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Foreword

Obesity has become a prevalent disorder due to various factors such as opu-
lent meals, unhealthy eating habits and sedentary lifestyle. More than two-
thirds of the adult population in developed countries is considered overweight
and more than a third of them are obese. In addition to the well-known asso-
ciation of obesity with type II diabetes and cardiovascular diseases, emerging
evidence suggests that obesity represents a major risk factor for fatty liver
diseases, hepatocellular carcinoma (HCC) and other solid tumours. Non-
alcoholic fatty liver disease (NAFLD) is becoming the most common cause
of chronic liver disease in the West and in Asia. Its incidence in obese indi-
viduals can be extremely high. NAFLD can progress from relatively benign,
simple steatosis to more aggressive diseases such as non-alcoholic steato-
hepatitis (NASH) and HCC. Given that obesity, fatty liver and fatty liver-
associated HCC are increasingly prevalent in developed countries and in
particular in children, this book is an important endeavour. It offers a compre-
hensive overview on these diseases and provides an outlook on future strate-
gies for their detection, prevention and treatment.

The purpose of this book is to provide both medical professionals and
research scientists with an expert update on NAFLD, NASH and fatty liver
disease-associated HCC. In particular, it focusses on the recent advances as
well as unresolved challenges in the field of fatty liver research. The book
begins with the description of the epidemiology and etiology of NAFLD and
associated HCC, and highlights their rising trend in the developed countries.
The role of inflammation in the pathogenesis of NAFLD and HCC is explored
in the subsequent chapters because accumulating evidence suggests that
inflammation is a key for the transition from simple steatosis to NASH and
fibrosis. Immune mediators, such as cytokines, adipokines and chemokines,
play a pivotal role in the development of NAFLD and NASH. In these chap-
ters, the underlying molecular mechanisms and the potential of the immune
system in the pathogenesis of NAFLD are being discussed. Furthermore, the
authors elucidate the pathogenesis of NAFLD-related HCC and the underly-
ing role of the metabolic syndrome. Recent advances in the utilization of
clinical and genetic biomarkers for patient stratification and disease detection
are summarized.

Gut microbiota disorder has been established recently as a novel contribu-
tor to obesity and liver cancer. In addition to outlining the influence of gut
microbiota-derived metabolites on the pathogenesis of NAFLD, this book
illustrates the interaction between obesity and microbiota, as well as its
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Foreword

contribution to the development of NAFLD. Microbiota dysfunction in HCC
is then discussed, highlighting its potential role in the transition from NAFLD
to HCC. The last part of the book focuses on established therapies and future
therapeutic strategies for the prevention and treatment of NAFLD, NASH and
HCC, respectively.

In this up-to-date book, researchers and clinicians from different regions
share their expertise in NAFLD, NASH and NASH-associated HCC. Supported
by clinical studies and experimental data, the authors’ insights into current
challenges and future perspectives will help shed light on the development in
the field. The authors and the editor are to be congratulated for their work.
This book does enrich our knowledge on fatty liver diseases.

Alexander L. Gerbes

Dr. Alexander L. Gerbes is a Professor of
Internal Medicine in Medizinische Klinik und
Poliklinik II, Klinikum der Universitit Miinchen,
FRG. He earned his MD degree following study
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UK, from the Ludwig-Maximilians-University
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as staff physician at the Department of Medicine,
University of Munich where he was appointed as
assistant professor in 1990. Following a research stay at University of
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Medicine 2 of the Munich University Hospital where he founded the Liver
Center Munich in 2008. Currently, he is acting chief of the Department of
Gastroenterology and Hepatology at the Munich university hospital and is
medical director of the Munich liver transplantation program. From the start
of his academic career, Alexander Gerbes has focused his research on patho-
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terology and hepatology. He has co-authored over 200 articles in acknowl-
edged journals including N Engl J Med, Lancet, Gastroenterology, Gut,
Hepatology and J Hepatol.




Introduction. . .......... ... ... .. .. 1
Chi Chun Wong and Jun Yu

Epidemiology and Etiologic Associations of Non-alcoholic
Fatty Liver Disease and Associated HCC. ................. 3
Ken Liu and Geoffrey W. McCaughan

Pathogenesis of NASH: How Metabolic Complications

of Overnutrition Favour Lipotoxicity

and Pro-Inflammatory Fatty Liver Disease . . .............. 19
Geoffrey C. Farrell, Fahrettin Haczeyni,

and Shivakumar Chitturi

Chemokines and Chemokine Receptors
in the Development of NAFLD. ... ....................... 45
Yoon-Seok Roh and Ekihiro Seki

NAFLD Related-HCC: The Relationship
with Metabolic Disorders. .............................. 55
Xiang Zhang

Hepatocellular Carcinoma in Obesity: Finding a Needle
in the Haystack? ........ ... ... ... .. ... ... ... ... ... .. 63
Gyorgy Baffy

Dysregulated Epigenetic Modifications
in the Pathogenesis of NAFLD-HCC. ..................... 79
Fung Zhao

The Influence of Gut Microbial Metabolism
on the Development and Progression

of Non-alcoholic Fatty Liver Disease. . . ................... 95
Wei Jia and Cynthia Rajani
Microbiota, Obesity and NAFLD ........................ 111

Louis H. S. Lau and Sunny H. Wong

Vii



viii

10

11

12

Contents

Autophagy, NAFLD and NAFLD-Related HCC ............ 127
William K. K. Wu, Lin Zhang, and Matthew T. V. Chan

Animal Models of Non-alcoholic Fatty Liver Diseases
and Its Associated Liver Cancer ......................... 139
Jennie Ka Ching Lau, Xiang Zhang, and Jun Yu

Current Prevention and Treatment Options for NAFLD . . . .. 149
Vincent Wai-Sun Wong



Contributors

Gyorgy Baffy Department of Medicine, VA Boston Healthcare System and
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Matthew T. V. Chan Department of Anaesthesia and Intensive Care, The
Chinese University of Hong Kong, Hong Kong, Hong Kong

Shivakumar Chitturi Australian National University Medical School, and
Gastroenterology and Hepatology Unit, The Canberra Hospital, Woden, ACT,
Australia

Geoffrey C. Farrell Australian National University Medical School, and
Gastroenterology and Hepatology Unit, The Canberra Hospital, Woden, ACT,
Australia

Fahrettin Haczeyni Australian National University Medical School, and
Gastroenterology and Hepatology Unit, The Canberra Hospital, Woden, ACT,
Australia

Wei Jia University of Hawaii Cancer Center, Honolulu, HI, USA
Shanghai Jiao Tong University School of Medicine, Shanghai, China

Jennie Ka Ching Lau Institute of Digestive Disease and Department of
Medicine & Therapeutics, State Key Laboratory of Digestive Disease, LKS
Institute of Health Sciences, The Chinese University of Hong Kong, Hong
Kong
SHHO College, The Chinese University of Hong Kong, Hong Kong, Hong
Kong

Louis H. S. Lau Institute of Digestive Disease, State Key Laboratory of
Digestive Diseases, Department of Medicine & Therapeutics and LKS
Institute of Health Sciences, The Chinese University of Hong Kong, Hong
Kong, Hong Kong

Ken Liu AW Morrow Gastroenterology and Liver Centre, Royal Prince
Alfred Hospital, Sydney, NSW, Australia

Faculty of Medicine, University of Sydney, Sydney, NSW, Australia
Centenary Institute, University of Sydney, Sydney, NSW, Australia



Contributors

Geoffrey W. McCaughan AW Morrow Gastroenterology and Liver Centre,
Royal Prince Alfred Hospital, Sydney, NSW, Australia

Faculty of Medicine, University of Sydney, Sydney, NSW, Australia
Centenary Institute, University of Sydney, Sydney, NSW, Australia

Cynthia Rajani University of Hawaii Cancer Center, Honolulu, HI, USA

Yoon-Seok Roh Department of Pharmacy, Chungbuk National University
College of Pharmacy, Cheongju, Chungbuk, South Korea

Ekihiro Seki Division of Digestive and Liver Diseases, Department of
Medicine, Cedars-Sinai Medical Center, Los Angeles, CA, USA

Chi Chun Wong Institute of Digestive Disease and Department of Medicine
& Therapeutics, State Key Laboratory of Digestive Disease, LKS Institute of
Health Sciences, The Chinese University of Hong Kong, Hong Kong, Hong
Kong

Sunny H. Wong Institute of Digestive Disease, State Key Laboratory of
Digestive Diseases, Department of Medicine & Therapeutics and LKS
Institute of Health Sciences, The Chinese University of Hong Kong, Hong
Kong, Hong Kong

Vincent Wai-Sun Wong Department of Medicine and Therapeutics and
State Key Laboratory of Digestive Disease, The Chinese University of Hong
Kong, Hong Kong, Hong Kong

William K. K. Wu Department of Anaesthesia and Intensive Care, The
Chinese University of Hong Kong, Hong Kong, Hong Kong

State Key Laboratory of Digestive Diseases, Department of Medicine &
Therapeutics and LKS Institute of Health Sciences, The Chinese University
of Hong Kong, Hong Kong, Hong Kong

Jun Yu Institute of Digestive Disease and Department of Medicine &
Therapeutics, State Key Laboratory of Digestive Disease, LKS Institute of
Health Sciences, The Chinese University of Hong Kong, Hong Kong, Hong
Kong

Lin Zhang Department of Anaesthesia and Intensive Care, The Chinese
University of Hong Kong, Hong Kong, Hong Kong

State Key Laboratory of Digestive Diseases, Department of Medicine &
Therapeutics and LKS Institute of Health Sciences, The Chinese University
of Hong Kong, Hong Kong, Hong Kong

Xiang Zhang Institute of Digestive Disease and Department of Medicine
& Therapeutics, State Key Laboratory of Digestive Disease, LKS Institute
of Health Sciences, The Chinese University of Hong Kong, Hong Kong,
Hong Kong

Fung Zhao Institute of Digestive Disease, Department of Medicine
and Therapeutics, The Chinese University of Hong Kong, Hong Kong,
Hong Kong



About the Editor

Dr. Jun Yu is a Professor at Department of
Medicine and Therapeutics, Director of the
Research Laboratory of Institute of Digestive
Disease, and Associate Director of State Key
Laboratory of Digestive Disease, The Chinese
University of Hong Kong (CUHK). She is a
Council Member of American Gastrointestinal
Association (AGA) oncology USA; Member of
International Cancer Genome Consortium
(ICGC) USA; President of Hong Kong
Immunology Association; Vice-chairman of
Hong Kong Scientist Association. She is serving as Associate Editor for
Oncogene and Life Science (2007-2015); Editor for Gut, Scientific Reports, J
Gastroenterol Hepatol, etc. over 10 peer-reviewed journals.

Prof Yu earned her MD and PhD at Tongji Medical University in 1994.
Then she embarked on gastrointestinal specialist in Beijing University, fol-
lowed by a postdoctoral fellowship in University of Dresden and University of
Magdeburg, Germany, and CUHK, Hong Kong. She has worked as a Senior
Research Officer at the University of Sydney and has been a CUHK faculty
member since 2005. She is also the visiting or honorary professor of over 10
universities including Beijing University, University of Hong Kong, Sun Yat-
Sen University, Shanghai Jiaotong University, Zhejiang University, etc.

