs [10]. Additionally,
other biological agents, as well as exposure to radiations,
heavy metals, mycotoxins, galactosamine, and so forth,
constitute predisposing factors to develop liver damage and
hepatopathy. Moreover, additional risk factors for hepatic
injury include age, gender, alcoholism, and nutrition, and
genetic polymorphisms of cytochrome P,s;, enzymes have
also been emphasized [10]. Nutritional deficiency may pre-
dispose to drug-induced liver injury as reported in patients
with HIV, tuberculosis, or alcoholism. This is largely due to
the reduced hepatic glutathione in liver tissues [11]. Indeed,
alcohol is believed to be one of the most important risk
factors for this type of liver damage, although its exact role
is not fully understood. Despite the fact that the chronic
use of alcohol, particularly with malnutrition, depletes the
glutathione stores, the exact link between alcoholism and
liver injury is missing [12].

Chronic hepatitis B and hepatitis C are now considered
to enhance the risk of drug-induced liver injury, particularly
from drugs used in the treatment of tuberculosis and HIV
[13]. Furthermore, a strong dose response relationship exists
between drugs and hepatotoxicity. Authors further stated that
drugs administered in doses of >50 mg of oral medications
have an enhanced risk of this pathology [14]. In this context,
the administration of nonsteroidal anti-inflammatory drugs
(NSAIDs) is strongly associated with hepatotoxicity, as it is
the case for nimesulide [15], diclofenac [16], and sulindac [17].
The NSAIDs, which inhibit cyclooxygenase enzymes (COX),
are associated with idiosyncratic hepatotoxicity, showing
symptoms ranging from elevation of serum transaminases
to hepatocellular or cholestatic injury and occasionally to
fatal fulminant hepatitis [18]. The mechanisms responsible
for NSAID-induced liver injury may involve mitochondrial
dysfunction and endoplasmic reticulum (ER) stress [19].
In addition, generation of the ER stress response induces
cytochrome ¢ (a marker of mitochondria-mediated cell
death) release leading to mitochondria-mediated cell death
(apoptosis). This mechanism is proposed as a major source
for liver injury [20].

3. Liver Damage: Human Hepatic Steatosis

Liver fat deposition related to systemic insulin resistance is
defined as a nonalcoholic fatty liver disease (NAFLD) which,
when associated with oxidative hepatocellular damage,
inflammation, and activation of fibrogenesis, can progress
towards cirrhosis and hepatocellular carcinoma [21]. Due to
increased onset for obesity, NAFLD is now the most frequent
liver disease and the leading cause of altered liver enzymes in
Western countries [21]. The NAFLD is a condition associated
with obesity in which there is ectopic accumulation of
triglycerides in the liver parenchyma [22]. NAFLD is used
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to describe a spectrum defined by liver biopsy findings
ranging from accumulation of triglycerides as lipid droplets
in the cytoplasm of hepatocytes, namely, simple steatosis,
to the more aggressive form of nonalcoholic steatohepatitis
(NASH).

Although simple steatosis appears to follow a nonprogres-
sive course, there are still a large number of patients with
NASH, some of which may also develop end-stage complica-
tions including cirrhosis [23] and hepatocellular carcinoma
[24]. Considering the rapid increase in the prevalence of
obesity in children globally, NAFLD is now also recognized
as the most common cause of liver disease in the pediatric
population [25].

As to NASH (term used in human), studies in ani-
mal models have revealed several molecular processes that
recapitulate the cardinal features of NASH [24]: hepatocyte
damage, inflammation, and fibrosis are the most remarkable
findings in this pathology. Inflammation is a component
of the wound healing process that leads to the deposition
of extracellular matrix and fibrosis in the liver. A growing
body of evidence supports a central role for proinflammatory
cytokines, particularly tumor necrosis factor « (TNF-«) and
interleukin 6 (IL-6), in the development of NASH [26].

Patients with NASH present elevated levels of TNF-a and
IL-6 in the liver and blood, and inhibition of these cytokines
has improved NAFLD in rodents [27]. A second potential
mechanism is ER stress, resulting from improperly folded
proteins accumulating in the ER, which elicits the unfolded
protein response (UPR). The UPR activates nuclear factor xB,
c-Jun N-terminal kinase, and oxidative stress pathways, all
of which have been implicated in progression of steatosis to
NASH [28]. Studies of humans with rare inherited disorders
demonstrate that hepatic TG accumulation from dietary
intake, changes in the distribution of TG from adipose tissue
to the liver, and/or increased de novo lipogenesis result in
hepatic steatosis [29].

Hepatic steatosis is often self-limited, but it can progress
to NASH (nonalcoholic steatohepatitis). NASH is distin-
guished from simple steatosis by the presence of hepatocyte
injury (hepatocyte ballooning and cell death), an inflam-
matory infiltrate, and/or collagen deposition (fibrosis) [24].
It is not known whether steatosis always precedes NASH
or steatosis and NASH are distinct disorders [24]. NASH,
in turn, can progress to cirrhosis. In cirrhosis, hepatocytes
are replaced by scared tissue composed primarily of type
1 collagen [24], produced by specialized cells called stellate
cells, which are activated by liver injury and play a key role in
liver regeneration. Cirrhosis can ultimately progress to liver
cancer (hepatocellular carcinoma) [30]. Although obesity
and insulin resistance are the most prevalent risk factors
for NAFLD, hepatic fat content varies substantially among
individuals with equivalent adiposity, indicating that other
factors contribute to this condition [24].

In the case of alcoholic fatty liver disease (AFLD), there is
an increase of NADH/NAD+ value promoted by liver alcohol
oxidation, which will induce the disorder of fat metabolism,
resulting in triglyceride accumulation in hepatocytes [31].
Thereby, hepatic steatosis is the early manifestation of alcohol
liver disease (ALD) and is believed to be the fundamental
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pathological change of other more severe alcoholic liver
diseases [32]. In addition, insulin pretreatment could exert
a significant protective effect on oxidative damage and
inflammatory reaction in the liver against ethanol exposure,
but insulin can also exacerbate hepatic steatosis in mice
exposed to ethanol [33]. Fatty acid synthesis in liver is mainly
regulated by sterol regulatory elements binding protein-
Ic (SREBP-Ic). Ethanol exposure can significantly activate
SREBP-1c, which is responsible for the formation of fatty
liver [34]. Insulin could also lead to the activation of SREBP-
Ic to increase the triglycerides in hepatocytes [35]. Indeed
the expression of SREBP-1c can be regulated upwards by
the administration of insulin and ethanol, suggesting that
SREBP-Ic activation might contribute to the deteriorative
effects of insulin preadministration on hepatic steatosis in
mice exposed to ethanol [33]. According to the “two-hit”
hypothesis for ALD, even though steatosis is reversible,
it might be the basis of other serious liver diseases and
pathologies including steatohepatitis, fibrosis, cirrhosis, and
even hepatocellular carcinoma [32].

4. Oxidant Stress in the Generation of
Liver Damage

Overproduction of reactive oxygen species (ROS) results in
oxidative stress, a state in which tissue and cellular redox
balance is altered towards a more oxidizing environment
[36]. ROS lead to a cumulative damage to protein, lipids,
DNA, carbohydrates, and membranes. The prime functions
of antioxidative defenses are suppressors of the generation
of ROS, scavenging them, besides repairing and promoting
reconstitution of damage, and inducing the expression of
antioxidant proteins and enzymes [37, 38].

In the NAFLD, the molecular and cellular mechanisms
underlying hepatic injury are not well defined. However, mul-
tiple mechanisms have been suggested, including enhanced
flow of free fatty acids and release of adipocytokines from
the adipose tissue [39]. In the liver, mitochondrial dys-
function, oxidative stress, and hepatocyte apoptosis are key
contributors to hepatocellular injury. In addition, lipotoxic
mediators and intracellular signals activate Kupffer cells,
which initiate and perpetuate the inflammatory response
and development of fibrosis [39]. In the development of
NAFLD, there is an increased production of ROS, often
leading to a greater hepatic lipid peroxidation [40, 41]. In fact,
ahypercholesterolemic diet increases liver TBARS, indicating
increased oxidative stress. It is known that oxidative stress can
occur by increasing of prooxidant systems and/or by lowering
antioxidant enzymes. Increased NADPH oxidase activity has
been reported in animal models of NASH, in which dietary
antioxidants or NADPH oxidase inhibitors ameliorated the
progression of the disease [42, 43]. In mice, the presence of
triacylglycerol and cholesterol in the diet is needed for the
development of hepatic histological abnormalities of NASH
and its metabolic abnormalities [44].

On the other hand, in the pathogenesis of AFLD, there
is an increase in NADPH oxidase activity and predominance
of prooxidant agents, exceeding the capacity of the organic

antioxidant defense [45]. Under these circumstances, intra-
cellular homeostasis in the redox status is interrupted and,
sometimes, induces cell damage. This results in apoptosis or
necrosis, potentially contributing to the devastating injury
and dysfunction of liver tissue [46, 47]. Total body deficiency
in p47°2°* subunit of NADPH oxidase complex protects mice
from alcohol-induced liver steatosis [48]. However, mice on
a methionine-choline-deficient (MCD) diet develop NASH
with similar pathology as the wild type, despite the lack
of a functional NADPH oxidase enzyme [49]. Nevertheless,
the role of this enzymatic complex in other animal models
of NAFLD has not been investigated, but a role for the
NADPH oxidases in chronic liver diseases related to chronic
inflammation, such as fibrosis and viral hepatitis, has been
proposed [50, 51].

Therefore, the present evidence strongly suggests the
participation of oxidant stress in acute liver damage which,
appearing to be in an accumulative effect, induces the
progression of liver injury to chronic liver damage.

5. Effects of Vitamins and Other
Antioxidants on Liver Damage

Markers for lipid peroxidation are increased in both liver
and blood of patients with advanced ALD in concomitance
with the lowering of antioxidant defenses [52]. Additionally
supplementation with antioxidants reduced hepatic injury in
alcohol-fed rodents [53].

There is evidence suggesting that the activation of AMP-
activated protein kinase (AMPK) is associated with the hypo-
glycemic actions of metformin [54], a dimethylbiguanide,
which is a commonly used antidiabetic drug [55]. Although
the precise pharmacological mechanisms of metformin have
not been fully elucidated, the anti-inflammatory effects of
metformin involving both AMPK-dependent and AMPK-
independent pathways have been mentioned [56-58]. Also, it
has been suggested that metformin might have antioxidative
effects both in vivo and in vitro [59-61]; metformin actually
attenuates endotoxin-induced fulminant hepatitis in mice
[62]. Moreover, this biguanide significantly reduces the CCl,-
induced elevation of serum aminotransferases and hepatic
histological abnormalities, which seem to be associated with
decreased hepatic contents of oxidized glutathione (GSSG)
and malondialdehyde (MDA) [63].

Furthermore, the Nrf2 has emerged as an indispensable
regulator of both constitutive and inducible expression of
detoxifying phase IT and antioxidant enzyme genes in various
tissues and cell types [64]. Nrf2-null mice are particularly
susceptible to oxidative stress, contributing to increased
hepatotoxicity by ethanol [65] and acetaminophen [66]. In
rats treated with CCl,, there were depletion of cytoplas-
mic Nrf2 and suppression of Nrf2 nuclear translocation,
accompanied by a dramatic downregulation of liver Nrf2
target genes, NQOIL, HO-1, and GST«. On the other hand,
increased Nrf2 expression represses the genes involved in
fatty acids synthesis and, therefore, may play a crucial role
in the development of NASH [67]. The activation of Nrf-2
is important for maintaining intracellular and mitochondrial



GSH balance and for increasing the activities of antioxidant
enzymes to protect cells from oxidative damage mediated by
ethanol [68]. For instance, the treatment with a-lipoic acid
(a vitamin) induced an early nuclear accumulation of Nrf2,
resulting in a strong protection against apoptosis induced by
palmitic acid [69].

Concerning vitamins, vitamin D may have a role in
NAFLD pathogenesis via its effects on insulin resistance
and metabolic syndrome [70]. Improvement of vitamin D
status led to amelioration in serum high sensitive-CRP
and MDA in patients with NAFLD. Therefore, vitamin D
could be considered as an adjunctive therapy to attenuate
systemic inflammation and lipid peroxidation along with
other treatments administered to patients with NAFLD [71].
It is also known that another vitamin, vitamin E, a potent
antioxidant that protects against oxidative stress induced
liver damage in vitro and in vivo, has beneficial effects on
histological outcomes in patients with NAFLD. This vitamin
decreases serum levels for ALT activity in patients with HCV
genotype 3, suggesting that vitamin E has a protective effect
against HCV-induced liver cells necrosis [72].

In the same way, the diallyl disulfide, primarily derived
from the garlic, effectively ameliorates CCl,-induced oxida-
tive hepatic injury and inflammatory responses in rats [64].
The hepatoprotective effects of diallyl disulfide may be due
to its ability to induce antioxidant or detoxifying enzyme
activities through activation of Nrf2 and to suppress the
production of inflammatory mediators by inhibiting NF-xB
activation. These properties confer to this molecule a useful
protective effect against various hepatic injuries caused by
oxidative stress and inflammatory response [64].

The effects of diverse antioxidants protecting or ame-
liorating liver injury also emphasize the important role of
oxidant stress in the generation of acute and chronic liver
damage.

6. Serum (“Marker”) Enzyme Activities and
Liver Damage

Several hepatotoxins such as chemicals, drugs, lipopolysac-
charides, heavy metals, and mycotoxins elicit a wide variety
of hepatic injuries. Numerous enzymes are produced in
the liver and are normally distributed within the cells of
the liver [10]. Elevation of serum enzyme is taken as the
sensitive biomarker of liver toxicity. The determination of
various liver enzymes in serum, as ALT, AST, alkaline phos-
phatase (ALP), y-glutamyl transpeptidase (y-GGTP), lactate
dehydrogenase (LDL) in serum, and serum lipid profile,
cholesterol, triacylglycerides, and lipoproteins, are used to
evaluate the functional status of the liver and to detect liver
injury. An elevation in transaminase in conjunction with
a rise in bilirubin level to more than double is considered
as a marker index of hepatotoxicity [73]. Other sensitive
biomarkers of liver function are albumin concentration, total
protein (TP), and prothrombin time (PT). These biomarkers
can serve as an index of liver biosynthetic capacity [10].
Therefore, ALT and AST activities in serum are the most
frequently used indicators for evaluation of liver injury [74],
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meeting drastic increases under these conditions [75]. The
levels of cholesterol were similar in patients control and with
NAFLD, but those with NAFLD had higher triglyceride levels
[21]. A hypercholesterolemic diet causes liver damage and
increased oxidative stress and cholesterol levels in female rats.
The resultant liver injury was characterized by hepatomegaly
and accompanied by increased activities of AST and ALT
enzymes [76]. Even more, a large proportion of patients
with chronic inflammatory liver diseases and of patients with
metabolic syndrome complications had impaired glucose
tolerance [70].

Alcoholic subjects having moderate/severe hepatic
steatosis usually present an increase in the levels of
triglycerides, cholesterol, glucose, y-GGTP, ALT, bilirubin,
a-1and $-2 globulins, and iron and a decrease in the levels of
AST [77]. In this regard, it has been found that in alcoholic
subjects the AST/ALT ratio is significantly increased and
it has been considered that the AST/ALT ratio could be a
marker playing a role for alcoholic liver disease progression
[77].