Her research interests are mainly on gastrointestinal cancers (colon, liver
and stomach) in relation to the genomic/epigenomic alterations, gut micro-
biota dysbiosis, molecular mechanisms and cancer biomarkers. She has over
340 publications (57 papers I[F>10, h index=57) in international peer-reviewed
journals including Nature, Nature Biotechnology, Cancer Cell, Cell
Metabolism, J Clin Oncol, J Clin Invest, Gastroenterology, Gut, Nature
Communication, Hepatology, Cancer Res, and Oncogene, and 9 book or
book chapters. Her contributions to the advancement of medical sciences
have been recognized with 17 prestigious awards, including American
Gastroenterology Association (AGA) Council Oncology Research Mentor
Award, USA, May 2017; The State Natural Science Award (second class)
2016; The State Scientific and Technological Progress Award (Innovation
Team) 2016; Croucher Senior Research Fellowship 2016; The State Science
and Technology Progress Award (second class) 2012; First-Class of Higher

Xi



xii

About the Editor

Education Outstanding Scientific Research Output Awards (Natural Science)
2014; First-Class Higher Education Outstanding Scientific Research Output
Awards (Scientific and Technological Progress Award) 2012; First-Class of
Higher Education Outstanding Scientific Research Output Awards (Natural
Science) 2010.



®

Check for
updates

Introduction

Chi Chun Wong and Jun Yu

Abstract

Obesity is fast becoming a major disorder for
mankind. Numerous lifestyle factors play a
role in the rising obesity epidemic, including
changes in the diet and the lack of physical
activity. Unfortunately, more than two-thirds
of the adult population in developed countries
is considered overweight and more than a
third of them are obese. In addition to the
well-publicized association of obesity with
type II diabetes and cardiovascular diseases,
emerging evidence indicates that obesity rep-
resents a major risk factor for fatty liver dis-
eases and fatty liver disease-associated
hepatocellular carcinoma (HCC).

Keywords

Obesity - Non-alcoholic steatohepatitis -
Hepatocellular carcinoma - Microbiota -
Therapy
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Obesity is fast becoming a major disorder for
mankind. Numerous lifestyle factors play a role
in the rising obesity epidemic, including
changes in the diet and the lack of physical
activity. Unfortunately, more than two-thirds of
the adult population in developed countries is
considered overweight and more than a third of
them are obese. In addition to the well-publi-
cized association of obesity with type II diabe-
tes and cardiovascular diseases, emerging
evidence indicate that obesity represents a
major risk factor for fatty liver diseases and
fatty liver disease-associated hepatocellular
carcinoma (HCC).

Non-alcoholic fatty liver disease (NAFLD),
defined by the collective features of obesity, dia-
betes, insulin resistance and dyslipidemia, is the
most common cause of chronic liver disease in
the West and in Asia. This is particularly true
among obese individuals, where its incidence can
be as high as 98%. Pathologically, NAFLD com-
prise of a full spectrum of liver conditions rang-
ing from relatively benign, simple steatosis to
more aggressive disease such as non-alcoholic
steatohepatitis (NASH). NASH often progresses
to cirrhosis, which in turn, predisposes HCC. In
fact, NASH is increasingly considered as an
important causative factor of HCC. Whilst a rela-
tively small proportion of patients with NAFLD
eventually develop cirrhosis and progress to
HCC, the rising incidence of obesity coupled
with metabolic syndrome means that to a large

J.Yu (ed.), Obesity, Fatty Liver and Liver Cancer, Advances in Experimental Medicine and Biology
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proportion of the general population are suscep-
tible to NASH or NASH-associated HCC.

In the past decade, there has been an enormous
research efforts studying the pathogenesis of hep-
atitis B/C (HBV/HCV)-associated HCC, which
broadened our understanding of HBV/HCV-
associated HCC. NASH-associated HCC has
received less attention thus far; however, we are
now beginning to understand its pathogenesis and
molecular mechanism of action. One key unifying
theme between NASH and NASH-associated
HCC is chronic inflammation. Induction of
inflammation is a hallmark of NAFLD and plays
an important role in disease progression to NASH
and cirrhosis. Moreover, chronic inflammation
has been casually linked to the development of
multiple malignancies. With advances in both
basic sciences and biotechnology, much progress
has been made in the development of therapeutic
targets and drugs in the prevention and treatment
of inflammatory conditions and inflammation-
associated cancer, and they hold great promise for
targeting NASH and NASH-associated HCC.

In this book, we invited researchers and clini-
cians from different regions to share their exper-
tise in NAFLD, NASH and NASH-associated
HCC, to shed new insights and future perspec-
tives on the development of the field. In this
regard, this book begins with the description of
the epidemiology and etiology of NAFLD and its
associated HCC to highlight their rising trend in
the developed countries as a result of the obesity
epidemic. Inflammation is a key player in the
pathogenesis of NAFLD and HCC. The next two
chapters describe the role of immune mediators
and inflammatory pathways, including cytokines,
adipokines and chemokines, which contribute to
the development of NAFLD and NASH. Next, an
up-to-date overview on the pathogenesis of
NAFLD-related HCC is given and the underlying
role of metabolic syndrome in the transition of
steatosis to NASH, fibrosis and HCC is discussed.
Surveillance of NAFLD-related HCC is a major
challenge as only a small portion of patients will
eventually progress to HCC. Recent advances in
the utilization of clinical and genetic biomarkers
for the cost effective patient stratification and dis-
ease detection is therefore summarized. The first
part of the book concludes with a discussion on
the role of epigenetic changes, heritable changes

in gene expression that are not resulted from alter-
ations in DNA sequence, in NAFLD and HCC,
and how might these epigenetic alterations be
used for disease diagnosis and prognosis.

The second part of the book focuses on in-
depth reviews on current hot topics in NAFLD,
NASH and HCC. The gut microbiota is an emerg-
ing environmental factor that triggers a multitude
of diseases. Intensive efforts have established the
microbiota dysfunction as a novel contributor to
obesity and liver cancer, and these studies are
reviewed to emphasize their diverse roles in dis-
ease development. The influence of gut
microbiota-derived metabolites on the pathogen-
esis of NAFLD is first outlined with a focus on
microbiota-derived bile acids. This is followed
by an overview on the interaction between obe-
sity and microbiota contributing to development
of NAFLD. Microbiota dysfunction in HCC is
then discussed, highlighting its potential role in
the transition from NAFLD to HCC. Another key
research area is the role of autophagy in
HCC. Autophagy represents a cell survival mech-
anism that mediates the recycling of dysfunc-
tional cellular components, and impairment of
autophagy has a contributory role in NAFLD. As
such, targeting autophagy processes will be a
novel therapeutic strategy for treating inflamma-
tion and cancer in the liver.

The third part of the book aims to capture latest
developments in established therapies and future
therapeutic strategies for the prevention and treat-
ment of NAFLD, NASH and HCC. It begins with
an extensive overview of pre-clinical experimental
animal models of NAFLD and NAFLD-associated
HCC that can be used for efficacy evaluation of
novel therapeutics or treatment modalities, and the
pros and cons of each model. This is followed by
an up-to-date review of prevention and treatment
options for NAFLD, with a focus on management
of NAFLD in order to minimize disease progres-
sion to cirrhosis and HCC. The current therapies
and future therapeutic strategies for the treatment
of obesity related HCC is also discussed. Given
that obesity, fatty liver and fatty liver-associated
HCC are increasingly prevalent in developed
countries, this book offers a timely and compre-
hensive overview on these diseases, and provides
perspectives on future strategies for their detec-
tion, prevention and treatment.
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Epidemiology and Etiologic
Associations of Non-alcoholic
Fatty Liver Disease and Associated

HCC

Ken Liu and Geoffrey W. McCaughan

Abstract

Non-alcoholic fatty liver disease (NAFLD) is
the most common chronic liver disease in the
world and will soon become the number one
cause of hepatocellular carcinoma (HCC),
liver transplantation and liver-related mortal-
ity. The disease often occurs in the setting of
metabolic conditions such as obesity and type
IT diabetes mellitus. These same metabolic
drivers are also risk factors for NAFLD asso-
ciated HCC which can occur even in the
absence of cirrhosis or advanced fibrosis and
appears to be phenotypically different to
HCCs arising from other chronic liver dis-
eases. The frequencies of liver-related events
and HCC among NAFLD patients is low,
especially when compared to cardiovascular
disease and extrahepatic —malignancies.
However, the large denominator of total
patients affected with NAFLD means that
these events will impose an enormous clinical
and economic burden on our society.

K. Liu - G. W. McCaughan (P<))
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Royal Prince Alfred Hospital,

Sydney, NSW, Australia

Faculty of Medicine, University of Sydney,
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Moreover, this burden is expected to rise fur-
ther in the future. Therefore, the global
NAFLD epidemic has arrived at our doorstep
and demands our attention.

Keywords

Non-alcoholic fatty liver disease - Non-
alcoholic steatohepatitis - Hepatocellular
carcinoma - Epidemiology - Metabolic
syndrome - Economic burden

2.1 Introduction

In the face of a global obesity epidemic, non-
alcoholic fatty liver disease (NAFLD) has
become the major cause of chronic liver disease
worldwide [1, 2]. With continuing improvements
in global hepatitis B virus (HBV) vaccination
coverage and effective therapies to either control
or eradiate chronic viral hepatitis, the propor-
tional burden of NAFLD and its complications is
set to rise dramatically. Accordingly, NAFLD is
the fastest growing indication for liver transplan-
tation (LT) in the United States (U.S.) over the
past decade and is expected to surpass chronic
hepatitis C virus (HCV) infection as the leading
indication in next 5 years [3, 4]. In particular, the
number of patients undergoing LT for hepatocel-
lular carcinoma (HCC) secondary to NAFLD has
increased by nearly fourfold to 13.5% of HCC-
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related LT. Although the absolute risk of HCC
and liver-related mortality among NAFLD
patients is low, the high (and rising) global preva-
lence of these patients translates into substantial
numbers. Thus, on current trends, the future bur-
den of NAFLD and associated HCC (NAFLD-
HCC) will be staggering.

2.2 Epidemiology of NAFLD

2.2.1 Definitions

Non-alcoholic fatty liver disease is typically
regarded as the hepatic manifestation of metabolic
syndrome, a condition characterized by the pres-
ence of at least three of the following criteria: ele-
vated body mass index (BMI) and waist
circumference, dyslipidemia, insulin resistance
and/or type II diabetes and hypertension [5].
NAFLD is defined as the presence of hepatic ste-
atosis seen on imaging or histology (exceeding 5%
of total liver weight) to the exclusion of secondary
causes of hepatic fat accumulation [6]. It can be
further classified into non-alcoholic fatty liver (also

20-30% 7-30%

Healthy liver NAFL NASH

1

*Unclear

Fig. 2.1 The natural history of non-alcoholic fatty
liver disease (NAFLD)

Although NASH accounts for up to half of cryptogenic
cirrhosis cases, the proportion of NASH-cirrhosis patients
misclassified as cryptogenic cirrhosis is not known

known as simple steatosis) or non-alcoholic steato-
hepatitis (NASH) based on the absence or presence
of significant hepatic inflammation, respectively.
The latter is considered a more aggressive form
of disease which can progress to hepatic fibrosis,
cirrhosis and NAFLD-HCC (Fig. 2.1).