However, there exist discrepancies when matching
changes of assumed “liver enzymes” in serum and other
markers for liver integrity. For instance, increased levels of
y-GGTP, a liver enzyme, play an independent role in the
pathogenesis and clinical evolution of cardiovascular disease
induced by atherosclerosis and are associated with increased
cardiovascular disease mortality [78]. Moreover, other
authors reported similar results in the association of high
y-GGTP levels with fatal and nonfatal cardiovascular disease,
independently of the metabolic risk factors and alcohol con-
sumption [78]. On the other hand, some studies also reported
the association of increased ALT levels and cardiovascular
disease. Moreover, between patients without viral hepatitis
or excessive alcohol consumption, those with elevated ALT
level had a higher calculated risk of cardiovascular disease
than those with normal ALT activity [78].

Therefore, several situations arise where there is evident
loss of correlation between serum levels of liver enzymes
and tissue necrosis and in the specificity of possible tissue
markers.

7. Fluctuations of Serum “Marker”
Enzymes in the Model of Liver Regeneration
Induced by Partial Hepatectomy in Rats

In clinical practice, net enzyme release could be indicative
of liver damage, even though hepatic enzyme activities can
remain normal [79] or even elevated in the organ [80].
In CCl,-induced hepatic injury, serum and liver enzyme
activities vary according to the enzyme studied [81], but
frequently the appearance of mitochondrial enzymes in the
serum is delayed as compared to the cytoplasmic enzymes
(80, 82]. MDH and AST activities found in perfusates from
isolated livers are mainly derived from their cytoplasmic
isozymes [2, 80].

Hence, enzyme release might depend on alterations
in plasma membranes, mitochondrial dysfunction, and/or
changes in cellular volume regulation [1, 83, 84]. In addition,
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the level of increased serum enzyme activities would also
depend on the susceptibility of the liver cell type being
damaged [85, 86].

However, a discrepancy exists between a remarkable
increase in serum enzyme activities and structural and func-
tional characteristics found after hepatic resection. Remain-
ing hepatocytes can restore the original mass of the organ,
through a process widely known as liver regeneration [87].
Partial hepatectomy- (PH-) induced liver regeneration and
enzyme release have been described in detail in the literature
over the past 30 to 40 years. From this information, aug-
mented levels of serum transaminases have been found in
rats subjected to PH [88], while increased serum activity of
ornithine carbamoyltransferase (OCT), a liver mitochondrial
enzyme, was also found after PH [89]. Similarly, patients
subjected to partial removal of the organ showed a “selective”
release of liver enzymes, with the serum activity of OCT
being the most enhanced in these patients [90]. Despite the
regenerative capacity of the remnant liver, and independently
of the extent of the liver resection, increased serum levels
of cytoplasmic enzymes have readily been observed after
PH in rats [91]. Increases in serum levels of liver enzymes
were greater and more prolonged after 85% PH, which is
accompanied by a marked mortality rate in rats suffering the
largest liver mass loss [91].

While the latter has been interpreted as a consequence
of progressive necrosis and liver failure after massive PH,
in other models of liver injury and regeneration, increased
serum ALT and AST did not correlate with cell necrosis.
For example, liver injury and regeneration induced by acute
carbon tetrachloride administration to rats occur irrespec-
tive of the extent of the increase in serum activities for
these aminotransferases [83]. These findings support the
suggestion that enhanced serum enzymes could be distinctly
separable from prior elevations induced by tissue damage
produced by carbon tetrachloride [81]. Therefore, the reason
for a substantial increase in serum activities for liver enzymes
is controversial in the case of PH-induced liver regeneration
in rats.

A drastic increase of serum activities of “liver enzyme
markers” does not necessarily have to reflect liver cell death.
Indeed, we demonstrated recently that an important fraction
of the released hepatic enzymes depends largely on hemody-
namic changes in the rat liver [92].

Taking advantage of the model of two-thirds partial
hepatectomy- (PH-) induced rat liver regeneration (“small-
for-size liver”), we showed that liver cell proliferation occurs
accompanied by a selective PH-induced elevation of serum
enzymes, not related to hepatocellular necrosis [93] nor to
mitochondrial dysfunction [94]. Indeed, the PH induction of
specific enzymes (predominantly those from mitochondria)
is partly regulated by flow-bearing physical forces and is
independent of extrahepatic factors [92]. Similarly, patients
subjected to partial removal of the organ, who were candi-
dates for liver transplantation, showed a “selective” release of
liver enzymes, where serum activity for OCT was the most
enhanced [92]. Currently, it is known that mechanical forces
can be converted into a sequence of intracellular biochemical
signals targeting cells, as it occurs in the endothelial layer [95].

Hence, the physicochemical interactions within cells have
become a fascinating field in the study of cell functioning, and
the release of enzymes by vascular organs might constitute
another event regulated by hemodynamic forces.

A number of intracellular events triggered by fluid shear
stress have been elucidated and mechanisms causing these
events have been proposed [96]. These include direct stimula-
tion of luminal surface transmembrane proteins, activation of
ion channels affecting intracellular Ca**[Ca®*]; mobilization
[97] which has been postulated as a likely regulator of
cell proliferation [98, 99], and production of nitric oxide
(NO) [100]. These mechanisms allow the transduction of
stress along cytoskeletal elements to other regions of the
cell. Changes in the endothelial cell membrane may act as
primary mechanoreceptors in response to shear stress. We
have recently suggested a possible role for cell-mediated
mechanotransduction in liver enzyme release mediated by
increasing shear stress, which selectively affected the release
of liver enzymes. Therefore, we demonstrated that flow-
induced shear stress can control the amount of hepatic
enzymes released into the bloodstream, which is largely
regulated through modifications in cell calcium mobilization
and production of liver NO. These events were markedly
elevated in the proliferating rat liver [101].

8. The Effect of Pro- and
Antioxidant Environments on In Vitro
Liver Enzyme Release

The liver is capable of recovering from damage or loss of up
to 90% of its mass by means of proliferative activity, restoring
it to normal size. This process, known as liver regeneration,
involves the endocrine and paracrine actions of growth
factors and the activation of specific protooncogenes and of
transcription factors [102]. However, the understanding of the
delicate coordination that triggers, modulates, and stops this
process is still not well understood.

The experimental model of cell proliferation and growth
regulation was examined regarding the production of free
radicals and the rate of lipid peroxidation (LP). The model
showed that LP, promoted by PH and CCl, administration,
is qualitatively distinct among subcellular fractions and may
indeed be a normal cell event of physiological importance in
the regenerating liver. Thus, LP plays a role in the early steps
of liver regeneration [103].

8.1. Release of Liver Enzymes by Liver Slices. We recently
made experiments to assess the in vitro impact of pro- and
antioxidant conditions on enzyme release from control and
regenerating rat livers. We used male Wistar rats (230-280 g
of body weight) fed ad libitum and maintained under a
12h light/dark period, which were subjected to two-thirds
PH, while sham-operated (laparotomy) animals provided
a control for surgical conditions [103]. Twenty hours after
surgery, liver slices were obtained and incubated under basal
(B) conditions described by Diaz-Judrez et al. [92]. Then,
the oxidant status of the liver slices was changed by adding
400 ymol/L hydrogen peroxide (H,0,), as prooxidant, or



400 ymol/L butylated hydroxytoluene (BHT), as antioxidant.
The liver slices were incubated under basal conditions in
sealed flasks at 37°C for one hour in the presence of 5 mmol/L
glucose and after 15 min of oxygenation with a 95% O, :5%
CO, mixture.

As shown in Figurel, we found that LDH and ALT
(cytoplasmic enzymes) were influenced by the oxidant status.
In control (sham-operated) rats, LDH and ALT release was
significantly diminished by the addition of the BHT antiox-
idant. Liver slices from PH rats released significantly more
ALT into the incubation medium, which was also inhibited
by BHT. Additionally, the regenerating liver had a lower
LDH release, which was increased by prooxidant conditions
given by the added hydrogen peroxide (Figure 1(a)). As to
AST and malate dehydrogenase (MDH) (sharing cytoplasmic
and mitochondrial compartments) release was increased
under prooxidant conditions in liver slices from both control
and hepatectomized rats (Figure 1(b)). The release for the
mitochondrial enzymes, OCT and GDH, was unaffected by
the use of pro- and antioxidants agents (Figure 1(c)).

The results indicate that modifications of the oxidant
status affected differentially the enzymes tested, cytoplasmic,
mitochondrial, or sharing cytoplasmic and mitochondrial
compartments. Therefore, the data obtained through the
experiments would suggest that release of hepatic enzymes
is a strictly controlled event, which is not linearly related to
the changes in the oxidant status of the liver.

8.2. Release of Enzymes by Isolated Liver Mitochondria.
Although 70% PH in rats induces the release of mitochondrial
matrix proteins into the cytosol [104], liver mitochondrial
function is efficiently preserved [94] and necrotic or apop-
totic events have not been conclusively found in the rat
regenerating liver [105].

To study the release of enzymes from isolated mito-
chondria, a mitochondria pellet was obtained by differential
centrifugation from livers obtained from control and PH
rats (24 hs after treatments). Mitochondrial respiration and
phosphorylation were measured as previously described in
detail [94]. When incubated in a protein-free medium in the
absence of substrates, isolated liver mitochondria were able
to release enzymes contained at the mitochondrial matrix.
The maximal release was reached during the first 15 min at
37°C (Figure 2). In control preparations, the release of OCT,
a mitochondrial enzyme, was not affected by addition of sub-
strates for the electron transport chain (glutamate-malate and
succinate), but addition of ADP (phosphorylating condition)
enhanced OCT release. Under phosphorylating conditions,
prooxidant (with hydrogen peroxide) or antioxidant (BHT)
environments had no significant effects on OCT release.
On the contrary, isolated liver mitochondria from PH rats,
incubated with the substrates, greatly increased the OCT
release, whereas the addition of ADP returned the release
of the enzyme to the basal condition (Figure 2(a)). There
are significant differences in the release of OCT between
control and mitochondrial preparations from PH rats in
the prooxidant condition. In this condition more OCT was
released and this effect was surprisingly more accentuated in
the presence of BHT (Figure 2(a)). As in OCT, the addition
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of substrates plus ADP also elicited an opposite profile in the
mitochondrial GDH release; the comparison between control
and HP rats showed that, in controls, GDH release was
significantly increased under phosphorylating conditions,
while in PH rats GDH release was significantly inhibited
(Figure 2(b)). Whereas changes in the oxidant status did
not affect GDH release in control mitochondria, a signif-
icant increase of GDH release was noted after addition of
either hydrogen peroxide or BHT to isolated mitochondria
from PH-animals (Figure 2(b)). The MDH release (as AST,
localized both in cytosol and in the mitochondria), under
phosphorylating conditions, followed a distinct pattern: in
control preparations, incubation with substrates enhanced
MDH release, whereas under phosphorylating conditions,
this release returned to that found in the basal conditions.
In mitochondria from PH rats, neither addition of substrates
nor addition of ADP had a significant effect on MDH release
(Figure 2(c)). Moreover, changes in the oxidant status did
not have significant effects on MDH release in mitochondrial
preparations from either control or PH-animals (Figure 2(c)).
Finally, release of AST from isolated mitochondria from both
experimental groups was increased only after the addition of
substrates (Figure 2(d)). Both, the prooxidant condition and
the addition of BHT significantly reduced the AST release
only in mitochondrial preparations isolated from control
animals (Figure 2(d)). We observed again that the oxidant
status affects in a differential manner the release of liver mito-
chondria enzymes and that there was no constant pattern of
changes in this parameter in function of fluctuations imposed
in vitro in the oxidant status.

9. Conclusions

The liver is a primary organ involved in biotransformation
of food and drugs. Moreover, the increased specific enzyme
activities in the blood are considered as diagnostic features for
liver diseases. However, a drastic increase of serum activities
of liver enzyme markers ought not necessarily to reflect liver
cell death. Release of mitochondrial enzymes from the liver
is considered to provide strong evidence for hepatic necrosis
and also is associated with specific forms of liver disease.

It has been frequently reported that in the development
of liver diseases there is an increased production of ROS,
often leading to greater hepatic lipid peroxidation. Lipotoxic
mediators and intracellular signals activate Kupfler cells,
which initiate and perpetuate the inflammatory response
and development of fibrosis. This evidence strongly suggests
the participation of oxidant stress in acute liver damage,
probably inducing the progression of liver injury to chronic
liver damage. It is known that elevated transaminase activities
in conjunction with a rise in bilirubin level to more than
double are considered as a marker index of hepatotoxicity,
linked to oxidant stress. However, there exist discrepancies
when matching changes of assumed “liver enzymes” in serum
and other markers for liver integrity. In fact, there are
several situations where an evident lack of correlation exists
between serum levels of liver enzymes and tissue necrosis
and in specificity as tissue marker. Despite the regenerative
capacity of the remnant liver after PH, and independently
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FIGURE 1: Effects of changing the oxidative status on cytoplasmic and mitochondrial enzymes from liver slices from control and PH rats. In
panel (a), results of released ALT and LDH (cytoplasmic enzymes) are expressed as mean + SE of six individual observations per experimental
point. In panel (b), results of release of MDH and AST (enzymes sharing cytoplasmic and mitochondrial localization) are expressed and, in
panel (c), those of the release of OCT and GDH activities (mitochondrial enzymes) are expressed. Enzyme release was tested under basal
conditions. Abbreviations for the compounds used: hydrogen peroxide (H,0,) and butylated hydroxytoluene (BHT). Statistical significance:
*P < 0.01 against the group of sham-operated controls (basal conditions); ** P < 0.01 versus PH rats group (basal conditions).
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FIGURE 2: Effects of changing the oxidative status on enzyme release from isolated liver mitochondria from control and PH rats. Results are
expressed as mean + SE of four individual observations per experimental point and correspond to the percentage of the released enzyme
in respect to the total mitochondrial activity for each enzyme. Bas: basal, Subs: substrates, H,O,: hydrogen peroxide, and BHT: butylated
hydroxytoluene. Statistical significance: “p < 0.01 against the group of sham-operated controls (incubated with substrates); **p < 0.01

versus PH rats group (incubated with substrates).

of the extent of liver resection, increased serum levels of
cytoplasmic enzymes have readily been observed after PH
in rats. Similarly, patients subjected to partial removal of
the organ showed a “selective” release of liver enzymes,
serum activity of OCT being the most enhanced in these
patients. Taking advantage of the model of PH-induced rat

liver regeneration (“small-for-size liver”), we showed that
liver cell proliferation occurs accompanied by a selective PH-
induced elevation of serum enzymes. Here, we additionally
demonstrated that in vitro modifications of the oxidant status
differentially affected the enzymes tested in our laboratory
in cytoplasmic, mitochondrial, or sharing cytoplasmic and
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mitochondrial compartments. Therefore, the data obtained
would suggest that the release of hepatic enzymes is an event
strictly controlled and not directly related to the onset of
oxidant stress of the liver.
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Accurate control of the cell redox state is mandatory for maintaining the structural integrity and physiological functions. This
control is achieved both by a fine-tuned balance between prooxidant and anti-oxidant molecules and by spatial and temporal
confinement of the oxidative species. The diverse cellular compartments each, although structurally and functionally related,
actively maintain their own redox balance, which is necessary to fulfill specialized tasks. Many fundamental cellular processes such
as insulin signaling, cell proliferation and differentiation and cell migration and adhesion, rely on localized changes in the redox
state of signal transducers, which is mainly mediated by hydrogen peroxide (H,O,). Therefore, oxidative stress can also occur long
before direct structural damage to cellular components, by disruption of the redox circuits that regulate the cellular organelles
homeostasis. The hepatocyte is a systemic hub integrating the whole body metabolic demand, iron homeostasis and detoxification
processes, all of which are redox-regulated processes. Imbalance of the hepatocyte’s organelles redox homeostasis underlies virtually
any liver disease and is a field of intense research activity. This review recapitulates the evolving concept of oxidative stress in the
diverse cellular compartments, highlighting the principle mechanisms of oxidative stress occurring in the healthy and wounded

hepatocyte.

1. Introduction

1.1. Redox Homeostasis and Oxidative Stress. Accurate control
of the cell redox state, which is mandatory for maintain-
ing the structural integrity and physiological functions, is
achieved both by a fine-tuned balance between prooxidant
and anti-oxidant molecules and by spatial and temporal
confinement of the oxidative species. This tight regulation is
mainly achieved by controlling the steady-state production
and the subcellular compartmentalization of reactive oxy-
gen (ROS) and reactive nitrogen species (RNS), prooxidant
enzymes such as NADH/NAPDH oxidases (NOX) and glu-
tathione peroxidases (Gpx) and that of several antioxidant
systems such as reduced/oxidized glutathione (GSH/GSSG),
reduced/oxidized cysteine (Cys/CySS), thioredoxin (Trx),
peroxiredoxin (Prx), superoxide dismutase (SOD), and cata-
lase.

While it has long been recognized that an imbalance
between pro- and anti-oxidants is harmful to cells and is

a central mechanism in the development of several patholo-
gies including neurodegeneration, atherosclerosis, diabetes,
cancer, and aging, the importance of ROS as second mes-
sengers in the cell physiology is a relatively recent acquisi-
tion. Indeed, many fundamental cellular processes such as
insulin signaling, cell proliferation and differentiation, and
cell migration and adhesion, just to name a few, rely on
localized changes in the redox state of signal transducers
mainly mediated by hydrogen peroxide (H,O,) [1].

The widespread notion of oxidative stress is that an
excessive production of prooxidants or exhaustion of the
cellular anti-oxidant defenses can lead to oxidative damage
to proteins, nucleic acids, carbohydrates, and lipids, in which
radical ROS or RNS are generally thought to play a major
role. However, since the activities of many proteins involved
in the cellular signaling are regulated by the redox state of
their oxidizable thiol residues, which act as redox-sensitive
molecular-switches [2], oxidative stress can also occur in
the absence of direct structural damage by disruption of
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FIGURE I: Sites of physiologically produced ROS. Plasma membrane localized ROS bursts deactivate PTPs and allow signal transduction
(i.e., by insulin or IGF-1) after tyrosine kinase receptor activation. Mitochondria produce ROS during cellular respiration and metabolic
activity. ROS are produced in the ER during protein folding and detoxification by the cytochrome P450 systems. Lysosomes are required
for iron metabolism and the removal of damaged cellular components through autophagy. Peroxisomes produce ROS during metabolic or

detoxification activities.

the redox circuits that regulate many signaling pathways
[3]. Among ROS, hydrogen peroxide is supposed to play
a major role either directly or indirectly, in the regulation
of the thiol/disulphide redox switches [4], because (i) these
reactions typically require a two-electron transfer, (ii) H,O,
is kinetically restricted and thus can be highly selective in sub-
strate oxidation, and (iii) H, O, is generated following growth
factor, cytokine, or hormone signaling. However, the detailed
molecular mechanisms leading to selective thiol oxidation in
redox-sensitive proteins by H, O, are still mostly obscure and
are the focus of intense research activity. A growing body
of data suggests that altered redox signaling precedes and
contributes substantially more than direct radical damage to
the development of several human pathologies.

The concept of “oxidative stress,” introduced 30 years ago
[5], evolved over time from the original oxidative damage to
the cell structure and subsequent stress response to include
that of alteration of signaling pathways, redox homeostasis,
and redox adaptation to stress [6, 7].

Consequently, oxidative stress is not necessarily harmful
and antioxidants are not utterly beneficial. In fact, many
clinical trials failed to prove the efficacy of low-molecular
weight antioxidants in the treatment of several pathologies,
and the use of the antioxidants selenium, beta-carotene, and

vitamin E was even found to increase overall mortality in a
large meta-analysis [8].

Our understanding of the redox landscape of the cell is
rapidly evolving and thanks to the recent development of
specific redox probes [9-12] we are beginning to unravel
a complex spatial and temporal organization of the redox
fluxes in the living cells. Compartmentalization of the redox
circuitry is crucial to maintain physiology and is a key to
understand the alterations of the redox homeostasis occur-
ring in disease.

The liver is the main metabolic organ and plays a funda-
mental role in whole body detoxification and blood stream
filtering. Most detoxification processes (drugs, alcohol, and
endo- and xenobiotics) are carried out through oxidative
reactions by the cytochrome P450 (CYP) isoenzymes, which
generate superoxide anion (O,"") (Figure 1). Derangement
of the liver metabolic processes, such as those occurring
by fatty acids overload in NAFLD, results in increased
ROS production by increased electron transfer during mito-
chondrial B-oxidation, as well as increased CYP2EI expres-
sion and activity [13]. Strong induction of CYP2EIl also
occurs due to excessive consumption of ethanol, whose toxic
metabolite acetaldehyde (AcCHO) generates oxidative stress
through a number of direct and indirect mechanisms [6, 14,
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in mitochondria and ER, resulting in ROS production. Ethanol also reduced the autophagic removal of damaged cellular components. Viral

infection challenges the ER protein folding process leading to ROS production and Ca**

leakage in the cytosol and mitochondria. Increased

MAMs formation promotes Ca** efflux from ER into mitochondria, increasing mitochondrial ROS production.

15] (Figure 2). Hepatotropic viruses cause direct oxidative
damage to the endoplasmic reticulum (ER) of hepatocytes,
triggering an inflammatory response which propagates the
oxidative stress-induced damage to neighboring cells. Acti-
vation of the inflammatory signaling pathways in the hepa-
tocyte (i.e., due to translocation of bacterial toxins from the
gut or inflammatory cytokines release from visceral fat in
obese subjects) is a trait d'union molecular mechanism that
synergistically propagates the oxidative stress within different
cellular compartments, regardless of the initiating agent.
The liver also plays a central role in heme catabolism
and iron recycling, which poses an additional threat since
iron catalyzes the formation of ROS through the Fenton and
Haber-Weiss reactions (see Section 1.2). Iron accumulation
in the liver is associated with increased oxidative stress
and can occur as a consequence of genetic disorders (as
in hemochromatosis) but also secondarily to other liver
diseases, such as NAFLD [16-18] or HCV infection [19, 20],
significantly contributing to the progression of disease.
Therefore, the liver has an enormous potential for the
generation of oxidative species, and virtually any noxia
targeting the liver results in elevated oxidative stress that,
when chronic, promotes the fibroproliferative response and

progression through fibrosis, cirrhosis, and eventually hepa-
tocellular carcinoma. The onset and progression of chronic
liver disease require a complex interplay among different
cellular components of the liver, hepatocytes, cholangiocytes,
Kupfter cells, sinusoidal endothelial cells, and hepatic stellate
cells, mostly orchestrated through a proinflammatory and
profibrogenic crosstalk in which oxidative stress mediators
such as H,O, or nitric oxide ("NO) are active players.

As we become more and more aware of the complexity of
the redox signaling underlying crucial metabolic regulations,
cell fate decision mechanisms, and intercellular communica-
tion, it is easy to foresee that the “redox hepatology” field will
shape the liver biology research in the next future.

This review recapitulates the evolving concept of oxida-
tive stress in diverse cellular compartments, highlighting the
principle mechanisms of oxidative stress occurring in the

healthy and wounded hepatocyte.

1.2. Mechanism of Reactive Oxygen and Nitrogen Species
(RONS) Mediated Toxicity. Several ROS (O,", "OH, and
H,0,) and RNS ("NO, ONOQO") are generated inside the
cells under physiological and pathological conditions. The
biological activity of RONS toward cellular substrate is not



equivalent: the hydroxyl radical ("OH) has an indiscriminate
reactivity toward most biological substrates and is the most
relevant ROS involved in oxidative DNA damage while O,
the most abundant mitochondrial ROS, preferentially reacts
with iron-sulfur clusters in target proteins and is effectively
converted to H,O,, which is the principal oxidant of low pKa
cysteine residues (Cys) acting as sulfur switches in redox-
sensitive proteins [21].

Nitric oxide is a highly diffusible signaling molecule gen-
erated by Nitric Oxide Synthases (eNOS, iNOS, and mNOS)
in the cytoplasm, extracellular space, and possibly mitochon-
dria [22] and can react with redox-sensitive cysteine residues
in proteins forming nitrosothiols, a mechanism of redox
sensing analog to hydrogen peroxide (H,0,) [23]. "NO does
not appear to be toxic at physiological concentrations [24]
but can readily react with superoxide anion and generate
peroxynitrite (ONOQO™), a spontaneous reaction occurring at
such a fast rate that outperforms SOD capability of removing
O,"". Peroxynitrite is therefore formed whenever "NO and
O,"" are produced simultaneously [25]; it is highly reactive
toward iron-sulfur clusters (present in several metabolic
enzymes like mitochondrial aconitase and alcohol dehydro-
genase), can oxidize protein thiols, and promote tyrosine
nitration in target proteins (i.e., Complexes I, II, III, and
V of the mitochondrial Electron Transport Chain (ETC)),
thereby impairing both the redox- and phosphorylation-
dependent cellular signaling. A major mechanism of perox-
ynitrite toxicity is mediated by lipid peroxidation that causes
the degradation of membranes through radical reactions,
leading to changes in membrane permeability and fluidity.
Finally, oxidative damage to DNA is a hallmark of high-
level oxidative stress not only in the nuclei but also in
mitochondria [25].

Moreover, while highly reactive radical ROS and RNS
are generally diffusion-limited, some ROS and RNS can
easily diffuse through biological membranes thanks to their
non-/low-polar nature (H,O,, "NO, and peroxynitrous acid
ONOOH) and to dedicated transporter such as aquapor-
ins (for H,0,) or the HCO; /Cl™ anion exchanger (for
ONOO"). The pKa for the couple ONOO/ONOOH is 6.8,
very close to physiological pH, thus implying that both
mechanisms of peroxynitrite diffusion are relevant in vivo
[26]. Therefore, depending on the given RONS involved,
oxidative stress can elicit localized alteration of the redox
state, localized structural damage, or spread among different
cellular compartments and neighboring cells. An elucidating
mechanism of such event is the ROS-Induced ROS Release
(RIRR) [27], that is, the temporarily opening of mitochondria
permeability transition pore (mPTP) that elicit an amplified
ROS production after an oxidative challenge. ROS released
during RIRR may spread to neighboring mitochondria and,
depending on the level of ROS release, either promote
mitophagy and removal of nonfunctional mitochondria or
trigger a ROS avalanche that can lead to cell death. Of
importance, RIRR is considered to be the main mechanism of
hepatocyte damage during ischemia/reperfusion injury that
occurs following hepatic surgery or transplantation.

Iron overload constitutes a source of oxidative stress
of particular relevance in the liver, since hepatocytes and
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Kupffer cells are the main cell type devoted to iron storage
in the body. Iron is an essential component of oxygen sensing
proteins, oxygen transport systems, and iron-sulfur contain-
ing enzymes [28]; it is a transition metal readily converted
between the reduced ferrous (Fe’*) and the oxidized ferric
(Fe’") forms. The majority of iron in biological complexes
is kept as Fe**, while iron reduction to Fe** is crucial for its
mobilization and transport through membranes, loading on
ferritin and heme synthesis [28].

In the hepatocyte, iron is stored in the cytoplasm, ER,
mitochondria, and lysosomes largely as ferritin-bound Fe.
About 0.2%-5% of the total cellular iron is considered as
intracellular transiently mobile “labile pool,” either “free”
iron or loosely bound “chelatable” iron, both mainly in
the form of redox-active Fe** [29]. The “labile pool” iron
is potentially toxic, since it can catalyze the formation of
dangerous "OH radical through the Fenton (1) and Haber-
Weiss (3) reactions:

Fe** + H,0, — Fe’" + OH™ + 'OH Q)
Fe’* + 0, — Fe** + 0, )

The net reaction: O,”” + H,0,
€)
— OH +0,+"0H

Therefore, leakage of Fe** from the lysosome due to
altered membrane permeability, as well as reduction of Fe’*
by superoxide (2), can catalyze the production of ROS
and promote lipid peroxidation and severe cellular damage
(Figure 2). Mitochondria are particularly susceptible to iron-
mediated oxidative stress due to the high production rate
of O, and its dismutation product H,O, during cellular
respiration in close proximity to several Fe-S containing
enzymes [30].

2. Mitochondria

Among cellular organelles, mitochondria account for the
largest amount of electron transfer to oxygen thanks to the
electron transfer chain (ETC) complexes I-V. ETC com-
plex I (NADH ubiquinone oxidoreductase) and complex
II (ubiquinone cytochrome c oxidoreductase), as well as
other mitochondrial enzymes such as a-ketoglutarate dehy-
drogenase, pyruvate phosphate dehydrogenase, fatty acyl
CoA dehydrogenase, and glycerol 3-phosphate dehydroge-
nase [31], can produce O, as byproduct [32], releasing
it within the mitochondrial matrix. Moreover, H,O, is
produced by the monoamine oxidases (MAOs) located in
the outer mitochondrial membrane [33] (Figure 1). Therefore,
mitochondria are often referred to as a major ROS production
site, although in fact whether high ROS leakage occurs
in the mitochondria, at least in a physiological setting, is
still highly debated [34, 35]. Estimates of H,O, produc-
tion, as a measure of O," leakage, vary from 2% [36]
to 0.1-0.2% [31, 32, 34] of total O, consumption and vary
largely depending on tissue origin, experimental settings, and
the specific substrate fed to the mitochondria. For liver
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mitochondria, the rate of ROS leakage could be even lower
than 0.1% [32]. In fact, since mitochondria are physiologically
prone to produce high ROS levels due to the oxidative
phosphorylation process, they are also well equipped with
a large array of antioxidant systems and radical scavengers,
such as Mn-Superoxide Dismutase (Mn-SOD), CuZn-SOD,
GSH, glutathione peroxidase, tioredoxin-2, peroxiredoxins,
glutaredoxins, and also catalase [37]. Mn-SOD (SOD2) in
the mitochondrial matrix readily catalyzes the dismutation of
O," to H,0,, which in turn is eliminated by glutathione per-
oxidase using reduced glutathione (GSH) as hydrogen donor.
Oxidized glutathione (GSSG) is then reduced by NADPH-
dependent glutathione reductase. Superoxide released in the
intermembrane space by the ETC complex III is scavenged
by CuZn-SOD (SODL1), followed again by GPx and GSH
to eliminate H,O,. Since GSH is only synthetized in the
cytosol [38] and the mitochondrial pool of GSH (mGSH) is
replenished by importing GSH produced in the cytoplasm
[39], the GSH/GSSG redox state inside the mitochondria is
heavily controlled by GSH import through the 2-oxoglutarate
carrier and the dicarboxylate carrier [40-43].