2.2.2 Prevalence of NAFLD

The reported prevalence of NAFLD varies widely
depending on the population studied and the diag-
nostic method used. In a landmark meta-analysis
of 86 studies across 22 countries over 26 years,
Younossi et al. estimated the global prevalence of
NAFLD diagnosed on imaging to be 25.2%
(range 22.1%-28.7%) [7]. Alternatively, when the
prevalence of NAFLD was estimated using blood
tests (elevated liver enzymes or other indices),
only 9.3%-12.0% of individuals were diagnosed
with the condition across the world. Indeed, the
level of liver enzymes fluctuates throughout the
course of NAFLD and may be normal in the vast
majority of patients [8]. Hence blood tests,
although simple and easily accessible, are thought

35 47%

=

NASH + Fibrosis/Cirrhosis

7-13%

NAFLD-HCC

Cryptogenic Cirrhosis

Y,

 10-15%

NAFL non-alcoholic fatty liver or simple steatosis, NASH
non-alcoholic steatohepatitis, NAFLD-HCC non-alcoholic
fatty liver disease-associated hepatocellular carcinoma

Figure courtesy of Dr. Weiqi Xu, Institute of Digestive
Disease, The Chinese University of Hong Kong, Hong Kong
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to underestimate the true prevalence of
NAFLD. Liver histology is considered the most
accurate yet least practical and most invasive
method for diagnosing NAFLD. Autopsy series
reveal a NAFLD prevalence of 13.0-15.8%, while
liver biopsies obtained from potential living liver
donors showed 20% of patients in the U.S. and
10.4% in South Korea had >30% steatosis [9].

Although the majority of literature arises from
the North America and Europe where obesity and
type II diabetes mellitus are epidemic, NAFLD
has never been just a “Western disease” [1].
Indeed, it is highly prevalent in all continents.
The highest prevalences of NAFLD are found in
the Middle East (31.8%), South America (30.5%)
and Asia (27.4%) where the prevalence rates of
obesity are correspondingly high [7, 10]. The
prevalence in U.S. and Europe are reported to be
24.1% and 23.7%, respectively while the lowest
prevalence is reported in studies from Africa
(13.5%). Hence the problem of NAFLD is just as
common and important in other parts of the world
as it is in the West [1].

2.2.3 Incidence

Compared to prevalence studies, NAFLD inci-
dence studies are limited. The earliest study by
Suzuki et al. showed the incidence of suspected
NAFLD (as indicated by elevated serum trans-
aminases) was 31 cases per 1000 person-years in
a cohort of Japanese government employees
without previous liver disease [11]. Most studies
which used ultrasonography to diagnose NAFLD
found an incidence rate of 18-27 cases per 1000
patient-years [12—15], although one Japanese
study documented an incidence rate of 86 cases
per 1000 patient-years [16]. A study of 565 com-
munity Chinese patients without NAFLD who
underwent serial intrahepatic triglyceride content
measurements with proton-magnetic resonance
spectroscopy reported the incidence of NAFLD
to be 34 per 1000 patient-years [17]. Finally, a
population-based study of hepatology referrals in
the United Kingdom showed a much lower inci-
dence rate of 29 cases per 100,000 person-years
[18], suggesting only a fraction of NAFLD

patients are actually seen by hepatologists.
Almost all incidence studies found that metabolic
syndrome, or its components were strong predic-
tors for NAFLD development. Regression of
NAFLD is also known to occur, especially in the
setting of weight loss. In the studies which also
followed up patients with NAFLD at baseline,
the regression rate was found to vary widely
between 12 and 140 cases per 1000 patient-years
[12-14, 16]. The average amount of weight loss
in patients who demonstrated regression of
NAFLD was small (2-3 kg) [12, 16].

2.2.4 Trends OverTime

In the past three decades, there has been a two to
threefold increase in obesity across the Americas,
Europe and Asia [2]. A parallel increase in the
number of people with NAFLD has also been
observed over this period of time. For instance,
the prevalence of NAFLD has more than doubled
in the U.S., Japan and some areas of China during
the last two decades, while the prevalence of
other chronic liver diseases has either remained
stable or decreased [19-21]. However, recent
pooled worldwide NAFLD prevalence estimates
suggest a milder upward trend from 20.1% to
23.8% to 26.8% during 2000-2005, 20062010,
and 2011-2015, respectively. This trend is also
seen in patients at the severe end of the NAFLD
spectrum. The percentage of NAFLD patients
undergoing LT in the U.S. increased from 1.2%
in 2001 to 9.7% in 2009 [22].

2.2.5 NASH

NASH is defined histologically by the presence
of hepatic steatosis and two additional features:
lobular inflammation and hepatocyte injury (bal-
looning) [1]. The global prevalence of NASH
among biopsied NAFLD patients is estimated
to be 59.1% (range 47.6%—-69.7%) [7]. Since
the condition can only be diagnosed by liver
histology, NAFLD patients suspected of having
it may undergo liver biopsy for the purpose of
diagnosing NASH (with or without fibrosis), thus
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creating a selection bias. Comparatively, NASH
prevalence estimates among NAFLD patients
without an indication for liver biopsy (e.g. ele-
vated liver enzymes or clinical signs of liver dis-
ease) are much lower (6.7%-29.9%) [7]. The
prevalence of NASH in the general population
has been estimated to be between 3% and 5% [9].
However, in the obese population the median
prevalence of NASH is 33% (range 10%—-56%).

2.3 Risk Factors for NAFLD
and Its Progression
2.3.1 Age and Gender

The prevalence of NAFLD increases with age.
Pooled data show adult patients aged 30-39 years
old have a prevalence of 22.4% which increments
with each decade of life to 34.0% in those
>70 years old [7]. In one population study by
Wong et al., the prevalence of NAFLD in patients
older than 60 years was >50% [23]. The same
group also demonstrated older age was an inde-
pendent predictor of incident NAFLD [17]. The
prevalence of NAFLD in the pediatric general
population (5—-10%) is lower than adults, although
still considerable especially in children with obe-
sity (>30%) [24]. Unsurprisingly, the metabolic
risk factors associated with NAFLD, including
obesity, diabetes and hyperlipidemia and hyper-
tension similarly, increase with age [9].

Data on the effect of gender on NAFLD are
conflicting. Early reports published prior to 1990
suggested both NAFLD and NASH were more
common in women [25]. However, most subse-
quent studies have consistently demonstrated a
male predominance [9, 26]. The gender distribu-
tion also varies with age and race as NAFLD
appears to be more common in Asian or black
women than their male counterparts after the age
of 50 [23, 26].

2.3.2 Race and Genetics

Considerable variation in NAFLD prevalence is
observed around the world and in subjects of dif-

ferent ethnicities residing in the same country [7,
26]. Hispanics have the highest prevalence of
NAFLD, while African Americans appear to be
protected despite substantially higher rates of obe-
sity and diabetes compared to other ethnicities in
the U.S. [2, 9]. These disparities can be partially
explained by variations in genetic polymorphisms
associated with NAFLD. In the Dallas Heart Study
cohort where 2287 subjects underwent proton-
magnetic resonance spectroscopy, the frequency
of hepatic steatosis was 45% in Hispanics, 33% in
whites and 24% in blacks [8]. Using genome-wide
association studies in 2008, Romeo et al. showed
that two alleles of the patatin-like phospholipase
domain containing protein 3 (PNPLA3) gene
could account for 72% of ethnic differences in
hepatic fat content seen in the Dallas Heart Study
cohort [27]. The 1148M allele which predisposes
individuals to NAFLD is prevalent in Hispanics,
while the S4531 which is protective is commonly
found in African Americans. The PNPLA3 geno-
type can explain 10%—12% of the variance in the
NAFLD trait overall. Since then, genetic variants
in APOC3, NCAN, GCKR, LYPLALI, PPPIR3B,
TM6SF2 and other genes have been discovered as
significant NAFLD contributors [28—30] with both
similarities and differences in frequency observed
across ethnicities [1]. While genetic predisposition
contributes to individual susceptibility to NAFLD
and family clustering is known to occur [31], twin
and family studies estimate the heritability of
NAFLD to be roughly 39%-52% [32, 33]. Clearly
environmental factors also play a big role.

2.3.3 Metabolic Factors

A strong relationship exists between the compo-
nents of metabolic syndrome and prevalence of
NAFLD. From a cohort of 12,454 adults, Lazo
et al. calculated the age-, sex- and ethnicity-
adjusted NAFLD prevalence ratios for patients
with obesity, insulin resistance, diabetes, hyper-
tension and hypercholesterolemia to be 3.93,
2.54, 2.40, 1.57 and 1.26, respectively compared
to those without these conditions (26). The preva-
lence ratios for obesity, insulin resistance and
diabetes remained significant even after further
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adjustment for the other metabolic abnormalities
and lack of physical activity. Furthermore, effect
of these metabolic risk factors appears to be addi-
tive. Wong et al., demonstrated that each addi-
tional component of the metabolic syndrome
increased the risk of NAFLD in a dose-dependent
manner (prevalence of 4.5% in subjects without
any component to 80.0% in those with all compo-
nents) [23].

Indeed, the prevalence of NAFLD is exceed-
ingly high in patients with features of metabolic
syndrome. An Italian study of 187 young adult
(age 18-50 years) non-diabetic obese patients
detected hepatic steatosis on ultrasound in all but
four patients, or 98% of patients [34]. The preva-
lence of histologically-proven NAFLD in those
undergoing bariatric surgery similarly exceeds
90% [35]. In particular, central obesity as evi-
denced by increased waist circumference and/or
waist-to-hip ratio has been shown to be a greater
predictor of NAFLD than general obesity (BMI
>30 kg/m?) [36]. It should be noted that the dis-
tribution of visceral adipose tissue and percent-
age of fat for a given body mass differs between
Asian and European subjects [1]. Previous stud-
ies conducted in Asian countries have reported
non-obese individuals in 15-21% of NAFLD
patients even after applying ethnic-specific
anthropometric criteria [37]. These patients typi-
cally have a history of weight gain above their
ideal body mass (but not reaching obese levels)
and/or presence of other metabolic factors. It has
been suggested that Asians may express the clini-
cal phenotype associated with the metabolic syn-
drome at a lower BMI threshold than white
populations [2]. However, pooled regional esti-
mates of obesity prevalence among NAFLD
patients (using a BMI cut-off of >25kg/m? for
Asians and >30 kg/m? for others) are actually the
highest in Asia (64.0%) followed by the U.S.
(57.0%) and Europe (36.8%). Overall, obesity is
present in 51.3% of NAFLD patients and 81.8%
of NASH patients [7].

Insulin resistance is key in the pathogenesis of
NAFLD and its progression, hence strong asso-
ciations exist between NAFLD and diabetes. Up
to 60-70% of individuals with type II diabetes
exhibit ultrasonography evidence of NAFLD [38,

39]. In one study, 70.8% of diabetic patients with
fatty infiltration seen on ultrasound underwent
liver biopsy and NAFLD was confirmed in 86.7%
of patients [39]. These ultrasound studies are
supported by a prospective cohort study which
screened diabetics for NAFLD using controlled
attenuation parameter and found a prevalence of
72.8% [40]. Significant liver fibrosis was also
detected by liver stiffness measurement in 17.7%
of patients in this study. Furthermore, studies
have shown that the risk of developing diabetes
increases by three- to fourfold within 3 years of
NAFLD diagnosis in patients without diabetes at
baseline [1].

Hyperlipidemia or dyslipidemia is present in
69.2% of NAFLD patients [7] and diffuse fatty
liver on ultrasound is seen in half of the individu-
als with hyperlipidemia [41]. In particular, hyper-
triglyceridemia may have a closer association
with NAFLD than hypercholesterolemia. The
above associations have led to changes to some
international guidelines which now recommend
screening for NAFLD in patients with obesity,
insulin resistance or metabolic syndrome [42].