Two major enzymatic antioxidant systems collaborate in
the mitochondrial matrix: the GSH-dependent glutathione
peroxidase and the NADPH-dependent thioredoxin-2 sys-
tems, each with specific cofactors.

It must be noted that although abundant, GSH has
very limited spontaneous antioxidant activity but very high
affinity for GPx. Within the mitochondria, GPx1 [44, 45]
and Gpx4 are the most abundant with GPxl representing
over one-third of total GPx activity in the liver [46]. Gpxl
is the major isoform localized both in the mitochondrial
matrix and in the intermembrane space and is mainly devoted
to H,O, detoxification, while GPx4 preferentially reduces
lipid peroxides thereby preventing membrane damage to
mitochondria [47].

Nevertheless, a number of molecular mechanisms pro-
mote mitochondrial ROS overproduction or decreased
antioxidant defense under nonphysiological condition [48].
The alteration of the redox homeostasis of mitochondria
is well documented in several human pathologies such as
NAFLD, viral infection, and toxic events (Figure 2).

Chronic alcohol feeding depletes the mGSH in several
animal models [49-51], leading to enhanced ROS produc-
tion and mitochondrial damage. The mechanism underlying
mGSH depletion involves cholesterol accumulation in the
inner mitochondrial membrane that results in excess mem-
brane rigidity and impaired GSH carriers functionality, thus
disrupting GSH import from the cytosol (Figure 2). In fact,
restoring the membrane fluidity, but not increasing cyto-
plasmic levels of GSH by N-acetylcysteine administration
(NAC), recovers mGSH pool and ameliorates liver damage
in alcohol-fed rats [45, 50]. The importance of GSH import
in the mitochondria can be appreciated considering that
several antioxidant systems depend upon mGSH and that
the mitochondrial GSH/GSSG redox state is even maintained
in a more reduced steady-state redox potential than in the
cytoplasm [52], thus requiring energy expenditure for GSH
import.

The absence of protective histones, incomplete DNA
repair mechanisms, and the close proximity to ROS produc-
tion site renders mitochondrial DNA (mDNA) sensitive to
oxidative damage, increasing the risk of double-strand breaks
and somatic mutations with increased ROS production [53].
Indeed, a single dose of alcohol proved effective in inducing
massive mitochondrial DNA degradation through a ROS-
dependent pathway [54]. The acute degradation of mDNA
is then followed by an overshoot of mDNA synthesis as a
compensatory mechanism. However, repeated administra-
tion of alcohol (binge drinking) accumulated DNA damage
and blocked the adaptive response of mDNA resynthesis,
resulting in prolonged hepatic mDNA depletion [55]. mDNA
encodes 13 proteins involved in the ETC, two rRNA, and all
the tRNA necessary for translating the 13 encoded proteins.
Mutations in the mDNA therefore may produce dysfunc-
tional ETC complexes, increase ROS production, and expose
the mitochondria to new damage in a vicious circle [53].
Indeed, mitochondrial DNA depletion and mutation have
been described in patients with alcoholic and nonalcoholic
steatohepatitis [56, 57].

Acetaldehyde (AcCHO) produced by ethanol metabolism
is readily detoxified by aldehyde dehydrogenase 1 (ALDHI)
in the cytosol and by ALDH2 in the mitochondria. Acetalde-
hyde oxidation to acetate generates NADH and reduces the
NAD*/NADH ratio, possibly impairing mitochondrial -
oxidation which requires NAD™ (Figure 2).

Chronic alcohol administration reduces ALDH activity
therefore promoting AcCHO accumulation and inducing
adduct formation with lipids, proteins, and mDNA [58, 59].

Failure to efficiently remove AcCHO exposes mitochon-
dria to protein, lipid, and DNA adduct formation such as
MDA, 4-NHE, and mixed MAA adducts [15]. Moreover, 4-
HNE, a lipid peroxidation derivative, can directly inhibit
ALDH2, thus promoting AcCHO accumulation in the mito-
chondrion in a endangering loop [60].

Consistently, the inactivating polymorphism ALDH2"2,
common in East Asia, confers reduced alcohol tolerance and
is associated with increased risk of gastrointestinal cancer.
Very recently, by the use of a knock-in mice harboring the
ALDH?2 (E487K) mutation, Jin and colleagues recapitulated
the ALDH2"2 human phenotype including intolerance to
acute or chronic alcohol administration, impaired clearance
of AcCHO, increased DNA damage, and susceptibility to
cancer development [61].

Many of the abovementioned findings also apply to
the mitochondria of NASH patients, which have altered
morphology [62, 63], reduced or mutated mDNA content
[57], reduced oxidative phosphorylation [64], and increased
ROS production.

However, the molecular mechanisms initiating the mito-
chondrial dysfunction in NASH are different and originate
by an overwhelming induction of mitochondrial -oxidation
rather than its inhibition as in ASH. This is consistent with the
increased expression of UCP-2 observed in the mitochondria
of several obesity and NASH animal models and in the
expansion of peroxisomal 3-oxidation found in humans. The
increased electron flux through the ETC produces oxidative



stress, which is strongly associated with the severity of NASH
(Figure 2).

Depletion of mGSH occurs in NASH animal models,
similar to ASH [65], and in NASH patients that have reduced
levels of GSH, SOD, and catalase and increased protein
oxidation, a hallmark of increased oxidative stress [66]. In
principle, targeting oxidative stress is potential therapeutic
option for oxidative liver diseases [67]. Of notice, mGSH
depletion can affect also the outcome of potential therapeutic
antioxidant treatments, such as the use of SOD mimetics
in steatohepatitis. Indeed, the use of SOD2 mimetics in a
context of mGSH depletion results in increased H,O, levels
and increases liver injury in animal models of steatohepatitis,
highlighting the importance of a combinatory strategy in the
targeting of oxidative stress mechanisms [68].

3. Endoplasmic Reticulum

Endoplasmic reticulum (ER) is a master intracellular organ-
elle responsible for protein synthesis, folding, modification,
and trafficking. In addition, the ER plays a crucial role in
calcium homeostasis and in regulating the biosynthesis of
steroids, lipids, and carbohydrates [69].

During the folding process, a protein may be oxidized
to form disulfide bonds, isomerized to allow polypeptide
rearrangement or reduced to allow unfolding and subsequent
degradation [70].

The ER lumen has a high ratio of oxidized to reduced
glutathione (GSSG/GSH) (145), which creates an oxidizing
environment that promotes disulfide bond formation. The
electron transport required for this process is driven by
a protein pathway that involves two ER-located enzymes:
protein disulphide isomerase (PDI) and ER oxidoreductin 1
(ERO1) [71]. PDI directly accepts electrons, leading to the
oxidation of cysteine residues and the formation of disul-
phide bonds. In turn, ERO1 oxidizes PDI through a flavin-
dependent reaction and transfers electrons to molecular
oxygen as final acceptor. The use of molecular oxygen as the
terminal electron recipient leads to the production of ROS,
mainly hydrogen peroxide, contributing to cellular oxidative
stress [72].

It has been estimated that about 25% of the ROS generated
in a cell derive from ER disulfide bond formation during
oxidative protein folding, thus making ER the major site of
ROS production [73] (Figure 1).

Furthermore, additional oxidative stress can result from
the depletion of reduced glutathione that is consumed during
the reduction of unstable and improperly formed disulphide
bonds [74]. Therefore, an increase in the protein-folding load
in the ER can lead to the accumulation of ROS [75]. Cells have
evolved several strategies to oppose the ER accumulation
of unfolded and misfolded proteins, which are collectively
referred to as the UPR (unfolded protein response).

Under normal physiological conditions, the unfolded or
misfolded proteins are directed to degradative pathways to
restore the ER homeostasis; however, if the unfolded protein
production overwhelm the ER buffering capacity, the UPR
can activate a cascade of intracellular events resulting in
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cell death [76, 77]. The UPR is of major importance in
hepatocytes, which are rich in ER content and responsible for
the synthesis of proteins, cholesterol, bile acids, and phospho-
lipids [78]. And it is characterized by the activation of three
distinct signal transduction pathways: the inositol requiring
1 (IRE1) pathway, the protein kinase RNA-like ER kinase
(PERK) pathway, and the activating transcription factor 6
(ATF6) pathway. Under nonstressed condition, these three
proteins are kept inactive by binding to a chaperone protein,
BiP/GRP78, which is the master regulator of the UPR. Under
stressed condition (due to, for example, accumulation of
misfolded or unfolded proteins, depletion of ER calcium
content, or increase of free cholesterol in the ER lumen)
BiP/GRP78 dissociates from the UPR transducers resulting
in activation of their respective signaling pathways.

Briefly, the activated IREla removes a 26-bp intron from
the XBP1 mRNA, resulting in the production of a spliced
XBPI protein (XBP1s). XBPIs is a transcription factor that
regulates the expression of several genes involved in UPR
and ER-assisted degradation (ERAD) to help restore ER
homeostasis [79]. The IREla/Xbpl pathway is also critical for
hepatic lipid homeostasis, since it activates the transcription
of master adipogenic regulators such as PPARy and C/EBPs
[80]. In addition, IRElx induces the activation of stress
kinases, JNK and p38 MAPK, that promote apoptosis [81].

The PERK pathway activates an antioxidant program
focused on ATF4 and nuclear factor-erythroid-derived 2-
(NF-E2-) related factor 2 (NRF2) [82, 83]. NRF2 is a key
player in antioxidant response. After PERK-mediated phos-
phorylation, NRF2 translocates to the nucleus and acti-
vates the transcription of a set of antioxidant and oxidant-
detoxifying enzymes, including NAD(P)H-quinone oxidore-
ductase (NQOI), heme oxygenase 1 (HOI), and glutathione
S-transferase (GST) [84, 85]. In addition, NRF2 and ATF4
induce the transcription of genes whose products are
involved in the maintenance of glutathione cellular level,
the main redox buffer in the cell [82, 83, 86, 87]. The
overall antioxidant effect of the PERK pathway is supported
by the finding that a potent ER-stress-inducing chemical,
tunicamycin, induces only weak accumulation of ROS in
wild-type cells, whereas this treatment induces a toxic accu-
mulation of ROS in cells that lack PERK [75].

Dissociation of BiP/GRP78 from ATF6a leads to its
translocation to the Golgi, where this protein is processed
into its active form [88]. The activated ATF6 translocates to
the nucleus and functions as a transcription factor, promoting
the expression of downstream target genes involved in ER
stress including XBP1, GADDI53 (also known as CHOP, a
proapoptotic transcription factor that plays a critical role in
ER stress-mediated apoptosis), and ER chaperones [89, 90].
ATF6a is also a regulator of gluconeogenesis [91].

All together, these three pathways mitigate the ER stress
by reducing global protein synthesis, increasing misfolded or
unfolded protein degradation, and, simultaneously, increas-
ing the specific expression of proteins that help maintaining
the protein folding process in the ER lumen as well as ER
integrity [92-94].

Under pathological and/or stressful conditions, in which
the demand of protein synthesis, folding, and/or repair is
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increased, the UPR efliciency decreases, resulting in the
accumulation of unfolded protein and misfolded proteins and
ER damage [93, 95-98].

Moreover, an overactivation of the UPR leads to a
sustained activity of EROL as well as induction of ERO1f
expression [99], resulting in an increased H,O, production
[100] that is found in several liver diseases such as NASH,
ASH, and viral infection (Figure 2).

Asafirst-line response during UPR activation, ER-related
PERK pathway attenuates general mRNA translation and
activates the Nrf2 transcription factor [71, 83, 92, 101, 102]
that translocates to the nucleus and activates antioxidant
responsive element-dependent gene expression [71, 75, 92, 93,
101]. However, in NASH, the UPR-induced Nrf2-mediated
response is downregulated [75]. Impaired Nrf2 activity is
associated with mitochondrial depolarization/dysfunction, as
well as increased hepatic free fatty acid levels, fatty liver,
and NASH development [102-104]. Moreover, NASH-related
accumulation of misfolded proteins, and related unmiti-
gated ER stress, also induces increased ROS production
and macromolecules oxidation in the ER lumen through
PDI, leading to intracellular depletion of reduced glutathione
[71, 72, 105]. Indeed, when oxidized, PDI with EROI acts
in the oxidative folding of proteins by allowing proper
disulfide bond formation. When reduced, PDI breaks and
rearranges disulfides in the nascent proteins until the reduced
glutathione pool is depleted [71, 73]. Furthermore, both ER
stress and oxidative damage prompt calcium leak from the
ER, leading to mitochondrial calcium accumulation, which in
turn promotes exacerbated mitochondrial ROS production,
further amplifying ER stress [72, 104, 106] (Figure 2). It
has been recently suggested that elevated levels of palmitic
acid would compromise the ER ability to maintain calcium
stores, resulting in the stimulation of mitochondrial oxidative
metabolism, ROS production, and, ultimately, cellular dys-
function [75]. Therefore, it appears that ER stress may occur
earlier than the onset of mitochondrial dysfunction, ROS
accumulation, and apoptosis [107, 108]. Moreover, SREBP-1,
the master regulator of triglycerides and cholesterol synthesis,
is kept inactive at the ER by interaction with insulin induced
gene proteins (INSIGs). During ER stress, proteolytic degra-
dation of Insig-1 releases SREBP [96], which is subsequently
processed in the Golgi and finally directed to the nuclei where
it activates the transcription of the lipogenic program. In
turn, excess fatty acids and cholesterol promote ER stress;
thus, the reinforced cycle of ER stress, oxidative stress, and
lipogenesis-induced lipotoxicity fuels the pathogenesis of
NASH [78].

Alcoholic liver disease (ALD) is certainly related to an
excessive production of ROS from ethanol metabolism and
the consequent oxidative stress within the hepatocytes [109,
110]. Two metabolic pathways are involved in the degradation
of ethanol. First, ethanol is oxidized into acetaldehyde by
alcohol dehydrogenase (ADH), followed by production of
acetate by means of acetaldehyde dehydrogenase (ALDH).
Acetaldehyde mediates most of the toxic effect of alcohol
[15, 111, 112]. The second pathway of ethanol degradation,
which is largely inducible, operates through the microso-
mal ethanol-oxidizing system (MEOS) cytochrome P450.

CYP2El, the main cytochrome P450 isoform induced by
ethanol consumption, is located at the membrane of ER
[113-116], making it the master mechanism of ER ethanol-
induced ROS production. Ethanol oxidation by CYP2EIL
generates O,”” and H,0, promoting membrane lipoper-
oxidation. Moreover, ethanol administration and ROS pro-
duction increase free iron, which catalyzes the production
of strong oxidants, such as hydroxyl radical (OH"), ferrous
oxide (FeO), and hydroxyethyl radical (CH;CHOH). This
damaging mechanism is also common to lysosomes and
mitochondria (Figure 2).