2.3.4 Progression to Fibrosis

As previously mentioned, approximately
7%-30% of NAFLD patients have NASH. Of
these, up to 39.1%—40.8% will progress to
develop fibrosis which occurs at a mean rate of
0.09-0.14 fibrosis stages per year [7, 43]. The
incidence of advanced fibrosis in NASH patients
is estimated to be 70.0 in 1000 person-years.
Patients with simple steatosis have also been
reported to develop fibrosis progression, although
this is considered uncommon [9]. Factors associ-
ated with progressive or advanced fibrosis include
older age, features of metabolic syndrome, ele-
vated liver enzymes (especially aspartate
aminotransferase [AST]) and low platelet count
[44—47]. In terms of metabolic syndrome compo-
nents, increased waist circumference, BMI, pres-
ence of diabetes (as well as insulin resistance or
glucose intolerance), hyperlidemia and hyperten-
sion have all been associated with worsened
fibrosis stage [1, 9, 43, 48, 49]. Multiple predic-
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tive scoring systems using clinical and laboratory
variables have been developed to identify
NAFLD patients at risk of advanced liver fibrosis
with area under the receiver operating character-
istics curves (AUROCs) of 0.80-0.94 [50].
Almost all the risk factors mentioned above fea-
ture as a variable in one or more of these scoring
systems. The PNPLA3 1148M polymorphism has
also been shown to favor NAFLD progression
and liver fibrosis [51]. In terms of histological
predictors, two studies observed that patients
with higher steatosis grade were more likely to
develop progressive fibrosis while no association
was found between baseline severity of necroin-
flammation and risk of progressive fibrosis [43].

24  Epidemiology of NAFLD-HCC
Hepatocellular carcinoma is the fifth most com-
mon cancer in men and ninth most common in
women globally [52]. The disease carries a high
mortality rate and represents the second most fre-
quent cause of cancer death worldwide account-
ing for 746,000 deaths in 2012. The median
survival following diagnosis is poor, ranging
from four to 20 months [53, 54]. Patients with
NAFLD are at increased risk for developing
HCC, however this risk is typically limited (but
not exclusive) to those with advanced fibrosis or
cirrhosis [6].

Since the first report of NAFLD-HCC in 1990
[55], the global incidence and prevalence of
NAFLD-HCC has been steadily increasing [3,
56]. NAFLD is currently the third leading cause
of HCC in the U.S. [56], however it is poised to
become the leading cause of HCCs in the future
[2, 57]. Indeed, a retrospective study of 162 HCC
patients between 2007 and 2008 from one
German center has already demonstrated that
NAFLD was the most common underlying etiol-
ogy of HCC [58]. A study of 632 consecutive
HCC cases in the United Kingdom reported that
between 2000 and 2010, there was a greater than
tenfold increase in NAFLD-HCC compared to
only a two to threefold increase in HCCs due to

other liver diseases [59]. Changes are also occur-
ring in non-Western countries, where the major-
ity of the world’s HCCs (>80%) currently arises
mainly in the setting of chronic infection with
HBV or HCV [60]. In particular, China contrib-
utes half of the world’s HCC deaths, of which up
to 80% are attributable to HBV [61]. However,
since 1990 China has seen a 30% reduction in the
rate of deaths due to HBV-related HCC [62]. A
study from South Korea, another HBV endemic
area, reported the proportion of patients with
NAFLD-HCC increased from 3.8% in 2001-
2005 to 12.2% in 20062010 while HB V-related
HCC dropped from 86.6% to 67.4% during the
same periods [63]. Similar trends have also been
recorded in Japan [20].

The aforementioned rise in NAFLD-HCC
burden is driven by the increase in proportion of
NAFLD patients, since progression to HCC in
NAFLD patients remains uncommon. The cumu-
lative incidence of NAFLD-HCC has been
reported across the world as 0.5%-2.3% after of
7.6-13.7 years of follow-up [44, 64—66]. Higher
percentages of 6.7-7.6% after 5-10 years are
seen in studies of NASH patients [67, 68]. In a
large meta-analysis of 86 studies, Younossi et al.
calculated that the HCC incidence rate is up to
12-fold higher in NASH patients as compared
with NAFLD patients overall [7]. The rate in
those with NASH-related cirrhosis is even higher
still. The cumulative incidence of HCC in this
group of patients is quoted at 6.7%—12.8% with
follow-up times of between 3.2 and 10 years [64,
68-70]. One international cohort of 247 NAFLD
patients across four Western countries found an
HCC incidence of only 2.4% in patients with at
least advanced fibrosis and 3.1% in patients with
cirrhosis after a median follow-up of 7.2 years
[71]. However, only patients with Child-Pugh
class A liver disease were enrolled in this study.

Studies have consistently shown a lower rate
of HCC development in patients with NAFLD
compared to other chronic liver diseases. In
particular, NAFLD patients have a 15- to 35-fold
lower HCC incidence than that of chronic HBV
[7]. Differential susceptibility to HCC was also
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seen in a retrospective study of 3200 Japanese
elderly patients (>60 years old) with either
NAFLD or HCV [66]. After a mean follow-up of
8.2 years, the cumulative incidence of HCC was
0.6% in the NAFLD group compared to 17% in
the HCV group. Two separate prospective studies
from the U.S. comparing patients with NASH-
related cirrhosis and HCV-related cirrhosis both
recorded a lower incidence of HCC in the NASH
group: 12.8% vs. 20.3%, respectively after
3.2 years of follow-up [70] and 6.7% vs. 17.0%,
respectively after 10 years of follow-up [68].
However, a Japanese study of 157 cirrhotic
patients including 72 with NASH and 85 with
alcoholic liver disease found similar rates of
HCC development in the two groups after 5 years
(10.5% vs. 12.3%, respectively) [69].

The estimation of NAFLD-HCC is further
made difficult by HCC cases in patients with
cryptogenic cirrhosis which accounts for 15-30%
of cirrhosis and 30-40% of HCCs worldwide [3,
72]. Growing evidence suggests that “burned-out”
NASH accounts for a large proportion (up to half)
of cryptogenic cirrhosis [3, 73, 74]. Indeed, some
cryptogenic cirrhosis patients demonstrate histo-
logical features of NASH, however these features
may also be lost over time with the development
of cirrhosis [6]. Patients with cryptogenic cirrho-
sis and associated HCC also share many charac-
teristics with patients with NAFLD and
NAFLD-HCC, respectively. In particular, those
with cryptogenic liver disease and NAFLD are
older with an increased occurrence of metabolic
risk factors and less aggressive tumors when
HCCs arise compared to patients with other
chronic liver diseases [75-77]. In a prospective
study of 105 consecutive HCC patients in the
U.S., up to half of patients with cryptogenic cir-
rhosis and HCC had histologic or clinical features
of NAFLD [78]. The authors concluded at least
13% of HCCs in the study were NAFLD-
HCC. Hence, studies which do not account for the
proportion of NAFLD patients in those with HCC
arising from cryptogenic cirrhosis may be under-
estimating the true prevalence of NAFLD-HCC.

2.5 RiskFactors for NAFLD-HCC
While the classic risk factors associated with
HCC, such as older age, male sex and cigarette
smoking also apply in NAFLD-HCC, the follow-
ing risk factors deserve mention.

2.5.1 Fibrosis

The majority of NAFLD-HCC, like other HCCs,
occurs in the setting of cirrhosis [2]. The cumula-
tive incidence of HCC in NASH-related cirrhosis
is up to 25-fold higher than the overall NAFLD
population. Advanced fibrosis is also an impor-
tant risk factor for HCC. In a prospective cohort
of 382 Japanese patients with biopsy-proven
NASH, 34 patients were found to have HCC [67].
Of the NAFLD-HCC patients, 88% had advanced
fibrosis, compared to only 31% in NASH patients
without HCC. On multivariate analysis, the
authors found that advanced fibrosis was the
strongest independent risk factor for NAFLD-
HCC with an odds ratio of 4.2 (95% confidence
interval [95% CI] 1.8-9.7). In another Japanese
study, 6508 patients with NAFLD diagnosed by
ultrasonography were retrospectively studied for
a median of 5.6 years. Since few patients in the
study underwent a liver biopsy (<2%), the AST to
platelet ratio index (APRI) was used to separate
patients with significant fibrosis (F3-F4). The
study reported a significantly higher cumulative
rate of HCC in patients with significant fibrosis
compared to those without (hazard ratio 25.0,
95% CI 9.0-69.5) [65]. However, NAFLD-HCC
has also been well documented to occur without
cirrhosis or advanced fibrosis in one third to one
half of cases [79, 80]. HCC has even been dem-
onstrated in patients with simple steatosis (with-
out steatohepatitis or fibrosis) [81]. Despite the
contribution by metabolic risk factors such as
obesity and diabetes, hepatopcarcinogenesis in
non-cirrhotic NAFLD patients remains complex
and the precise molecular pathways are still not
fully understood.
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2,5.2 Obesity

Obesity is recognized as a significant risk for the
development of several malignancies, including
HCC [82]. A meta-analysis of 11 cohort studies
from the U.S., Europe and Asia evaluated the
association between being overweight (BMI
>25 kg/m?) or obese (BMI >30 kg/m?) and
HCC. The study found relative risks of 1.2 (95%
CI 1.02-1.3) and 1.9 (95% CI 1.5-2.4) for HCC
in overweight and obesity patients, respectively
[83]. These findings were supported by a larger
meta-analysis of 26 prospective studies which
demonstrated similar relative risks of 1.5 (95%
CI'1.3-1.7) and 1.8 (95% CI 1.6-2.1) for primary
liver cancer in overweight and obese patients,
respectively [84]. Of note on subgroup analyses,
these associations were independent of geo-
graphic locations, alcohol consumption, history
of diabetes or viral hepatitis status. Like in
NAFLD, central obesity may be particularly
important. A prospective multicenter European
cohort study of over 350,000 subjects showed
that among all anthropometric measures of obe-
sity, waist-to-hip ratio had the strongest associa-
tion with a relative risk of 3.5 (95% CI 2.1-5.9)
when comparing first and third tertiles [85].
Obesity also increases the risk of HCC-related
mortality. HCC is now the leading cause of obe-
sity related cancer deaths in middle-aged males
in the U.S. [3]. In a prospective study of more
than 900,000 adults in the U.S. followed up for
16 years, Calle et al. reported that HCC mortality
rates were 4.5-fold higher in men with BMI
>35 kg/m? than men with normal BMI [86].
Among obese men, the relative risk of cancer
death from HCC was the highest compared to all
other cancers (4.5 vs. 1.3-2.6). Multiple obesity-
mediated mechanisms are believed to play a role
in development of HCC with and without NAFLD
including low-grade chronic inflammatory
response, increased lipid storage and lipotoxicity,
and alteration of gut microbiota with increased
levels of lipopolysaccharide [87]. In particular,
there is accumulating evidence which links alter-
ations in gut microbiota with obesity, NAFLD
and HCC. A recent study of obese mice found the

gut microbiome metabolite deoxycholic acid pro-
moted obesity-associated HCC, while treatment
of the mice with vancomycin inhibited deoxy-
cholic acid production and HCC development
[88].