The UPR overactivation and ROS production occur also
in Hepatitis C and B, but the process that induces these
responses is different from other liver diseases.

Hepatitis C virus (HCV) replication in infected host
cells is dependent on several viral proteins that are folded
in the ER and synthesized in ribonucleoprotein complexes
in association with the ER [117]. HCV replication has been
shown to cause ER stress and its gene products such as Core,
E2, NS5A, and NS4B have also been demonstrated to induce
UPR and ROS production [118, 119].

The protein aggregates that are formed in the viral
replication induce all three different pathways of UPR which
sustain viral replication alleviating ER stress [118, 119]. ROS
production during HCV infection also occurs due to altered
intracellular Ca™ homeostasis. For example, Core viral
protein perturbs the intracellular calcium both by inducing
ER Ca®" release and by stimulating the Ca** uniporter in
mitochondria, increasing ROS production in mitochondria
and opening of the mPTP [120]. Similarly, NS5A perturbs
Ca®* signaling and elevates ROS production in mitochondria
leading to activation of transcription factors such as NF-xB
and STAT that are involved in HCV-mediated hepatocarcino-
genesis [121]. NF-«B activation is also stimulated by NS4B, a
mechanism requiring Ca®*-induced ROS production [122].

Similar mechanisms of UPR activation and ROS produc-
tion also occur in HBV infection [123] (Figure 2).

4. Lysosomes

Autophagy is a fundamental mechanism of cell adaptation
to stress, allowing removal of damaged molecules and cel-
lular components by degradation in the lysosomal compart-
ment, which is of particular importance for the removal of
nonfunctional mitochondria (mitophagy) (Figure 1). Alter-
ations of the autophagic pathway play a major role in the
onset and perpetuation of several chronic diseases, includ-
ing neurodegenerative and metabolic disorders as well as
cancer chemoresistance. Most of the processes associated
with RONS production also stimulate autophagy [124]. For
instance, starvation, through inhibition of mTOR pathway,
stimulates autophagy and increases mitochondrial ROS pro-
duction. H, O, oxidizes a redox-sensitive thiol of Atg4, which
then promotes LC3-I conversion to LC3-II and maturation
of the autophagosome [125]. Consistently, autophagy is stim-
ulated in vivo by mitochondrial superoxide production, as
seen by experimental downregulation of MnSOD, which
increases O, and reduces H,0O, [126]. However, it is not



clear whether O, directly stimulates autophagy or more
likely induces lipid peroxidation and mitochondrial dam-
age which in turn activate autophagy. This second line of
thought is supported by the observation that, in nutrient-
deprived hepatocytes, mitochondrial membrane depolariza-
tion precedes the formation of the autophagosome [127] and
defective mitophagy results in accumulation of dysfunctional
mitochondria, increases oxidative stress, and promotes tissue
liver damage and cancer [128]. Chronic ethanol feeding is
associated with decreased intralysosomal hydrolases content
and reduced proteasomal activity due to impaired cathepsin L
trafficking in the lysosome [129,130]. Oxidative stress can also
harm lysosomal membranes resulting in elevated cytosolic
levels of cathepsin B due to lysosomal leakage [131].

The effect of ethanol metabolism on autophagy is quite
debated, and controversial results have been reported [132].
Using LC3-GFP transgenic mice, two groups described that
binge- [133], acute- or chronic-ethanol administration [134]
promoted autophagosome formation in vivo. The increase
in autophagosome formation was paralleled by inhibition of
mTORCI signaling pathway [133].

In contrast, using a CYP2E1 knock-out or knock-in mice
and parallel in vitro model, Wu and colleagues showed that
binge ethanol administration reduced macroautophagy in
CYP2EI KI mice and cells but not in KO mice [135]. Despite
the different autophagy status, which could be due to the use
of different transgenic models and different binge drinking
protocols, inhibition of autophagy enhanced ethanol toxicity
while pharmacological promotion of macroautophagy by
carbamazepine, as well as rapamycin, was shown to have
a therapeutic potential in animal models of acute ethanol-
induced toxicity [133] as well as ASH [135] and NASH [136].

Since ethanol is known to reduce the proteolytic activity
of lysosomes, it is possible that the degradative part of
autophagy, that is, the autophagolysosome formation, may
be impaired in chronic ethanol feeding despite increased
autophagosome formation, leading to defective removal of
damaged cellular components [137] (Figure 2).

This mechanism could be relevant also for the pathogen-
esis of NAFLD. In vitro experiments showed that autophagy
was increased in hepatoma cells exposed to FFA, mimicking
the “first hit” of NASH pathogenesis. However, after a “second
hit” of H, 0O, or TNF« (oxidative damage and inflammation),
the autophagic flux diminished despite enhanced autophago-
some formation [138].

An important mechanism of ROS induced liver injury is

mediated by the release of “labile” iron (Fe*") that occurs in
damaged lysosomes during ischemia/reperfusion [139].

Lysosomes are a major storage site of iron, which enters
the hepatocyte through transferrin mediated endocytosis,
subsequent endosome acidification, iron reduction, and
release from transferrin. Fe** is then released in the cytosol
or delivered to mitochondria in controlled amount (Figure 1).
Moreover, lysosomes can significantly increase their iron
content by reparative autophagic uptake of damaged mito-
chondria, peroxisomes, or cytosolic iron-loaded ferritin [29].
Labile iron is transported to mitochondria, where it catalyzes
the Fenton reaction with H,O, (see Section 1.2), producing
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the deleterious hydroxyl (OH") and hydroxyperoxyl (OOH")
radicals which damage mitochondria membranes and induce
the opening of the permeability transition pore, triggering
the RIRR response and eventually cell death (Figure 2). Fe**
induced ROS formation can represent a potent mechanism
of damage amplification not only within the cellular com-
partments but also at the cell and organ level. In fact, many
human diseases, especially liver diseases, are associated with
increased serum ferritin levels that arise due to hepatocyte
death. Increased ferritin uptake in hepatocytes is associated
with abnormal endosome clustering and induces lysosomal
membrane permeability and promotes lipid peroxidation,
depletion of GSH, and reduction of GSH/GSSG ratio. Ferritin
accumulation triggers macroautophagy which is abolished by
Fe chelation, confirming the mechanistic role of Fe-induced
ROS formation in the onset of ferritin toxicity. Also in
this model, pharmacological inhibition of macroautophagy
strongly enhanced ferritin toxicity, further substantiating the
concept that induction of autophagy is a generalized defense
mechanism against ROS-mediated cellular damage [140].

5. Peroxisomes

Peroxisomes are ubiquitous organelles involved in catabolic
oxidative reactions, xenobiotic detoxification, and bile salt
synthesis. In mammals, peroxisomes carry on the a-oxida-
tion of very-long chain fatty acids that cannot directly enter
the mitochondria for 3-oxidation[141].

Several peroxisomal oxidases produce ROS, primarily
H,0,, butalso "NO, since iNOS was detected in peroxisomes
of hepatocytes [142]. Peroxisomes are not only a source of
ROS but also a powerful ROS disposal compartment, thanks
to a large array of antioxidant enzymes, mainly catalase, but
also GPx, Mn-SOD, and CuZn-SOD, and peroxyredoxin-1
and peroxyredoxin-5 [143] (Figure 1).

Peroxisomes are highly dynamic structures that undergo
enlargement, elongation, and increase in number in response
to several xenobiotic or physiologic stimuli.

Peroxisomes can support mitochondria in the f-oxida-
tion of fatty acids [144], a process mediated by the activation
of the nuclear receptor PPAR« [145]. Accordingly, peroxi-
somes are elevated in several mice models of NAFLD [146]
and proliferation and enlargement of peroxisomes are also
described in patients with fatty liver [147] (Figure 2).

Activation of PPAR« and subsequent induction of perox-
isomal 3-oxidation is a potent inducer of H,0O, production
which is not paralleled by an equal increase in antioxidant
enzymes, mainly catalase, leading to oxidative stress and
substantially contributing to the hepatocarcinogenic effects
of PPAR« activators observed in mice, but not in humans
[148].

Disruption of the peroxisomal structure and function in
the hepatocyte, as in the PDX5 knock-out mice, resulted
in structural alteration and reduced functionality of mito-
chondria, increased proliferation of ER and lysosomes, and
accumulation of lipid droplets. Surprisingly, no sign of signif-
icant oxidative stress was found, although metabolic rear-
rangement toward a more glycolytic setting was observed
(149].
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6. Plasma Membrane

At the plasma membrane interface, key signal transduction
events originate following the ligand-receptor interaction.
Signal transduction is biologically encoded by phosphory-
lation of key Tyr or Ser/Thr residues that induce confor-
mational and functional changes in transducing proteins.
The coordinated activities of protein kinases and protein
phosphatases ensure the substrate, temporal, and spatial con-
finement required to obtain specificity for signal transduction
events. Signal transduction occurs not only by means of the
well-known “phosphorylation code,” but also by regulation
of redox-sensitive Cys residues in signaling proteins. Such
“redox-code” [21] adds a level of complexity and flexibility to
signaling circuitry.

The best characterized redox regulation of kinase sig-
naling, and likely the most relevant to the hepatocyte, is
the insulin pathway. Insulin binding to its receptor acti-
vates intrinsic kinase activity and initiates a phosphorylation
cascade through the PI3K/AKT/mTOR pathway. In parallel,
insulin promotes the deactivation of protein phosphatases
(PTEN, PP2A, and SH2P), a mechanism requiring localized
H, O, burst at the plasma membrane generated by extracellu-
lar NOX [150-153] (Figure 1).

Adiponectin, which potentiates insulin action, activates
5-LOX H,0, bursts and deactivates PTP1B [154].

Exogenous H,O, administration can therefore modulate
insulin signaling through inhibition of Protein Tyrosine
Phosphatases (PTP), as recently demonstrated by Iwakami
et al. [155].

The ROS-mediated inactivation of PTP is a general
physiological mechanism necessary for efficient signal trans-
duction of several, if not all, MAPK family members [2],
including p38 [9,156], JNK [157], and ERK1/2 [158] (Figure 1).

Removal of signaling H,O, and reduction of oxidized
Cys in PTP are ensured by cytoplasmic antioxidants, such
as GSH, thioredoxin 1 [159] and peroxiredoxin-2 [152], thus
terminating the signaling activity.

Although H,0, is required for normal signal trans-
duction, excess oxidative stress can activate stress-sensitive
Ser/Thr kinase such as JNK, ERKI and IKKD (inhibitor of NF-
«B), and p70S6k, all of which are client of the redox-regulated
protein phosphatase PP2A. Stress sensitive kinases take part
in insulin resistance by inhibitory phosphorylation of IRS-1
[160] (Figure 2).

Clearly, redox signaling is highly intertwined with phos-
phorylation signaling, and a high level of spatial and temporal
confinement must be fulfilled to ensure the proper biological
response.

Very recently, Hua and colleagues uncovered the coor-
dinated redox mechanisms initiating and terminating hepa-
tocyte proliferation during liver ontogenesis or regeneration
after partial hepatectomy [161]. They found that sustained
elevated H,O, levels are required for the activation of ERK
signaling and trigger a shift from quiescence to prolifer-
ation, while sustained decreased H,O, levels activate p38
signaling and trigger a shift from proliferation to quiescence.
Pharmacological lowering of H,O, levels reduces the extent

of fetal hepatocyte proliferation and delays the onset of
liver regeneration. Chemical augmentation of H,0, levels
in adult hepatocytes triggers proliferation and delays the
termination of liver regeneration. Although the authors did
not map the precise cellular location of H,0O, production,
the mechanism triggering the H,O,-induced hepatocyte
proliferation during embryogenesis and liver regeneration
involves early induction of NADPH Oxidase 4 (NOX4) and
the adaptor protein p66shc [161], which is known to be
necessary for NOX assembly at the plasma membrane [162].
Interestingly, NOX4 recruitment at the plasma membrane
and localized H,0, production are also required for IGF-
I signal transduction to Src, a mechanism mediated by
the scaffold protein SHPS-1 [163], suggesting that NOX4
assembly at the plasma membrane could promote specific
signal transduction by redox regulation of different client
effectors.

In hepatocytes, membrane fluidity and lipid-raft cluster-
ing have been described to mediate ethanol-induced oxida-
tive stress. ROS produced by ethanol metabolism increase
plasma membrane fluidity and determine an increase in low-
molecular weight iron, triggering massive ROS production
and membrane peroxidation [164]. These event are associ-
ated with lipid-raft clustering, intraraft disulfide-bond and
peroxidation, phospholipase C recruitment inside the lipid-
raft, and activation of a signaling pathway that modulate
iron content in the lysosomal compartment [165] (Figure 2).
Consistently, reducing lipid-raft clustering and oxidation by
DHA administration [166] or increasing plasma membrane
fluidity by benzo(a)pyrene administration [167], respectively,
alleviated or worsened the ethanol toxicity mediated by
increased lysosomal iron leakage. Since membrane lipid rafts
are required for peroxisome biogenesis [168], it would be
interesting to assess the effect of ethanol-induced lipid-raft
clustering on peroxisome structure and function.

7. Concluding Remarks

Redox homeostasis in the cell is achieved by accurate com-
partmentalization of prooxidants and RONS buffering sys-
tems. Each cellular compartment differs in the overall redox
state as well as in the concentration and oxidative steady-state
of its antioxidant pairs. Lysosomes and ER are relatively more
oxidizing than cytoplasm, while more reducing conditions
are found in the nuclei and mitochondria. Each of these
compartments is actively maintained in a nonequilibrium
redox state to fulfill specific tasks. At the same time, cellular
organelles are highly interconnected by a complex network
of physical connections, signaling pathways, intracellular
trafficking routes, and metabolic activities.

Oxidative stress can arise by different mechanism in any
cellular compartment and spread to other cellular organelles
through any of the physical or functional connections.

For instance, mild alterations of plasma membrane per-
meability induced by ethanol metabolism promote clus-
tering of lipid raft and increase ferritin uptake that pro-
mote membrane lipid peroxidation and free iron leakage
from the lysosome. Free iron is eventually transported to
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the mitochondria where it triggers a burst of oxidative stress
and opening of the mPTP, propagating the oxidative damage
through the RIRR mechanism (Figure 2).

Perturbation of the network of physical and functional
connections between cellular organelles is not only a conse-
quence of pathological oxidative stress but can be indeed the
primary causal mechanism of oxidative stress and morbidity.
In a recent paper, Arruda and colleagues, by using an elegant
in vivo strategy, demonstrated that artificially increasing the
physical interaction between mitochondria and ER (MAMs:
mitochondrial-associated ER membranes) in the liver led to
altered calcium load in the mitochondria, increased oxidative
stress, and metabolic alterations, promoting obesity and
metabolic dysfunction [169]. Rearrangement of ER around
mitochondria seems to be an early event after HFD treatment
and likely reflects a transient adaptation of this physiologi-
cally highly dynamic process (Figure 2).