2.5.3 Diabetes Mellitus

Type II diabetes mellitus and insulin resistance
with associated hyperinsulinemia and increased
insulin-like growth factor levels may also con-
tribute to HCC development. Cohort and case-
controlled studies report patients with diabetes
have a two to fourfold increased risk of develop-
ing HCC, independent of viral hepatitis and alco-
hol use [89-91]. Similarly systematic reviews
and meta-analyses estimate the increased risk of
HCC in diabetic patients to be 1.9-2.2-fold [92,
93]. In addition, diabetes has also been shown to
increase the incidence of HCC recurrence after
curative therapy [94]. Indeed, in up to 70% of
patients with diabetes there is associated NAFLD
[40] whichis itself arisk factor for HCC. However,
a large prospective cohort study of 257,649
diabetes and 772,947 non-diabetics showed that
the increased risk of HCC in diabetics persisted
even after excluding patients diagnosed with
NAFLD (adjusted hazard ratio 2.13, 95% CI
1.99-2.28) [89], thus suggesting an independent
effect. Furthermore, the use of anti-diabetic med-
ications, in particular metformin and possibly
thiazolidinediones has been associated with a
decreased risk of HCC among patients with dia-
betes [95, 96].

Since obesity, diabetes and NAFLD often co-
exist, the independent contributions of each fac-
tor to HCC risk are not known. Notably, it
appears obesity and diabetes synergistically
increase the risk of HCC development. A 14-year
prospective follow up study of 23,820 Taiwanese
residents showed that obesity was associated
with a 3.3-fold increase in HCC among HCV-
positive patients while diabetes increased HCC
risk in both HBV-positive and HCV-positive
patients, by 2.2-fold and 3.5-fold respectively
[97]. However, in HBV or HCV chronic carriers
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with both obesity and diabetes, the risk of HCC
was increased by more than 100-fold compared
with patients without these factors. A multi-
center Italian case-control study also demon-
strated a progressive increase in HCC with the
number of components of metabolic syndrome
[98]. In particular, the odds ratio for HCC in
patients with obesity, diabetes and both were 2.0,
4.3 and 4.8, respectively. Hepatocarcinogenesis
in NAFLD is multifactorial and clearly a com-
plex interplay exists between the components of
the metabolic syndrome.

2.5.4 Iron

Hepatic iron accumulation is thought to be
involved in oxidative DNA damage, NASH,
fibrosis and potentially HCC [99-101].
Increased iron absorption through up-regulation
of divalent metal transporter 1 has been demon-
strated in NASH patients compared to those
with simple steatosis and control subjects [102].
Sorrentino et al. retrospectively studied the
hepatic iron content in 153 patients with NASH-
cirrhosis (51 patients with HCC and 102 age-
and sex-matched patients without HCC) and
showed that iron deposition was more frequent
in the HCC group, thus implicating it as a cofac-
tor in the pathogenesis of NAFLD-HCC [103].
Conversely, iron depletion has been shown to
reduce oxidative damage in NASH patients and
lower the risk of HCC in patients with chronic
HCV [104, 105]. Further studies are needed to
better understand the role of iron accumulation
in NASH and HCC.

2.6 Characteristics

of NAFLD-HCC

Until recently, inferences on the characteristics of
NAFLD-HCC have largely been made based on
summations of case reports or case series [80,
106, 107]. Typically, patients with NAFLD-HCC
tend to be male, older, and have one or more fea-
tures of metabolic syndrome (Table 2.1).

Table 2.1 Characteristics of patients with NAFLD-HCC
and patients with HCC secondary to other chronic liver
diseases

Characteristic NAFLD-HCCs | Other HCCs
Dominant Male Male
gender
Age at diagnosis | 65-70 60-65
(years)
Metabolic 45-58 14-18
syndrome (%)
Type II diabetes | 54-74 12-49
mellitus
Obesity 48-66 12-37
Hypertension 47-60 18-52
Dyslipidemia 28-35 6-14
Cirrhosis at 51-62 78-97
presentation (%)
Liver function Largely Worse
preserved
Average tumor >3 <3
size (cm)
Tumor Well- Well- to
differentiation differentiated | moderately-
differentiated
2.6.1 Sex, Age and Initial

Presentation

The male predominance seen with HCCs overall
is also observed in NAFLD-HCC. Males make
up 62.0%—-88.9% of NAFLD-HCC patients [58,
65, 80, 106-108]. However, data are conflicting
on whether differences in sex distribution exist
between NAFLD-HCC and HCCs related to
other diseases. In a large Italian multicenter pro-
spective study by Piscaglia et al. comparing 145
NAFLD-HCC patients with 611 HCV-related
HCC patients, significantly more males were
seen in the NAFLD-HCC group (79.3% vs.
61.2%) [108]. On the contrary, Reddy et al.
showed that in the subset of HCC patients under-
going curative treatments, females were more
common in those with NASH relative to HCV or
alcoholic liver disease (48.1% vs. 16.7%) [77].
Female gender was similarly more common in a
Japanese nationwide cross-sectional study com-
paring NAFLD-HCC with alcoholic liver disease-
related HCC (38% vs. 4%) [109]. Data are also
conflicting on the age of HCC diagnosis in
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NAFLD with respect to other chronic liver
diseases. Published literature reports a mean and
median age of NAFLD-HCC diagnosis at 66.7—
74.7 years and 65-72 years, respectively [56, 58,
77, 80, 106-110]. While most studies demon-
strate NAFLD-HCC patients are 5-8 years older
at presentation compared to other HCC patients
[56, 58, 75, 77, 110], the aforementioned Italian
study found NAFLD-HCC patients were younger
than patients with HCV-related HCC (67.8 vs.
71.1 years). However, the HCV-related HCC
patients in this study were older than the typical
age distribution for this disease [111]. Further
prospective studies are needed to clarify these
sex and age demographic associations observed
in NAFLD-HCC.

One explanation for the older age of NAFLD-
HCC patients is that fibrosis progression in
NASH is slow (~0.1 fibrosis stages per year) and
not universal (~40%) [7]. Although significant
fibrosis is not essential for NAFLD-HCC devel-
opment, it remains an important risk factor in
50% or more of patients. Furthermore, NAFLD-
HCC patients tend to present late in the course of
their disease. Up to half of patients who develop
NAFLD-HCC have HCC diagnosed at time of
initial referral [107]. Compared to HCV-related
HCC, almost twice as many NAFLD-HCC
patients at first presentation are symptomatic
(7.4% vs. 13.8%), which is typically a late event
in the course of HCC [108]. Correspondingly,
patients with HCV-related HCC were more likely
to receive surveillance prior to diagnosis (86.7%
vs. 43.3%) and more likely to have their HCC
picked up by surveillance programs (63.3% vs.
47.6%) than NAFLD-HCC patients [108, 110],
hence facilitating earlier detection of HCC in
non-NAFLD patients. Indeed, international
guidelines for HCC surveillance in non-cirrhotic
NAFLD patients are currently lacking.

2.6.2 Metabolic Syndrome

Metabolic syndrome and its constituents such as
obesity and type II diabetes commonly co-exist
with NAFLD and are independent risk factors
for both NAFLD and NAFLD-HCC. It is there-

fore unsurprising that patients with NAFLD-
HCC exhibit a higher prevalence of metabolic
features compared to HCCs arising from other
etiologies [58, 77, 106, 108]. Almost all patients
(>98%) with NAFLD-HCC have at least one fea-
ture of metabolic syndrome while most (>75%)
have two or more features [106]. Type II diabetes
(54%-74%) and obesity (62%—-66%) are most
prevalent followed by hypertension (47%—-60%)
and dyslipidemia (28%-35%) [67, 77, 80, 109].
A retrospective study of 214 patients undergoing
curative treatment for HCC found the presence
of metabolic syndrome was three times more
common in NAFLD-HCC compared to HCV- or
alcoholic liver disease-related HCC (45.1% vs.
14.8%) [77]. Tokushige et al. found similar dis-
parities in rates of metabolic syndrome with
58% seen in NAFLD-HCC patients and only
18% in patients with HCC due to alcoholic liver
disease [109]. Clearly these metabolic features
and their associated pathways play a key role in
hepatocarcinogenesis.

2.6.3 Liver Function

Patients with NAFLD-HCC tend to have less
severe liver dysfunction compared with other
causes of HCC. Reddy et al. reported lower
median model for end-stage liver disease
(MELD) scores in NAFLD-HCC than those with
HCC secondary to HCV or alcoholic liver dis-
ease (9 vs. 10) [77]. Using another measure of
liver function, Piscaglia et al. showed proportion-
ately more NAFLD-HCC patients with Child-
Pugh class A (compensated) cirrhosis when
compared to patients with HCV-related HCC
(82.3% vs. 61.8%) [108]. Consistently, both stud-
ies found higher serum albumin levels, lower
serum bilirubin and international normalized
ratio values and lower rates of ascites in the
NAFLD group. These differences are likely influ-
enced by the substantial proportion (up to half) of
NAFLD-HCC patients who do not have cirrhosis
or advanced fibrosis.

Hepatic injury as reflected by elevation in
transaminase levels appears to be less in NAFLD-
HCC compared with other HCCs, especially AST



2 Epidemiology and Etiologic Associations of Non-alcoholic Fatty Liver Disease and Associated HCC 13

levels [77]. The predictive value of AST level for
NAFLD-HCC was evaluated in two separate
cohort studies of Japanese NAFLD patients.
Interestingly, the studies reached opposing con-
clusions with one identifying elevated AST as
risk factor for HCC [65] and the other showing
it was protective [67]. The predictive value of
AST level for NAFLD-HCC therefore remains
uncertain.

2.6.4 Tumor Characteristics

Emerging data suggest NAFLD-HCCs may be
phenotypically different to HCCs resulting from
other liver diseases [3]. Most NAFLD-HCCs
present as a well-differentiated, solitary lesion
with an average size of 3—4 cm [79, 80, 107]. Up
to 70%-78% of NAFLD-HCCs are solitary
lesions [67, 75, 80, 106]. One study found that in
patients eligible for curative treatments, those
with NAFLD-HCC had a fewer tumor nodules
compared to HCC secondary to HCV or alco-
holic liver disease [77]. This finding was not sup-
ported by Piscaglia et al. however, the authors did
document fewer small HCCs (Barcelona Clinic
Liver Cancer Stage 0) and more advanced-stage
HCCs (Barcelona Clinic Liver Cancer stage C) in
NAFLD versus HCV groups [108]. NAFLD-
HCCs were also more likely to be infiltrative and
outside the Milan criteria for liver transplanta-
tion, while extrahepatic metastases were less
likely. The same study demonstrated larger
tumors from NAFLD-HCC compared to other
HCCs (4.1 cm vs 3.3 cm) [108]. In another study,
HCC patients with metabolic syndrome as their
sole risk factor (a surrogate for NAFLD-HCC)
also exhibited larger tumors compared to HCC
patients with other chronic liver diseases (8.8 cm
vs. 7.8 cm), although this fell just short of statisti-
cal significance [75]. These larger tumors seen
with NAFLD-HCC may be a reflection of their
aforementioned delayed presentation [107].
Tumor marker expression may also differ.
Levels of a-fetoprotein (AFP) appear to be raised
less often in NAFLD-HCC patients than in those
with HCC due to other chronic liver diseases [3,
110]. In a Japanese prospective study of 34

patients with NAFLD-HCC, only 26.5% had an
elevated AFP [67]. With regards to AFP levels,
some studies have demonstrated lower levels in
HCC patients with NAFLD versus non-NAFLD
etiologies [75, 108], while others found no sig-
nificant differences [77, 109]. Finally, a greater
proportion of NAFLD-HCCs appear well-
differentiated on histology compared to other
HCCs [75, 77].