The recent development of genetically encoded ROS
sensor paved the way for a new era of exploration in the redox
cell biology, allowing real-time detection and measure of the
redox dynamics in living cells. These technological advances
are contributing to unravel the complex spatial and temporal
dynamics of H,O, bursts that, acting as switches, can activate
or deactivate signaling components, thus interconnecting the
redox-based and kinase-based signaling pathways.

Aswe deepen the understanding of the redox homeostasis
in the different cellular compartment, the concept of “oxida-
tive stress” evolves and alterations of redox mechanisms are
increasingly being recognized in human diseases, revealing
the potential for new therapeutic opportunities.
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Obesity and alcohol consumption are risk factors for hepatic steatosis, and both commonly coexist. Our objective was to evaluate
the effect of ethanol and acetaldehyde on primary hepatocytes obtained from mice fed for two days with a high cholesterol (HC)
diet. HC hepatocytes increased lipid and cholesterol content. HC diet sensitized hepatocytes to the toxic effect of ethanol and
acetaldehyde. Cyp2E1 content increased with HC diet, as well as in those treated with ethanol or acetaldehyde, while the activity of
this enzyme determined in microsomes increased in the HC and in all ethanol treated hepatocytes, HC and CW. Oxidized proteins
were increased in the HC cultures treated or not with the toxins. Transmission electron microscopy showed endoplasmic reticulum
(ER) stress and megamitochondria in hepatocytes treated with ethanol as in HC and the ethanol HC treated hepatocytes. ER stress
determined by PERK content was increased in ethanol treated hepatocytes from HC mice and CW. Nuclear translocation of ATF6
was observed in HC hepatocytes treated with ethanol, results that indicate that lipids overload and ethanol treatment favor ER stress.
Oxidative stress, ER stress, and mitochondrial damage underlie potential mechanisms for increased damage in steatotic hepatocyte

treated with ethanol.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) and alcoholic liver
disease (ALD) are the most common life-style liver diseases
caused by obesity and alcohol intake, respectively [1, 2].
Epidemiological evidence shows that obese alcoholics have 2-
3 times higher risk of developing steatohepatitis or cirrhosis
as compared to nonobese alcoholics or obese nonalcoholics
[3]. Obesity and alcohol consumption have some common
mechanisms that may contribute to exacerbation of liver
damage when these conditions coexit, including oxidative
stress, cytochrome P450 (Cyp)2El induction, increased lipid
synthesis, free fatty acids, and endoplasmic reticulum (ER)
stress [4].

Epidemiological data connect an increase in cholesterol
intake to the risk and severity of NAFLD and emerging

experimental and human data suggest that disturbed hepatic
cholesterol homeostasis and free cholesterol accumulation
are relevant to the pathogenesis of NAFLD [5]. Free choles-
terol accumulation damages hepatocytes by disturbing mito-
chondrial and ER membrane integrity, generating mitochon-
drial oxidative injury and ER stress [5]. ER controls cellular
cholesterol levels through pathways that sense the level of
cholesterol or cholesterol derivatives within the ER mem-
brane itself. Hepatocyte lipid accumulation induces Cyp2El,
and the increase activity of Cyp2El in steatosis leads to tissue
oxidative stress and production of reactive oxygen species.

Recent data from our lab show that lipid overloaded in
VL-17A cells makes them more susceptible to cell damage and
oxidative stress when treated with ethanol [6].

As mechanisms underlying synergistic hepatocyte injury
caused by cholesterol and ethanol are not clear, our aim in this
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study was to evaluate the effect of ethanol or its metabolite,
acetaldehyde, on hepatocytes primary culture obtained from
mice fed for two days with a high cholesterol diet determining
the viability, oxidative stress, content and activity of Cyp2El,
and ER stress.

2. Materials and Methods

2.1. Mice, Hepatocytes Isolation, and Culture. Eight- to ten-
week-old male C57BL/6 mice were maintained in pathogen-
free housing and cared for in accordance with the Universi-
dad Autonoma Metropolitana Guide for the Care and Use of
Laboratory Animals.

Mice were fed with a high cholesterol diet (HC, 2%
cholesterol + 0.5% of sodium cholate) for two days. Control
mice were fed with regular standard chow (CW) rodent
diet. After the two days under diets, mice were subjected
to the two-step method of collagenase perfusion for hep-
atocyte isolation as described previously [7]. The viability
was >90% as assessed by trypan blue exclusion. Primary
hepatocytes from both HC and chow diet fed mice were
seeded at 2.13 x 10° cells per cm” in 10 cm dishes (Nalge Nunc)
in Ham’s F-12/Dulbecco’s modified Eagle’s basal hepatocyte
growth medium supplemented with 10% fetal bovine serum
(Hyclone Lab Inc., Logan, UT), 1% antibiotics in a humidified
atmosphere of 5% CO,/95% air. All experiments were carried
out using 225,000 cells/cm* seeded in 10 cm dishes in at least
three independent experiments carried out in triplicate.

2.2. Treatments. After six h stabilization, culture media were
exchanged for one without serum and containing ethanol (Et)
100 mM or acetaldehyde (Ac) 200 uM; both treatments lasted
24 h. In order to lessen Et and Ac evaporation, all dishes were
wrapped with parafilm during time of treatment.

2.3. Oil Red O Staining. Cell lipid content was determined
by oil red O staining as previously reported [6]. Briefly,
cells were fixed in 4% formalin and stained with oil red O
solution (0.35% in 60% isopropanol) for 10 min. Cells were
counterstaining with hematoxylin.

The intracellular lipid droplets were stained by oil red O;
the cell cultures were washed with PBS pH 7.4 and fixed for
20 min with 4% formalin in 0.05M PBS; after washing with
sterile double distilled water and 60% isopropanol for 2 min,
the cells were stained with 0.35% oil red O solution in 60%
isopropanol for 10 min at room temperature.

2.4. Cell Viability by Crystal Violet. Cell viability was deter-
mined by crystal violet staining method as we previously
reported [8].

2.5. Transmission Electron Microscopy (TEM). After washing
with PBS, samples were fixed with 2.5% glutaraldehyde plus
paraformaldehyde in PBS (pH 7.4) for 2h and washed three
times for 30 min in PBS. After that, glutaraldehyde-fixed
specimens were treated with 1% OsO, in PBS for 2h,
dehydrated in increasing concentrations of ethanol (50%-
100%), infiltrated with propylene oxide, and embedded in
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an EPON mixture. Polymerized sections were then
cut, stained, and examined using transmission electron
microscopy (JEOL JEM 12000 EII).

2.6. Western Blot Analysis. Total protein was isolated from
cells, with M-Per tissue protein extraction reagent (Pierce,
Rockford, IL, USA), containing 1% halt protease inhibitor
mixture (Pierce), 100 mM sodium fluoride, 1mM phenyl-
methylsulfonyl fluoride (PMSF), and 50 mM sodium ortho-
vanadate. One hundred pg of total protein was separated
on NuPAGE novex 4-20% gels (Invitrogen), transferred
to polyvinylidene difluoride membranes (Invitrogen), and
probed with anti-Cyp2El (Cell Signaling, Inc.) or anti-
PERK (Abcam Inc.), followed by incubation with the specific
horseradish peroxidase-conjugated secondary antibody (GE
Healthcare, Inc., Uppsala, Sweden). Immunoreactive bands
were identified with ECL-Plus Western blotting detection
reagent (GE Healthcare). Equal loading was demonstrated by
probing the membrane with anti-actin.

2.7. Immunofluorescence and Filipin Staining. Immunofluo-
rescence was carried out as we previously published [9].
Briefly, hepatocytes were fixed with 4% paraformaldehyde for
15 min. Coverslips were blocked using BSA 5% + triton 0.3%
for 30 min at room temperature. Cells were incubated with a
mouse anti-ATF6 monoclonal antibody (10 ug/mL, Abcam)
overnight at 4°C, followed by incubation with a secondary
anti-mouse IgG antibody, conjugated to Alexa Fluor 647
(Invitrogen) for 1h at 25°C. DAPI was used to stain the cell
nuclei.

Free cholesterol was identified by confocal microscopy
using filipin (250 pg/mL, Sigma-Aldrich) as reported by Mari
and coworkers [10]. Microphotography was recorded in a
Carl Zeiss NLO 780 confocal microscopy.

2.8. Microsomal Fractions. Cell cultures were washed with
PSB 24h after treatment with Et or Ac. The cell pellet
was resuspended vigorously using an insulin syringe for 5
cycles (4 times per cycle) in 600 uL of lysis buffer (20 mM
HEPES, 2mM KCI, 2mM MgCl,, 250 mM sucrose, and an
inhibitor cocktail protease) to pH 7.4. Cells were always
maintained on ice during this procedure. The suspension was
centrifuged at 1,000 g for 5min at 4°C. The supernatant was
recovered and centrifuged at 8000 g for 10 min at 4°C. The
resulting supernatant was transferred to ultracentrifuge tubes
(Beckman Optima TLX) and centrifuged at 100,000 g for 1h
at 4°C. The supernatant was discarded and the pellet was
resuspended in 30 puL of storage buffer (it contains the same
lysis buffer without sucrose).

2.9. Cyp2EI Activity Assay. Cyp2El activity was assayed by
the nitrocatechol method. 10 uL. of p-nitrophenol (5mM)
and 25uL of NADPH (20 mM) were added to 440 uL of
assay buffer (50 mM potassium phosphate) to pH 74 and
were incubated at 37°C for 15min. After that, 100 ug of
microsomal protein was added and the reaction was left for
1h at 37°C. To stop the reaction, 100 uL of trichloroacetic acid
was added (20%). The samples were placed on ice for 2 min.
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The samples were centrifuged at 10,000 g for 5min. 500 uL
of the supernatant obtained was transferred to Eppendorf
tubes and we added 250 yL of NaOH (2 M). The mixture was
agitated with vortex and read at 535 nm in a multiplate reader
spectrophotometer (Beckman DU640).

To determine the enzymatic activity, the molar extinction
coefficient of the formed product (nitrocatechol, 9.53 x
10° M CM_I) was considered, as well as the absorbance of
each sample and the reaction time. Results were expressed
as nmol of product per hour per microgram of microsomal
protein.

2.10. Protein Oxidation. Carbonyl modification of proteins, a
key biomarker for the identification of oxidative stress, was
addressed by using Oxyblot Protein Oxidation Detection Kit
(Millipore, Darmstadt, Germany).

2.11. Protein Content. The protein content was determined by
using the bicinchoninic acid method (BCA kit, Pierce Inc.),
following manufacturer’s instructions.

2.12. Statistical Analysis. The data are presented as mean +
SEM for at least three independent experiments carried out in
triplicate. Comparisons between groups were performed by
one-way analysis of variance (ANOVA) with Bonferroni post
hoc test using GraphPad Prism 5.0 for Mac OS X. Differences
were considered significant at * p < 0.05.

3. Results

3.1. A HC Diet Induces Lipid Overload in Mice Hepatocytes
and Sensitizes to Alcohol and Acetaldehyde Damage. Mice fed
with a HC or regular CW diet for two days were subjected to
liver perfusion for the isolation of hepatocytes. After 6 h of
seeding, and prior to treatments, HC cells clearly exhibited
an overload of neutral lipids and free cholesterol, judged
by ORO and filipin staining (Figure 1(a)), confirming the
steatotic effect of the HC diet; these data were in agreement
with our previous work in which we reported 3- and 2.2-fold
increase of cholesterol and neutral lipids, respectively, in HC
cells compared with CW [11].

HC and control CW cells were treated with Et (100 mM)
or Ac (200 uM) for 24 h; HC cellular morphology was clearly
affected in both treatments, observing that detached death
cells were present in culture dishes, and many stressed
cells remained adhered as depicted in Figure 1(e). To gain
confidence cell viability was assayed by using crystal violet
staining; Figure 1(g) shows that HC diet sensitized cells to the
toxic effect of Et and Ac by decreasing cell viability; however
no significant effect was observed in CW cells (Figure 1(f)).

3.2. HC Diet Increases Cyp2El Expression and Activity Induc-
ing Oxidative Stress. In order to find a mechanism to explain
the sensitization, we were focused to address the status
of Cyp2El, the main Et metabolism system with clearly
toxic consequences [8]. Interestingly, HC diet promoted the
overexpression of Cyp2El as Western blot result displayed
(Figures 2(b)-2(c)), with no significant changes with Et and

Ac treatments. CW cells did not present changes in Cyp2El
protein content. We proceeded to study the Cyp2E1 activity
in microsomes obtained from CW and HC cells treated
with both toxics. Figure 2(c) shows a significant increment
in the activity in HC nontreated cells compared with CW
cells; Et treatment did not modify the activity; however,
remarkably, Ac treatment considerably decreased the enzyme
activity. Regarding CW cells, only Et induced an increment as
expected.

Elevation in Cyp2El activity is directly associated with
oxidative damage as we previously reported [8], and in
order to confirm this phenomenon we performed an oxyblot
to address the protein oxidation content; HC diet induced
protein oxidation, with no significant differences in Et and
Ac treatments. A slight increment was observed in CW cells
treated with Et compared with CW nontreated cells; data are
in agreement with Cyp2E1 activity (Figure 2(d)).

3.3. HC Diet Induces ER Stress. It is known that disturbances
in lipid homeostasis induce cellular stress, particularly at
mitochondria and endoplasmic reticulum level [10, 12]. An
analysis by TEM pointed out that ER was clearly compro-
mised in HC cells, presenting dramatic loss in ER architecture
(Figure 3(d)) in comparison with CW cells (Figure 3(a)),
seeing that Et treatment induced megamitochondria forma-
tion (Figures 3(b) and 3(e)), as we previously reported [13].
Interestingly we observed autophagosomes formation only in
HC cells treated with Et (arrow, Figure 3(e)), suggesting that
autophagy could play a prominent role. Ac treatment alone
did not induce significant changes in the ER architecture,
but we observed megamitochondria and some structures
that suggest mitochondrial fission (Figure 3(f), asterisk). In
order to support the idea that ER overloaded cholesterol,
we assayed biochemically its content in microsomes isolated
from CW and HC cells, confirming that certainly ER in HC
cells presented an increment in cholesterol content.

Finally, to further address the ER stress we measure the
content of PERK, a key regulator of the process. We found that
HC diet exhibited an increment in the protein, effect observed
in Et treatment in both CW and HC cells; interestingly, Ac did
not exhibit any effect in PERK (Figures 4(a)-4(b)). Nuclear
translocation of ATF6 is another key marker of ER stress;
we identified nuclear ATF6 positive signal only in HC cells
treated with Et, coinciding with less fluorescence signal in
the cytosol (Figure 4(g)). The result supports the idea that
cholesterol overload and Et treatment favor ER stress.