Similar to the clinical features of NAFLD-
HCC, these tumor characteristics have been con-
firmed by most but not all studies. This highlights
that HCC is still a heterogeneous disease even
among the subset of NAFLD-HCC patients.

2.7  Costand Economic Burden

The cost and economic burden of NAFLD and
associated HCC deserves mention. In a study
assessing economic burden of NAFLD, Younossi
et al. estimated the annual cost to be US$103 bil-
lion in the U.S and €35 billion across four
European countries — expenditures similar to that
of diabetes and heart disease [112]. Based on
recent trends, these costs associated with resource
utilization are set to rise further in both inpatient
and outpatient settings [113, 114]. Although a
fraction of these costs may be mediated by
comorbid diseases such as diabetes mellitus or
angina pectoris [115], their economic impact is
huge.

Furthermore, NAFLD patients consistently
demonstrate lower health-related quality of life
scores as measured by SF-36 or Chronic Liver
Disease Questionnaire compared to the general
population and patients with other chronic liver
diseases [116]. NAFLD patients also experience
higher levels of fatigue, physical inactivity and
day-time somnolence than healthy controls [117].
These impairments result in loss of work produc-
tivity and reflect the unmeasured impact of psy-
chological and psychiatric issues such as
depression and anxiety associated with
NAFLD. Therefore, NAFLD also imposes signifi-
cant indirect costs on patients and society. The
above study by Younossi et al. approximated that
after adding the societal costs of quality-adjusted
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life-years lost due to NAFLD, the annual burden
of NAFLD in the U.S. and four European coun-
tries increases by two to sixfold to US$292.19 bil-
lion and €227.84 billion, respectively [112].

The economic cost associated with HCC are
similarly considerable and higher than that of
other cancers [118, 119]. In particular, the annual
cost of NAFLD-HCC was quoted to be
US$522.7 million in the United States and
€90.2 million in Germany, France, Italy and
United Kingdom combined [112]. Significant
burdens have also been reported in other coun-
tries [118]. Therefore, NAFLD and associated
HCC imposes a severe human and economic bur-
den on patients, their families, and society. Of
concern, the relative recency and ongoing rise of
the obesity epidemic along with the lag period
required for NAFLD to develop into cirrhosis
and/or HCC has meant that the full impact of
NAFLD-related advanced liver disease has not
yet been felt [110].

While NAFLD is associated with increased
liver-related mortality and HCCs [120], its clini-
cal burden should be tempered by perspective.
Indeed, non-liver-related death remains far more
common than liver-related death or NAFLD-
HCC combined [7]. Consistently, liver disease
has been shown to be the third common cause of
death in NAFLD patients behind cardiovascular
disease and malignancies [64, 121-123]. For
every 100 patients with NAFLD, only one to two
will die from liver-related death [57]. Even in
patients with NASH [44] including those with
advanced fibrosis [121], cardiovascular disease
remains the top cause of mortality. Therefore, the
non-liver-related outcomes of NAFLD patients
should not be neglected.

2.8 Conclusion

NAFLD is the most common chronic liver dis-
ease in the world and will soon become the num-
ber one cause of HCC, liver transplantation and
liver-related mortality. The disease often occurs
in the setting of metabolic conditions such as
obesity and type II diabetes mellitus. These same
metabolic drivers are also risk factors for

NAFLD-HCC which can occur even in the
absence of cirrhosis or advanced fibrosis and
appears to be phenotypically different from
HCCs arising from other chronic liver diseases.
The frequencies of liver-related events and HCC
among NAFLD patients is low, especially when
compared to cardiovascular disease and extrahe-
patic malignancies. However, the large denomi-
nator of total patients affected with NAFLD
means that these events will impose an enormous
clinical and economic burden on our society.
Moreover, this burden is expected to rise further
in the future. Therefore, the global NAFLD epi-
demic has arrived at our doorstep and demands
our attention.
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Pathogenesis of NASH: How
Metabolic Complications

of Overnutrition Favour
Lipotoxicity and Pro-Inflammatory
Fatty Liver Disease
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and Shivakumar Chitturi

Abstract

Overnutrition, usually with obesity and genetic
predisposition, lead to insulin resistance,
which is an invariable accompaniment of non-
alcoholic fatty liver disease (NAFLD). The
associated metabolic abnormalities, pre- or
established diabetes, hypertension and athero-
genic dyslipidemia (clustered as metabolic
syndrome) tend to be worse for nonalcoholic
steatohepatitis (NASH), revealing it as part of
a continuum of metabolic pathogenesis. The
origins of hepatocellular injury and lobular
inflammation which distinguish NASH from
simple steatosis have intrigued investigators,
but it is now widely accepted that NASH
results from liver lipotoxicity. The key issue is
not the quantity of liver fat but the type(s) of
lipid molecules that accumulate, and how they
are “packaged” to avoid subcellular injury.
Possible lipotoxic mediators include free
(unesterified) cholesterol, saturated free fatty
acids,  diacylglycerols, lysophosphatidyl-
choline, sphingolipids and ceramide. Lipid
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droplets are intracellular storage organelles for
non-structural lipid whose regulation is influ-
enced by genetic polymorphisms, such as
PNPLA3. Cells unable to sequester chemically
reactive lipid molecules undergo mitochon-
drial injury, endoplasmic reticulum (ER) stress
and autophagy, all processes of interest for
NASH pathogenesis. Lipotoxicity kills hepato-
cytes by apoptosis, a highly regulated, non-
inflammatory form of cell death, but also by
necrosis, necroptosis and pyroptosis; the latter
involve mitochondrial injury, oxidative stress,
activation of c-Jun N-terminal kinase (JNK)
and release of danger-associated molecular
patterns (DAMPs). DAMPs stimulate innate
immunity by binding pattern recognition
receptors, such as Toll-like receptor 4 (TLR4)
and the NOD-like receptor protein 3 (NLRP3)
inflammasome, which release a cascade of
pro-inflammatory chemokines and cytokines.
Thus, lipotoxic hepatocellular injury attracts
inflammatory cells, particularly activated mac-
rophages which surround ballooned hepato-
cytes as crown-like structures. In both
experimental and human NASH, livers contain
cholesterol crystals which are a second signal
for NLRP3 activation; this causes interleukin
(IL)-1p and IL18 secretion to attract and acti-
vate macrophages and neutrophils. Injured
hepatocytes also liberate plasma membrane-
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derived extracellular vesicles; these have been
shown to circulate in NASH and to be pro-
inflammatory. The way metabolic dysfunction
leads to lipotoxicity, innate immune responses
and the resultant pattern of cellular inflamma-
tion in the liver are likely also relevant to
hepatic fibrogenesis and hepatocarcinogenesis.
Pinpointing the key molecules involved phar-
macologically should eventually lead to effec-
tive pharmacotherapy against NASH.

Keywords
Overnutrition - Lipotoxicity - Nonalcoholic
fatty liver disease - Inflammation

3.1  Introduction
Nonalcoholic fatty liver disease (NAFLD) is
highly prevalent (15-45%) in North and South
America, Europe and the Asia-Pacific region, but
only 10-25% of cases develop nonalcoholic ste-
atohepatitis (NASH), which can lead to cirrhosis,
liver failure and hepatocellular carcinoma (HCC).
The pathology of NASH includes steatosis, hepa-
tocellular degeneration/cell death (ballooning,
Mallory hyaline, apoptosis), lobular mixed-cell
inflammation (macrophages, neutrophils, lym-
phocytes) and fibrosis. NASH is more likely than
simple steatosis to cause liver fibrosis. We and
others have previously reviewed the relationship
of steatosis to overnutrition [1-7], with resultant
insulin resistance, hyperinsulinemia, hyperglyce-
mia, metabolic syndrome and hypoadiponec-
tinemia. Less is known about hepatocyte cell
death and inflammatory recruitment in NASH,
despite their defining importance for perpetuat-
ing liver injury, hepatic fibrogenesis and hepato-
carcinogenesis [8]. Here we consider the origins
of hepatocyte injury and resultant patterns of cell
death and inflammatory recruitment in
NASH. Lipotoxicity is central to current under-
standing of these processes. It is a form of tissue
injury associated with inflammation and wound
healing, also thought to be central to the patho-
genesis of type 2 diabetes [1, 5, 9].

In lipotoxic liver injury, hepatocytes die by
apoptosis, necrosis and necroptosis, and possibly

pyroptosis, a more recently recognised form of
pro-inflammatory cell death related to inflamma-
somes (discussed later). An additional phenome-
non is that some hepatocytes exhibit the unusual
appearance of “ballooning”, one of the diagnostic
criteria for NASH [3]. Ballooning may reflect
cytoskeletal injury as a result of caspase 3 activa-
tion with inability to complete programmed cell
death (“undead cells”) or to enter the cell cycle
(senescence) [10]. The interactive roles of cell
stressors (oxidative, endoplasmic reticulum [ER],
altered membrane fluidity resulting from altered
lipid content), intracellular signalling pathways
(c-Jun N-terminal kinase [JNK], nuclear factor
kappa-B [NF-xB]) [8], responses to stress
(autophagy [discussed in Chap. 10], senescence),
and subcellular injury to mitochondria, lipid
droplets (the intracellular storage site for poten-
tially toxic lipids) and plasma membrane are all
potentially relevant to NASH pathogenesis. How
varying patterns of hepatocyte injury/cell death
incite an inflammatory response, particularly by
liganding pattern recognition receptors that acti-
vate innate immunity (sterile inflammation),
interacting with “inputs” from gut microbiota
[discussed in Chaps. 8 and 9], stressed adipose
and immune/inflammatory cells activated by
other processes could be central to the pathologi-
cal dichotomy between NASH and simple
steatosis.

The focus of the present chapter will be on
connections between lipotoxic injury to hepato-
cytes and liver inflammation. Several excellent
reviews on sterile liver inflammation and hepato-
cyte cell death, both of central interest to NASH,
have been published recently; for more detailed
molecular discussion, the reader is referred to
them [5, 11-13].

3.2  What s Lipotoxicity,
and How Does It Fit
into a Framework for NASH

Pathogenesis?

Unger coined the term “lipotoxicity” in 1994 to
describe the pattern of lipid molecule-induced
cell injury that occurs in pancreatic p-cells in
type 2 diabetes (diabetes) and muscle in meta-
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bolic syndrome [9]. Since the first lipidomic data
from human NAFLD and NASH livers were pub-
lished in 2007 and 2009 [14, 15], coupled with
the development of animal models where meta-
bolic syndrome determines experimental steato-
hepatitis [16], the concept that NASH could be a
form of liver lipotoxicity has gained ground [1-7,
17]. In 2012, Cusi proposed the term “liver lipo-
toxicity” be used instead of NASH [5]. We agree
with this important conceptual reorientation of
NASH (versus “not-NASH” NAFLD), but before
adopting the term “liver lipotoxicity” to replace
“NASH”, it would be useful to know which
lipid(s) is/are responsible. Effectively lowering
their hepatic levels should reverse NASH.