4. Discussion

Alcohol intake is one of the most important risk factors
for liver disease [1], in addition to hepatitis B and hep-
atitis C virus infection; however liver lipid overload has
been positioned as a clear risk factor for liver disease.
We recently reported that lipid overload, predominantly
cholesterol, induces oxidative stress and cell damage [14], and
this could be a key determinant for initiation and progression
of the disease, particularly when the steatotic phenotype is
accompanying another risk factor such as alcohol. Previously,
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FIGURE 1: A high cholesterol diet induces neutral lipids and free cholesterol overload in mouse hepatocytes and decreases cell viability under
ethanol and acetaldehyde treatments. Mice were fed with a high cholesterol diet (HC, 2% cholesterol) or regular standard chow (CW) for
two days. Hepatocytes were isolated and plated. Oil red staining (ORO) in CW cells (a) and HC cells (c) for neutral lipids identification and
filipin staining in CW cells (b) and HC cells (d) for free cholesterol determination were assayed. (¢) Cell morphology determined by bright
field microscopy of CW and HC cells under ethanol (100 mM) and acetaldehyde (200 M) treatments. Cell viability assessed by crystal violet
staining in (f) CW and (g) HC cells treated with ethanol (Et) and acetaldehyde (Ac). Each bar represents mean + SEM of three independent
experiments. Differences were considered significant at *p < 0.05 versus NT cells. Images are representative of at least three independent

experiments. Original magnification 320x.

we reported that cells under a free fatty acids overload are
more susceptible to alcohol metabolism damage [6]. In the
present work we focused on addressing the hepatic cell
damage under high cholesterol content and the presence of
Et and its toxic metabolite—Ac.

Our data show that HC cells are more susceptible to
the toxic effects of Et and Ac, inducing important changes
in cellular morphology, with no apparent effects in control
CW cells. It is well known that oxidative stress induced
by alcohol biotransformation is the main mechanism of
toxicity, mainly by the activity of the Cyp2El, as we previously
probed [8]. However, ethanol metabolism toxicity reached
significant differences at 48 h after treatment in cells that
overexpress both Cyp2El and alcohol dehydrogenase (VL-
17A) [8,15]. Interestingly, in primary hepatocytes culture with
high cholesterol content, we observed the toxic effects of
both Et and Ac, at 24h (Figures 1(e)-1(g)), suggesting that
cholesterol could be inducing the expression or activity of the
Cyp2El system.

It is well known that Cyp2El is also related to fatty acids
biotransformation and it is positioned as a possible risk
factor for the severity of NAFLD [16]. Our results indicate
that the diet alone increased both expression and activity
of Cyp2El, possibly as an adaptive response; however the
metabolism of fatty acids by this enzyme complex is related
to the production of toxic intermediaries that could increase
the damage [16]. Results depicted in Figure 2 clearly show

that HC diet by itself increased both Cyp2E1 protein content
and activity, which remained increased with both treatments.
In CW cells did not increase the content, but Et induced a
rise in the enzyme activity as expected; these results were in
agreement with protein oxidation.

Changes in ER observed by TEM revealed significant
changes in the structure of the cisternae, indicating ER stress.
To confirm that ER is overloading cholesterol, we assayed the
content of this lipid. The result indicated 1.8-fold the values
of the CW cells. We observed megamitochondria formation
in Et treatments, an undoubted effect due to oxidative stress
and due also to heavy metals [17] and alcohol toxicity [18, 19].
Also, we detected autophagosomes in Et treated HC cells,
but not in other treatments (Figure 3(e), arrow), indicating
severe damage that is in agreement with other studies that
pinpoint this effect in extensive injury, particularly by alcohol
and hepatitis C virus infection [20]. This effect could serve
as a protective mechanism in order to restore the normal
function of the cell by eliminating compromised organelles
such as mitochondria or misfolded proteins [21, 22].

Interestingly, Ac treatment induced mitochondrial fis-
sion, judged by TEM (Figure 3(f), asterisk) with modest
changes in ER; although it is reported that Ac induces ER
stress in HepG2cells [23], we could not find significant
changes in TEM studies.

Finally, the analysis of key markers of ER stress revealed
that HC diet induced the expression of PERK, one of
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FIGURE 2: High cholesterol diet induces both Cyp2El overexpression and activity. Whole cell lysate was obtained from CW and HC cells treated
or not with ethanol (Et, 100 mM) or acetaldehyde (Ac, 200 M) and subjected to Western blotting. (a) Representative image of the Cyp2El
immunoblot. (b) Densitometric analysis of protein content relative to actin used as loading control. (c) Cyp2El activity. (d) Protein oxidation
determined by Oxyblot kit. Each column represents mean + SEM of at least four independent experiments. Differences were considered
significant at “ P < 0.05 versus NT cells. Images are representative of at least four independent experiments.

the sensors in ER stress that phosphorylates downstream
substrates such as elF2«, which, in addition, impedes protein
synthesis [24]. Et treatment sustained this increment, but
remarkably Ac did not affect PERK expression. Ethanol by
itself induced the elevation of PERK. The analysis of ATF6
nuclear localization showed positive signal only in ethanol
treated HC cells, and once again we could not find changes in
Ac treated cells. Data suggest that Ac induces predominantly
damage by a mechanism dependent on mitochondria [10, 23]
in presence and absence of cholesterol overload, but our
results clearly show that cholesterol overload sensitizes cells
to ethanol toxicity.

In conclusion, cholesterol overload is a determinant
factor that could maintain or aggravate the alcohol-induced
liver damage; a close surveillance of lipid overload is

desired, particularly cholesterol, in the liver of those patients
with alcohol abuse in order to avoid the exacerbation of
the disease. Alcohol withdrawal is fundamental for the
treatment of liver related disorders in obese patients.
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The aim of this study was to explore the protective effects of ulinastatin (urinary trypsin inhibitor, UTI) on liver ischemia-
reperfusion injury (IRI) and graft survival. We employed mouse liver cold IRI and orthotopic liver transplantation (OLTx) models.
UTI was added to lactated Ringer’s (LR) solution for liver perfusion and preservation in vitro or combined with UTTI injection
intraperitoneally to the liver graft recipient. Our results indicated that UTI supplementation protected the liver from cold IRI in a
dose-dependent manner and prolonged liver graft survival from extended cold preserved liver donors significantly. The underlying
mechanism of UTI on liver IRI may be mediated by inhibition of proinflammatory cytokine release, increasing the expression of
the antiapoptotic gene Bcl-2 and decreasing the expression of the proapoptosis genes of Caspase-3 and Bax, and further protects
hepatocytes from apoptotic death and improves liver function.

1. Introduction

Liver transplantation has become one of the most effective
methods for the treatment of end-stage liver disease. How-
ever, hepatic ischemia-reperfusion injury (HIRI) remains a
challenging issue for liver surgeons; moreover, the pathogenic
mechanism of HIRI has not been elucidated completely. HIRI
may be initiated by liver cell oxidative stress and may further
induce primary graft nonfunction or function failure after
liver transplantation. In addition, HIRI limits the applications
of marginal donor livers. An effective therapeutic method for
preventing HIRI is still lacking. Ulinastatin (urinary trypsin
inhibitor, UTI), a trypsin inhibitor, plays an important role in
inhibiting proinflammatory cytokine release. The application
of UTT has been long-standing in clinical practice. It has been
shown that UTI has certain protective effects against liver
injury. However, the mechanisms are still not very clear and

remain to be further investigated. The objectives of this study
were to explore the protective effects of UTI against HIRI, the
effects of UTI on liver cell oxidative stress, and the impact of
UTI on graft survival, as well as the underlying mechanisms.

2. Materials and Methods

2.1. Animals. Male C57BL/6 (B6; H2b) mice, 8-14 weeks
of age, were purchased from Beijing Weitong Lihua Lab-
oratory Animal Technology Co., Ltd. (Beijing, China) and
maintained in a modified pathogen-free facility of Jilin
Surgical Research Institute at China-Japan Union Hospital of
Jilin University. The mice were provided with Purina Rodent
Chow and tap water ad libitum. Animal care was in compli-
ance with our institutional animal care and use committee-
approved protocol and with the “Guide for the Care and


http://dx.doi.org/10.1155/2016/1429835

the Use of Laboratory Animals” published by the National
Institutes of Health.

2.2. Reagents. UTI was purchased from Guangdong Tech-
pool Biochemical Pharmaceutical Co., Ltd. (Guangzhou,
China). Lactated Ringer’s Solution was obtained from Baxter
Healthcare Corporation (Deerfield, IL, USA). Rat anti-mouse
IL-6, TNF-a, and IFN-y antibodies were from BD Pharmin-
gen (San Diego, CA, USA), rat anti-mouse IL-10 antibody was
from Abcam (Cambridge, UK), Bcl-2, caspase-3, and Bax, f3-
actin were from Cell Signaling Technology, Inc., (Danvers,
MA, USA), and the ApopTag Peroxidase In Situ Apoptosis
Detection Kit was from the Millipore Corporation (Billerica,
MA, USA).

2.3. UTI Treatment Protocol. 'The livers were flushed via the
portal vein with 5mL of cold LR or UW solution containing
heparin 20 units/mL with or without UTI supplementation
of 10-10000 U/mL and then were procured and stored in a
sterile container containing 2 mL (equal mouse total body
blood volume) perfusion solution for 6 hours. Alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
and lactate dehydrogenase (LDH) enzyme release from the
preservative solution and the liver histology were examined,
respectively. In the orthotopic liver transplantation study, the
donor livers were preserved in the LR solution at an extended
time of 1 hour, with or without UTI supplementation at
1000 U/mL, respectively. Liver biopsy and functional assays
were performed at 1 hour, 6 hours, and 18 hours posttrans-
plantation, respectively.

2.4. Orthotopic Liver Transplantation. Orthotopic liver trans-
plantation (OLTx) with revascularization was accomplished
with a combination of suture and cuff techniques performed
between syngeneic strain combinations as described [1, 2].
The donor livers were preserved in the LR solution at an
extended time of 1 hour, with or without UTI supplemen-
tation at 1000 U/mL, respectively. The liver graft recipients
were also received subcutaneous injection of UTI 1000 U in
0.2mL LR or an equal volume of LR solution immediate
after complication of liver transplantation, respectively. Graft
function, liver cell apoptosis, and expression of inflammatory
cell factors were evaluated posttransplantation.

2.5. Liver Enzyme Assays. Samples from the liver preserva-
tion solutions at different concentrations of UTI supplemen-
tation at 6 hours in the LR solution and in the serum at 1, 6,
and 18 hours posttransplantation were assayed for ALT, AST,
and LDH levels using the Beckman Coulter Synchron UniCel
DXCB800 automatic analysis system, respectively.

2.6. Histological Analysis. Formalin-stored tissue specimens
were embedded in paraffin and cut into 4 ym sections and
were then examined by routine hematoxylin and eosin (H&E)
staining. Three samples from each group and 10 high power-
fields of each sample were analyzed. The histology scores of
the liver tissue sections were determined by 2 independent
persons in a blind manner according to the following scoring
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criteria: 0, no hepatocellular damage; 1, mild injury character-
ized by cytoplasmic vacuolization and focal nuclear pyknosis;
2, moderate injury with dilated sinusoids, cytosolic vacuoliza-
tion, and blurring of intercellular borders; 3, moderate to
severe injury with coagulative necrosis, abundant sinusoidal
dilation, RBC extravasation into hepatic chords, and hypere-
osinophilia and margination of neutrophils; 4, severe necrosis
with loss of hepatic architecture, disintegration of hepatic
cords, hemorrhage, and neutrophil infiltration. Criteria to
specifically evaluate polymorphonuclear leukocyte (PMN)
infiltration (0, zero; 1, minimal; 2, mild; 3, moderate; 4, severe)
were also used [3].

2.7. TUNEL Staining. Apoptotic cells in paraffin sections
(10 um) were identified using the ApopTag Peroxidase In Situ
Apoptosis Detection Kit (Millipore) according to the man-
ufacturer’s instructions, as described [1]. The sections were
first deparaffinized, then fixed for 10 min at room temperature
(RT) in 10% neutral buffered formalin (pH 7.4), followed
by two washes (5min each) in phosphate buffered saline
(PBS). Endogenous peroxidase activity was quenched in 2%
H,0,, before exposure to terminal deoxynucleotidyl trans-
ferase (TdT) enzyme at 37°C for 60 min. After washing in
stop wash buffer (37°C, 30 min), anti-digoxigenin-peroxidase
was added (RT; 30 min). Diaminobenzidine (DAB) (ScyTek
Laboratories, Inc., Logan, UT, USA) was used for color
development, and the sections were counterstained with
hematoxylin. The numbers of apoptotic cells in the liver
sections were counted under the light microscope by the
numbers of apoptotic cells per 40 high-power fields in five
sections per tissue per mouse (three mice per group).

2.8. Western Blot. The apoptosis-associated protein Bcl-2,
caspase-3, and Bax expression in the liver tissues were deter-
mined by the Western blot assay. Proteins (50 ug/sample)
extracted from the liver tissue in SDS loading buffer (50 mM
Tris, pH 7.6, 10% glycerol, 1% SDS) were subjected to 12%
SDS-polyacrylamide gel electrophoresis and transferred to
a PVDF membrane (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The gel was then stained with Coomassie blue
to document protein loading. The membrane was blocked
with 5% dry milk and 0.1% Tween 20 (Bio-Rad) in PBS.
The membrane was subsequently incubated with the primary
antibodies at 4°C overnight. The primary antibodies were
mouse monoclonal anti-human Bcl-2, caspase-3, and Bax
antibody (Cell Signaling Technology). The membranes were
developed according to the Amersham Enhanced Chemilu-
minescence protocol. Beta-actin was measured as a loading
control.

2.9. Immunohistochemistry Staining. 'The paraffin sections of
the liver tissues were stained for tumor necrosis factor alpha
(TNF-«), interleukin (IL)-6, IL-10, and interferon-gamma
(INF-y) expression by the avidin-biotin-peroxidase complex
(ABC) method, as described [1]. The paraffin sections were
deparaffinized, followed by trypsin incubation to restore the
antigen. Endogenous peroxidase activity was quenched in 2%
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H,0,. Purified rat anti-mouse TNF-, IL-6, IL-10, and IFN-
y antibodies (Abs) were applied (BD Pharmingen) overnight,
followed by biotin-anti-rat immunoglobulin G (IgG). Rat IgG
was used as isotype control. ABC (Vector Laboratories, Inc.,
Burlingame, CA, USA) was then added. DAB (ScyTek) was
used as the substrate, and sections were counterstained with
hematoxylin. The results were counted automatically under
a high-power microscope (400x). The cytokine levels were
analyzed using ECL Plus image lab software (Life Technology,
GeneSnap, USA) and numerically expressed by the ratio of
positive cells versus whole cells per high-power field. The data
were averaged from 10 high-power fields for each section and
3 samples from each group.

2.10. Statistical Analysis. Statistical analysis was performed
using SPSS version 22.0 software (IBM Corporation,
Armonk, NY, USA). The results are expressed as mean + SE.
Comparison between groups was made by one-way analysis
of variance (ANOVA), and data counts were analyzed by
the chi-square test. Survival data were analyzed by the
Kaplan-Mayer log-rank test. Probability (P) values < 0.05
were considered statistically significant.