The central issue in NASH pathogenesis is
what is different in livers showing NASH, as
opposed to the larger proportion of NAFLD
patients whose liver pathology, simple steatosis
or steatosis with minor non-specific inflamma-
tion (often termed “not-NASH” NAFLD), is less
commonly associated with fibrosis progression
[3, 8]. Two decades ago it was proposed that
NASH reflected operation of a second tier of
injury and inflammation-inducing pathways,
such as oxidative stress and Thl cytokine
responses (e.g. tumor necrosis factor-alpha
[TNF-a]) in a liver that was fatty because of over-
weight and diabetes (the “first hit”). The second
hit was presumed to originate from outside the
liver, such as from gut-derived endotoxin (dem-
onstrated experimentally by Yang and colleagues
from the Diehl group in 1997 [18] or from
inflamed adipose tissue in obesity. This 2-hit
hypothesis, eloquently articulated by Day and
James in 1998 [19], proved useful to focus atten-
tion on injury mechanisms in NASH. With hind-
sight it now seems simplistic because the
metabolic milieu leading to steatosis can also
lead “directly” to NASH, as we and others dis-
cuss elsewhere [2, 5]. The jaded 2-hit concept is
still cited [20]. However, writing in the first book
on NAFLD (2003), Bass and Merriman articu-
lated the idea that the lipids which accumulate in
NASH could themselves (directly) mediate the
disease process [1]. Greg Gores’ group then
showed that free fatty acid (FFA) lipotoxicity
could give rise to TNF-a [21], and by 2007 the
concept of “good fat/bad fat” was editorialised in

Hepatology [22]. Most working in the field now
agree that Bass and Merriman were correct.
There are multiple responses to lipotoxicity, and
these descend through a web of interactions and
reactions, a “multiple hit” concept as conceived
by Tilg [23], to result in NASH.

3.3  Which Lipid Molecules

Accumulate in NASH?

If analogy is drawn with Koch’s postulates for
determining the infectious aetiology of a disease,
similar lines of evidence (or “rules”) could apply
for implicating endogenous toxic molecules as
the cause of a pattern of tissue injury. These are
encapsulated in Box 3.1.

Box 3.1: Rules for Pathogenicity of Lipotoxic
Molecules in NASH

Rule 1 Phenotypic association. By pheno-
typic association, it is reasoned that the
causative lipotoxin will be present in
human livers showing NASH but not in
simple steatosis.

Rule 2 Congruent explanation. The rea-
sons why this lipotoxin accumulates
will be consistent with a metabolic
pathogenesis and/or be explained by
genetic predisposition.

Rule 3 Therapy proves causation. 1deally,
removal of the lipotoxic lipid should
reverse NASH pathology, noting that
the outcome is likely to be simple ste-
atosis, not a lean liver.

Rule 4 Direct lipotoxicity. The putative
lipotoxin should be directly toxic to
hepatocytes, the cells most conspicu-
ously injured in NASH.

Rule S Lipotoxicity causes NASH. The way
the putative lipotoxin injures hepato-
cytes must be pro-inflammatory, that is,
the injury has an outcome (or form of
cell death) that leads to recruitment of
macrophages, lymphocytes, and neutro-
phils to the liver.
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3.4  Which Models Should
We “Trust” for Interpretation
of NASH Pathogenesis

Studies?

Before balancing the evidence for and against
candidate lipotoxins in NASH, a few words about
animal models are salient (animal models are dis-
cussed more fully in relation to obesity-related
hepatocarcinogenesis by Lau and colleagues in
Chap. 11). While the ideal “model” of a human
disease is the affected patient, repeated tissue
sampling and the challenges (including potential
hazards) of experimental interventions generally
limit the study of NASH pathogenesis in man to
“static measurements”, that is, blood or liver
samples usually obtained at a single time. The
study of Vilar-Gomez et al. [24] is an important
rare exception [24]. The next best model might
be one that replicates, as faithfully as possible,
the preconditions (other than species) for devel-
opment of human NASH. As reviewed earlier
[16], these desirable attributes, and why we think
they are prerequisites, are tabulated (Table 3.1).
In addition to the “metabolic determinants”
listed in Table 3.1, suitable models should exhibit
the pathological spectrum of human NAFLD,
which under varying circumstances spans simple

steatosis, steatohepatitis (NASH), pericellular
fibrosis (noting that rodents are unlikely to
develop cirrhosis), and hepatocarcinogenesis (in
rats and mice, as well as in an apparently substan-
tial proportion of patients with NASH, HCC does
not proceed through advanced liver fibrosis).
While opinions vary widely on the relative
merits and weaknesses of numerous NAFLD or
steatohepatitis models, we are of the opinion that
models whose only virtue is “providing NASH
pathology” should not be used uncritically to
progress concepts of NASH pathogenesis. For
example, rodents with methionine and choline
deficiency, the MCD model, was developed by
the author’s group in 1996 in rats [25] and 2000 in
mice [26], as an attempt to provide a model with
steatohepatitis, the pathology that is not observed
in obese rodents with defects in leptin or the
leptin receptor (obesity is associated with simple
steatosis) or those fed high fat diet without other
nutrient excess. However, Rinella and Green,
confirmed by Rizki and Maher, showed that
20-40% weight loss experienced by MCD-fed
mice is associated with insulin sensitivity [27,
28], whereas insulin resistance is a sine qua non
for pathogenesis of NASH [29, 30]. The similar
choline-deficient defined L-amino acid (CDAA)
diet of Matsumoto et al. [31], popularised by

Table 3.1 Desirable characteristics of animal models of NASH

Characteristic Importance

Methods to obtain

Overnutrition

Invariable in human NASH

Dietary: High fat
Mechanical hyperalimentation

Genetic: Appetite drive

Insulin resistance

Central to metabolic obesity

Invariable in human NASH

Genetic predisposition (animal strain)

Drives hepatic lipotoxicity

Dietary: High fat

Hypoadiponectemia

Found in human NASH

Reflects adipose stress

‘Worsens insulin resistance

Substantial overnutrition

Metabolic syndrome (e.g. glucose
intolerance, dyslipidemia,
hypertension)

85% of patients with NASH

Most dietary models do not achieve
metabolic syndrome: Need substantial
overnutrition and genetic predisposition

Pathology: Steatosis, ballooned
hepatocytes and significant lobular
inflammation of mixed cell type

Hallmarks of NASH
pathology

Metabolic syndrome-related NASH

*Methionine and choline deficiency, CDAA,
high fat and high cholesterol (atherogenic) diets

Pathological spectrum includes
simple steatosis and steatohepatitis
with pericellular fibrosis

To understand transition
from simple steatosis to
NASH: Need model that
spans disease phenotypes

An environment determinant of NASH, such
as high fat and high cholesterol diet
composition, can be modulated to generate
steatohepatitis or simple steatosis

*May not cause ballooning
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Miura and Brenner [32], appears to be less “nutri-
tionally challenged”, but animals still fail to gain
excessive weight or develop glucose intolerance;
by one biochemical measurement, CDAA-fed
mice may have impaired insulin signaling, but
physiological insulin resistance has not been
demonstrated [31]. Use of the term “NASH” to
describe results in MCD or CDAA mice (more
than 10 articles in 2014) is curious since, in 2005,
the Editor of Gastroenterology specifically
instructed the authors to use the more appropriate
term “nutritional steatohepatitis” [33].

Other models have provided interesting
insights into how “mal-processing” of certain
molecules, particularly cholesterol, can lead to
steatohepatitis [34-37]. These elegant studies
indicate what can happen under certain condi-
tions, but do not prove that the same thing does
happen in humans with NASH. Likewise, diets
that promote overnutrition (for example, those
rich in simple carbohydrates, particularly fruc-
tose or sucrose [38—40], and those that combine
excess carbohydrate, fat and cholesterol (“west-
ern” or “atherogenic” diets) are most likely to
result in NASH [37, 41-43], whereas ‘“‘uni-
dimensional diets”, such as high fat or high
sucrose without cholesterol generally cause sim-
ple steatosis. On the other hand, for rodents a diet
containing 1-2% (wt/wt) cholesterol, which
Ginsberg described 10 years ago as the human
equivalent of eating >100 big Macs a day [44], is
physiologically unrealistic; it is debatable
whether such “cholesterol toxicity” is akin to
NASH, and the liver histology is not convincing.

Here we draw heavily on studies that have
used animal models of overnutrition in which the
metabolic determinants of NASH (insulin resis-
tance, hyperglycemia and metabolic syndrome)
are present. Such models include rodents and
pigs that are deliberately hyper-alimented (e.g.
by in-dwelling gastric devices) [45, 46], and
rodents with genetically-determined appetite
defects, such as melanocortin 4 receptor (Mc4r)
and AlmsI mutant mice [42, 47, 48]. The latter is
the murine equivalent of Alstrom syndrome [49],
a rare monozygotic form of extreme childhood
obesity with diabetes, cardiovascular disease and
cirrhosis. Appetite-defective mice are particu-
larly useful as they, like children with monozy-

gotic morbid obesity, “can’t stop eating” and
soon become quite inactive [50].

3.5 Triglyceride, the Most
Abundant Lipid in Fatty
Livers, Does Not Injure

Hepatocytes

Steatosis is defined by stainable fat in hepato-
cytes, most of which is triacylglycerol or triglyc-
eride (TG), or by an increase in hepatic TG
content (>5.5%) determined, for example, by pro-
ton magnetic resonance spectroscopy (MRS).
While correlations between hepatic TG content
and development of insulin resistance have been
derived in human studies [51], these investiga-
tions have been based on MRS evidence of steato-
sis, not on lipid analyses. There is no experimental
evidence that TG impairs insulin receptor signal-
ling or has any noxious effect on hepatocytes.

Within hepatocytes, TG is usually stored effi-
ciently in lipid droplets (discussed later). TG is
formed by transacylation of diacylglycerols
(DG), catalyzed by diacylglyceride acyltransfer-
ases (DGAT); DGAT expression protects hepato-
cytes from palmitic acid-induced lipotoxicity and
steatohepatitis caused by MCD diet. Thus, in
DGAT?2-deficient animals or with DGAT?2 knock-
down, liver injury (serum alanine aminotransfer-
ase [ALT] level) and resultant fibrogenesis were
exaggerated, whereas strategies to enhance TG
synthesis were protective [52, 53].

3.6 FFAs Are Lipotoxic in vitro
But Seem Unlikely to Cause

NASH

Until recently, FFAs have been the favoured lipo-
toxin in NASH [54-56], but the evidence for this
is based on in vitro studies of lipotoxicity (as
mentioned above) and the MCD model. FFA,
including but not confined to saturated FFA (sat-
FFA), accumulate in all human NAFLD livers,
irrespective of disease phenotype [14, 15, 56].
There is no difference in hepatic FFA levels
between livers showing NASH and simple steato-
sis in humans or mice and opossums with meta-
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bolic syndrome [37, 57] (Itoh 2012 is an exception
[58]).