3. Results

3.1. UTI Supplementation of the LR Perfusion and Preservation
Solution Reduced the Liver Enzyme Release of ALT, AST, and
LDH Significantly in a Dose-Dependent Manner. We first
examined whether UTI supplementation of LR solution can
protect the liver from cold ischemia injury. B6 mouse livers
were perfused with 5 mL of cold Ringer’s solution containing
heparin 20 units/mL with or without the addition of UTI
(10-10000 U/mL). The livers were then preserved in 2mL
of the above solution on ice for 6 hours. ALT, AST, and
LDH levels from the preservation solution were tested from 3
livers pooled together in each group. The levels of ALT, AST,
and LDH were detected to have significantly increased after
6 hours of cold preservation in the LR control group. The
release of ALT, AST, and LDH was reduced significantly in the
UTI-supplemented group compared to the LR-only group.
The concentration with optimal efficacy was 1000 U/mL,
while an excessive concentration (10000 U/mL) aggravated
HIRI (Figure 1). Similarly, we tested UTI supplementation of
UW solution at a concentration of 1000 U/mL. The release of
ALT, AST, and LDH was reduced significantly in the UTI-
supplemented group after 18 hours of preservation (data not
shown), indicating that UTT has a uniformly protective effect
on the liver.

3.2. UTI Supplementation of LR Solution Alleviates the Degree
of Liver Tissue Damage and Prolongs Liver Graft Survival after
an Extended Ischemia Time. To examine the protective role
of UTI on hepatocytes during an extended time course of
cold ischemia and the impact on liver graft survival from an
extended time course of cold preservation, syngeneic ortho-
topic liver transplantation (OLTx) was performed in which
the liver donors experienced an extended cold preservation
time course in LR solution with or without the addition of
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FIGURE 1: UTI supplementation to the perfusion and preservative
LR solutions significantly inhibited liver enzyme release. UTT was
added to LR solution at concentration of 10-10000 U/mL; the
livers were perfused with 5mL LR solution with or without UTI
supplementation and were then procured and stored in a sterile
container containing 2 mL (equal mouse total body blood volume)
perfusion solution for 6 hours. The samples were pooled from 3
livers in each group; then, the ALT, AST, and LDH enzyme levels
were measured. UTT concentration of 1000 U/mL showed maximal
effects. Compared to LR control, “P < 0.05. The results are
representative of 3 separate experiments.

UTI for 1 hour. The survival rate of the liver grafts in both
groups was significantly affected by an extended time course
of cold preservation. However, in comparison with the LR
group, the survival rate of the liver grafts was significantly
improved in the group with UTI supplementation; the 3-
and 7-day survival rates were 80% and 50% in the UTI-
supplemented group versus 40% and 20% in the LR control
group (P < 0.05) (Figure 2(a)). Histological examination
of H&E sections of liver tissues harvested at 1, 6, and 18
hours posttransplantation revealed that hepatocyte swelling,
increased cytoplasmic vacuolization, nuclear pyknosis, sinu-
soidal dilatation, and focal necrosis developed as early as
1 hour posttransplantation, became worst at 6 hours, and
showed restoration at 18 hours posttransplantation. The
addition of UTI to the LR preservation solution or com-
bination treatment to the liver graft recipients gave the
livers significant protection from cold ischemia injury during
the extended preservation period. The liver morphology
remained much better in those groups (Figure 2(b)). The
overall pathological scores in the LR + UTT and LR + UTI +
RT groups were much lower than the scores in the LR control
group (Figure 2(c)).

3.3. UTI Significantly Decreased the Serum ALT, AST, and
LDH Levels of Liver Graft Recipients with Extended Cold
Preservation Time of Donor Livers. Liver grafts experience
both cold and warm IRI during the process of transplantation.
In order to prove the protective effects of UTI on liver grafts,
we applied LR solution supplemented with UTI (1000 U/mL)
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FIGURE 2: (a) Liver graft survival from extended cold-preserved donors. Syngeneic orthotopic liver transplantation was performed between
inbred C57BL/6 strain mice. The liver donors were preserved in vitro in cold LR solution with or without UTT addition at 1000 U/mL for 1 hour.
Liver graft survival was followed posttransplantation. Mean survival time was 9.8+2.44 days in the UTI-treated group (n = 10) versus 4.3+1.45
days in control (n = 10), * P < 0.05. (b) Liver histology examination was performed by H&E staining at 1, 6, and 18 hours posttransplantation,
respectively (200x). UTI alleviated the degree of liver injury and preserved the cell morphology of the extended-time cold-preserved grafts
significantly. Increased hepatocyte swelling, increased cytoplasmic vacuolization, nuclear pyknosis, sinusoidal dilatation, and focal necrosis
in the LR-only group with maximal injury at 6 h were observed. (c) Liver pathology scores were evaluated from the H&E sections of (b). The

data are from 3 samples in each group and 3 separate experiments.

as the cold preservation solution for liver perfusion. The
donor livers received extended time course cold preservation
for L hin LR solution at 4°C, as well as intraoperative subcuta-
neous injection of UTI 1000 U (16 U/kg in 0.2 mL). The ALT,
AST, and LDH levels in the recipient serum were detected,
respectively, at 1h, 6h, and 18h after transplantation. The
results indicated that the serum enzyme indicators of each
group increased significantly at all three time points and
peaked at 6 h after transplantation. Release of AST, ALT, and
LDH was remarkably reduced in the UTI preservation solu-
tion (LR + UTI) group and the combined UTI preservation
plus recipient UTI administration (LR + UTI + RT) group
compared to the LR control group (P < 0.05). In addition,

the LR + UTI + RT group showed a minimum degree of
enzyme increase, indicating that UTI is capable of protecting
the structural integrity of hepatic cells and mitochondria and
inhibiting the release of various enzymes of hepatic cells when
HIRI occurs (Figure 3).

3.4. UTI Supplementation Inhibited Hepatocyte Apoptosis and
Modulated Caspase-3, Bcl-2, and Bax Protein Expression.
To determine the effects of UTI on liver cell apoptotic
activities under the condition of cold ischemia, the liver tissue
sections from the recipients with extended cold preserved
liver grafts were examined at 6h after transplantation by
TUNEL staining. Our results revealed that the apoptosis
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FIGURE 3: Change in serum enzymes of AST, ALT, and LDH after 1 h, 6 h, and 18 h from liver transplantation. The serum enzyme indicators
of each group increased significantly and peaked at 6 h after transplantation. Release of AST, ALT, and LDH was remarkably reduced in the
UTI preservation group and the UTI preservation combined with recipient UTI administration group, compared with the control group

(*P < 0.05).

rate of the hepatocytes in the UTI supplemented groups
was markedly reduced compared with the LR control (P <
0.05) (Figures 4(a) and 4(b)). To further analyze the mech-
anism of UTI on reducing liver cell apoptosis, caspase-3,
a cysteine protease critical for executing apoptosis, Bax, a
factor to promote apoptosis, and Bcl-2, a family of proteins
demonstrated to reduce apoptosis, were measured in liver
tissue at 1, 6, and 18 hours after transplantation, respectively.
The expression of the proapoptotic gene Caspase-3 in the
LR control group was significantly higher than that in the
LR + UTI and LR + UTI + RT groups at all 3 time points
after transplantation. In contrast, the anti-apoptotic gene Bcl-
2 showed relatively high expression in the two experimental
groups. These results indicate that UTI effectively inhibits
the apoptosis of liver cells through promoting the expression

of Bcl-2 and inhibiting the expression of the Caspase-3 gene
(Figures 4(c) and 4(d)).

3.5. UTI Significantly Inhibited the Production of Inflammatory
Cytokines in the Liver Grafts. To better understand the
mechanisms of UTT on HIRI, expression of proinflammatory
and anti-inflammatory cytokines in extended cold-preserved
liver grafts was examined by immunohistochemical staining
at1, 6, and 18 hours posttransplantation, respectively. Expres-
sion of the proinflammatory cytokines IL-6, TNF-«, and IFN-
y decreased significantly in the LR + UTI and LR + UTI + RT
groups at all three time points posttransplantation compared
to that in the LR control group (Figures 5(a)-5(c)). In con-
trast, the expression of the anti-inflammatory cytokine IL-10
was significantly higher in the LR + UTT and LR + UTI + RT
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FIGURE 4: Hepatocyte apoptosis, Caspase-3, Bcl-2, and Bax gene expression on liver tissue. (a) Hepatocyte apoptosis TUNEL evaluation
revealed a significantly reduced number of hepatocellular apoptotic nuclei treated with UTI at 6 hours, especially in the combined treatment
group (48.2 + 1.9 versus 40.4 + 2.2 versus 26.6 + 2.9), “P < 0.05. (b) In terms of percentage calculation, three specimens in each group were
stained under a 400x light microscope and 4-10 positive fields were observed in each section. The mean ratio of positive cells (brown-yellow
stained cells) accounting for total cell count in each group was taken. (c) Caspase-3 and Bax gene expression on liver tissue was reduced, but
Bcl-2 was increased significantly in the UTI-treated group, tested by Western blot. (d) The ratios of Bax/Bcl-2 were 1.5 + 0.3 versus 0.9 + 0.2
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FIGURE 5: Cytokine levels in the liver grafts at 1h, 6 h, and 18 h after OLTx. Production of proinflammatory cytokines IL-6, TNF-«, and
IFN-y in the liver tissues of the UTI-supplemented LR solution with extended cold preservation time was reduced, and IL-10 was increased
significantly at 1, 6, and 18 hours after OLTx. *P < 0.05. The data were pooled from 3 samples in each group.

groups than in the LR control group (Figure 5(d)). Overall,
UTI inhibited the production and release of proinflammatory
cytokines and promoted the expression of anti-inflammatory
cytokines, which contributed at least in part to the protection
of the liver against cold IRI.

4. Discussion

HIRI is a complicated pathophysiological process affected
by multiple factors. UTI, as a broad-spectrum protease
inhibitor, inhibits multiple proteases including trypsin, «-
chymotrypsin, hyaluronidase, plasmin, and more [4]. UTI
is also capable of inhibiting the release of inflammatory
mediators, stabilizing lysosomal membrane, removing harm-
tul free radicals, and inhibiting myocardial inhibitory factor
[5]. UTI has been used clinically to treat acute or chronic
pancreatitis, severe infection, and acute organ failure. It has
also been proved to be an effective perioperative treatment

in liver surgery [6-8]. However, the role of UTI in liver
transplantation has been seldom reported. Therefore, it is
worthwhile to investigate the effects of UTI on liver cold IRI
and graft survival from extended cold-preserved donor livers.

The results of the present study showed that the levels
of the liver enzymes AST, ALT, and LDH were significantly
increased at 6 hours of cold preservation and that supplemen-
tation with UTT in either LR or UW preservation solution
effectively reduced liver enzyme release. The best protective
concentration of UTI was 1000 U/mL, indicating that UTI
protects the liver from IRI in a dose-dependent manner. Simi-
larly, in the liver transplantation experiments using the donor
livers that experienced extended cold preservation time in
vitro, the addition of UTI significantly reduced the serum
enzyme levels of the liver graft recipients posttransplantation.
The maximum reduction in enzyme levels was shown in the
group of liver graft recipients who received the combined
UTI treatment during the perioperative period. Moreover,



liver graft survival was significantly prolonged in the UTI-
treated groups. Our results demonstrated that UTI plays a
protective role against liver IRI, both in LR and in UW
solution, suggesting that UTI may be a useful reagent to
extend the cold preservation time of donor livers and offers
therapeutic potential to recover more marginal donor livers
for organ transplantation.

The protective effects of UTT on liver IRI were directly
evidenced by histopathological changes. In comparison with
the control group, UTI not only protected the liver cell
morphology from cold ischemic injury but also reduced
hepatocyte apoptosis and promoted the repair of liver tissue
at 18 hours after reperfusion. This suggests that the protective
effects of UTI may occur through stabilizing the lysosomal
and cell membranes, maintaining the integrity of the vascular
endothelial cells, reducing inflammatory cell infiltration, and
preventing liver cell apoptosis.

The occurrence of apoptosis is regulated by several
pathways, including the caspase-3 and Bcl-2 family members.
Caspase-3 is the most important terminal shear enzyme in the
process of cell apoptosis and is an important component of
the killing mechanism of the cytotoxic T cells. Many studies
have shown that the expression of caspase-3 increases signif-
icantly when the liver undergoes IRI, which could activate
endonucleases and cause liver cell apoptosis by degrading
nucleoproteins and activating the release of cytochrome C
[9-11]. The Bcl-2 family includes many members, such as
the Mcl-1, Bcl-w, Bcl-x, Bax, and Bak genes, which have
either anti- or proapoptosis functions. Bax is one of the Bcl-
2 family members that are involved in cell apoptosis, while
Bcl-2 can reduce the release of cytochrome C induced by
Bax and control apoptosis. Currently, the Bax/Bcl-2 ratio is
usually used to portray the relationship between cell survival
and apoptosis; the lower the ratio is, the more significant
the anti-apoptosis effects are [12]. The results from our
experiments indicate that the Bax/Bcl-2 and caspase-3/f3-
actin ratios were significantly decreased at the different time
courses of 1, 6, and 18 hours after OLTx in the LR + UTI
and LR + UTI + RT groups than in the LR control group,
indicating that the mechanisms of UTT in protecting the liver
from IRI may occur through upregulating the expression of
Bcl-2 and downregulating the expression of Caspase-3. The
mechanism by which UTTI protects the liver from IRI is also
attributed to the functions of the antioxidative and stabilizing
mitochondrial membrane of UTI [5].

The liver is an organ that produces many cytokines that
are involved in a complex regulation network during HIRI.
Our study has demonstrated that the cytokines IL-6, IL-10,
IFN-y, and TNF-« are all involved in the HIRI process. UTI
treatment significantly inhibits the production of IL-6, IFN-y,
and TNF-« but increases the production of IL-10 in the liver
at all time courses after liver transplantation. We presume
that UTI regulates the production of inflammatory factors
in liver tissue after HIRI, resulting in overexpression of anti-
inflammatory cytokines, which provides protective effects
against damage to the liver tissue. Other studies have also
indicated that the protective effects of UTI against liver IRI
are probably mediated by inhibiting TNF-& and IL-6 through
inhibition of the oxidative stress response at the early stage
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of reperfusion and the activation of monocytes [13]. As we
know, the serum cytokine level may more accurately reflect
the degree of inflammation in transplant recipients. In order
to appropriately elucidate the role of UTT in the regulation of
inflammatory cytokines and chemokines, further investiga-
tion is needed on the recipient serum cytokine network.

The present study proves that UTT as a supplement added
to cold preservation solution for donor livers and periopera-
tive treatment to liver graft recipients both exert strong effects
in protecting the liver from the deleterious effects of cold
IRI and prolong liver graft survival in recipients who receive
extended cold-preserved donor livers. Although our study
had the limitations of small sample size and short follow-
up time, the protective effects of UTT on HIRI are evidenced
by inhibition of liver enzyme release, reduction of the liver
pathology score, promotion of anti-inflammatory cytokine
production, and decrease in liver cell apoptosis. Studies on
other types of protease inhibitors, such as the ubiquitin-
proteasome system (UPS) and secretory leukocyte protease
inhibitor (SLPI), have shown that these protease inhibitors
also have promising therapeutic potential of inhibiting car-
diac and liver IRI through the inhibition of IL-1 and TNF-
«, increase of NO generation, and control of neutrophil
extracellular trap (NET) generation [14, 15].

Despite the limitations of the present study, the results
are very encouraging. At the least, the study outcome demon-
strates the great potential of future application of UTT in liver
surgery and the use of marginal donor livers in living donor
liver transplantation.
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