In vitro, satFFA are more lipotoxic than mono-
unsaturated or poly-unsaturated long-chain or
very long-chain fatty acids. However, neither the
published human nor foz/foz mouse analyses
indicate important differences in saturation status
between NASH and simple steatosis. In mice
lacking elongation of long-chain fatty acids fam-
ily member 6 (Elovl6), which catalyzes forma-
tion of stearate (C18:0) from palmitate (C16:0)
and oleate (C18:1) from palmitoleate (C16:1),
and also promotes expression of sterol-regulatory
element-binding protein 1c (SREBPIc), there
was no effect on obesity-related liver fat but
improved insulin sensitivity attributable to low
abundance of DAG [59]; the relevance to human
NASH is unclear. An interesting observation has
been a relative paucity of polyunsaturated C20-
C22 fatty acids in FFA, triacylglycerides and
phospholipids in NASH [14, 60]. These reduc-
tions include arachidonic (20:4n-6) (the source of
eicosanoids), eicosapentanoic (20:5n-3), and
docosahexanoic (22:6n-3) acids. This paucity is
potentially relevant to liver inflammation because
it could change the balance in lipid mediators
from antiinflammatory to pro-inflammatory. In
mice with forced hepatic overexpression of
PNPLA3!"M [6], 62], a polymorphism associ-
ated with frequency and severity of human
NAFLD [63, 64], relative depletion of polyun-
saturated C20-C22 fatty acids was observed
among triacylglycerols [65]. Most recently,
Chiappini et al. reported the opposite finding,
depletion of long-chain fatty acids attributable to
decreased activity of the fatty acid desaturase 1
(FADST1) [66]; this particularly altered phospho-
lipid synthesis.

satFFA cytotoxicity to hepatocytes is an
experimental paradigm for liver lipotoxicity and
resultant inflammation. Some key points are
summarised in Box 3.2. satFFA, such as palmitic
acid (C16:0) and stearic acid (C18:0), are more
toxic than mono-unsaturates, such as palmitoleic
(C16:1) and oleic acid (C18:1); the latter protect
liver cells against saturated FFA lipotoxicity, pos-
sibly by promoting their incorporation into TG
[54, 67]. Mono-unsaturates also decrease lyso-
phosphatidylcholine (LPC) content [68], which

G.C. Farrell etal.

appears to be an essential mediator of FFA lipo-
toxicity. Lipotoxicity also involves activation of
JNK possibly independent of oxidative stress. In
turn, JNK activation injures mitochondria lead-
ing to oxidative stress, a self-amplifying step in
JNK signal transduction.

Box 3.2: Key Points for FFA Toxicity.

1. Saturates are more toxic than
unsaturates.

2. Mono-unsaturates confer protective
effects.

3. Toxicity proceeds through lysophospha-
tidylcholine (LPC) formation.

4. Lipotoxicity involves JNK activation.

5. JNK-dependant mitochondrial injury
occurs.

6. Secondary oxidative stress causes fur-
ther damage to the cell.

In studies from Gores’ lab using primary
murine hepatocytes, which validated key findings
in well-differentiated human hepatocytes [69],
data confirmed operation of the JNK-
mitochondrial cell death pathway in satFFA lipo-
toxicity via PUMA. They also showed that
satFFA lipotoxicity proceeds through the forma-
tion of LPC, which had been suggested as the
lipotoxic mediator in palmitic acid toxicity stud-
ies by Han et al. [68].

3.7 Phospholipids:
Lysophosphatidylcholine Is
a Candidate Lipotoxin

in NASH

Like palmitic acid, LPC produces hepatocyte
injury in vitro, and it also induces hepatitis in
vivo [68]. Han and colleagues found increased
LPC content in five NASH cases, higher than in
seven with simple steatosis or 12 lean livers; few
other lipidomic analyses in NAFLD mention
LPC. Chiappini et al. recently found decreased
phosphatidylcholine-to-phosphatidylethan
olamines rates in human NASH livers [66]. They
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demonstrated experimentally in HCC cell lines
and primary human hepatocytes that lipid mixes
from NASH patients can strikingly induce cellu-
lar toxicity [66].

3.8 Does Ceramide Play a Role?
Ceramide is the prototypic sphingolipid formed
in the ER by condensation of palmitoyl CoA (or
other fatty acid moiety) with sphingosine. The
rate of ceramide synthesis by this pathway
depends on availability of satFFA, but, in addi-
tion, de novo synthesis of ceramide can be rap-
idly generated from sphingomyelin by
sphingomyelinase. Such rapid generation of
ceramide has been implicated in apoptosis by the
death ligands, TNF-a and Fas ligand (FasL) [70].
Ceramide can also play a role in insulin resis-
tance. A prevailing concept is that satFFA lead to
formation of ceramide, accumulation of which
kills pancreatic p-cells (and neurons) by death-
ligand-induced apoptosis. However, Wei et al.
showed that ceramide is not essential for satFFA
lipotoxicity in liver cells [71], and Han and col-
leagues showed that ceramide synthesis inhibi-
tors do not modulate palmitic acid-induced
lipoapoptosis to hepatocytes [68]. On the other
hand, phospholipase A, (PLA,) inhibitors blocked
cell death in these experiments, suggesting a role
of PLA, or its product LPC. Lipidomic analyses
of human or murine NAFLD livers have usually
failed to identify ceramide accumulation [72],
and bariatric surgery improved NASH without
lowering circulating ceramide levels [73].
Sphingosine 1-phosphate (S1P), a derivative of
ceramide, contributes to macrophage-related
inflammation in some contexts. Mauer and col-
leagues recently showed that the S1P antagonist,
FTY720 reduced inflammation and fibrosis in a
high fat, high cholesterol dietary model of steato-
hepatitis in mice [74].

3.9 Diacylglycerols

DAG activates atypical protein kinase C (PKC)
isoforms, which have been implicated in the
molecular pathogenesis of insulin resistance. By

activating NF-xB, PKCs are also pro-
inflammatory. Puri et al. found increased hepatic
DAG levels in NAFLD versus lean livers, but no
difference between NASH and not-NASH fatty
livers [14]. In foz/foz mice fed normal rodent
chow to cause steatosis or atherogenic diet to
cause NASH, hepatic DAG levels increased com-
pared to lean controls, but values were similar in
NASH and simple steatosis [75, 76]. Gorden
et al.. found increased DAG species, particularly
in phospholipids between normal versus NAFLD
livers [77, 78], but without specificity to NASH
phenotype (see Rule 1, Box 3.1).

3.10 Cholesterol Is a Strong
Contender for a Lipotoxin
Causing NASH

Three lipidomic analyses found that free choles-
terol (FC) is increased in NASH livers but not
simple steatosis [60, 76, 77, 79]. Caballero et al
used filipin which fluoresces blue upon binding
FC but not cholesterol esters [15]. They observed
that all 14 NASH livers fluoresced for FC within
hepatocytes, versus 4 of 17 with simple steatosis.
In foz/foz mice, atherogenic dietary intake caused
NASH with major increases of hepatic cholesterol
ester and FC; chow-fed foz/foz mice with simple
steatosis showed no such increase [76].
Atherogenic diet-fed Wr mice exhibited a transient
increase in FC, after which adaptation occurred
with return of hepatic FC to normal; this was asso-
ciated with simple steatosis, not NASH [76].

Epidemiological studies reveal a positive
association of dietary cholesterol intake with cir-
rhosis (irrespective of aetiology) and HCC [80].
Some but not all nutritional studies confirm diets
high in saturated fat and cholesterol are associ-
ated with NASH [81]. On the other hand, intake
of fructose or simple carbohydrates is more con-
sistently identified, and there is a reproducible
inverse relationship with micronutrients [82].
Japanese workers showed a strong effect of ath-
erogenic diet (7.5% cocoa butter, 1.25% choles-
terol) on NASH in rodents [43], and the
co-requirement for cholesterol as well as satu-
rated fat, often with simple carbohydrate, has
been found repeatedly [17, 40, 41, 83].
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Appetite-defective animals eat more and read-
ily become obese, particularly when fed high fat
diet. Mc4r mutant mice fed a 60% fat diet (0.04%
cholesterol) develop liver and adipose inflamma-
tion, with a pattern of crown-like structures
(CLSs) of macrophages around hepatocytes that
exhibited large lipid droplets [58]. In our studies,
modulation of the cholesterol content of athero-
genic diet (0, 0.2-2.0% wt/wt) caused a stepwise
increase in hepatic FC content, and this was asso-
ciated with corresponding increases in serum
ALT, hepatocyte apoptosis, activated macro-
phage and neutrophil accumulation, and NASH
severity estimated by NAFLD Activity Score
(NAS). In ABCB4 mutant opossums (ABCB4
encodes a canalicular transporter of bile acids
and glutathione conjugates), consumption of a
“western diet” (0.7% cholesterol) caused hepatic
cholesterol accumulation, atherogenic dyslipid-
emia and NASH [37]. In low density lipoprotein
receptor (LDLR) knockout mice, cholesterol
content of the diet was a key determinant of
whether liver pathology was steatosis or steato-
hepatitis [36], and this was associated with
increased hepatic cholesterol content [34, 35].

3.11 Dysregulation of Hepatic
Cholesterol Homeostasis

Occurs in NASH

The liver is the central organ for bodily choles-
terol homeostasis. Cholesterol synthesis is regu-
lated in response to “need”, as perceived by
nuclear receptors such as SREBP2 [84]. SREBP2,
the master regulator of cholesterol homeostasis,
is upregulated by insulin. Three studies confirm
upregulation of hepatic SREBP2 in human
NASH [14, 15, 60], and similar changes occur in
obese, diabetic foz/foz mice with NASH [75, 76].
In the rodent model, HMG-CoA reductase
enzyme activity was correspondingly suppressed,
as expected by the regulatory role of SREBP2.
Min et al. [60] measured circulating metabolites
of cholesterol synthesis (desmosterol:cholesterol
ratio) and decreased hepatic HMG-CoA phos-
phoprotein, and concluded that cholesterol syn-
thesis is increased in NASH but not simple

steatosis [60]; this finding is counter-intuitive,
given the observed upregulation of SREBP2. The
different results between the mouse and human
studies could reflect species or methodological
differences.

Tracer studies indicate that most liver lipid in
human NASH arises from peripheral sources,
albeit an increase in de novo synthesis (hepatic
lipogenesis) also occurs [85]. Hepatocytes
express three cholesterol uptake pathways: scav-
enger receptor B1 (SRB1), CD36 (uptake path-
way for cholesterol and FFAs) and LDLR. LDLR
expression is not increased in human NASH [60],
but CD36-enriched extracellular vesicles (EVs)
circulate in diabetes and metabolic syndrome,
and in patients with NASH (Chen B, Farrell GC,
Teoh NC — unpublished data). Further, hepatic
CD36 expression is upregulated in obese, dia-
betic mice with NASH [86].

FC is highly reactive. Thus, cells form fatty
acyl esters (CEs) catalyzed by acyl-
CoA:cholesterol transferase (ACAT) 2, and also
sequester FC into lipid droplets. While hepatic
expression of ACAT? increases in NASH (human
and mouse), the reverse pathway of esterolysis,
catalyzed by cholesterol ester hydrolase (CEH),
is also upregulated [60, 76].

A uniquely important pathway for FC disposi-
tion in the liver is biotransformation into bile
acids. The rate-limiting steps are cytochromes
P450 (CYP) 7A1 and 2B1 in ER, and CYP27A in
mitochondria. Profound dysregulation of choles-
terol homeostasis occurs in NASH: CYP7AI
expression (human liver) and Cyps7al, 2bl and
27a (mouse liver) are all near-totally suppressed
in NASH, but not in simple steatosis [60, 76].

Hepatocytes rid themselves of cholesterol by
passage into blood (via basolateral ATP-binding
cassette transporter 1 [ABCA1]) or bile, directly
via ABCG5/G8 heterodimers, or as bile acids via
ABCBI11 (bile salt export pump, BSEP) and
ABCB4 (mdr2). ABCAL1 is downregulated in
human NASH [60], and profound suppression of
ABCBI11, ABCB4 and ABCG5/8 occurs in foz/
foz mice with NASH [76].

In summary, while details may vary between
species, it is clear that cholesterol inputs (uptake
or synthesis) are increased in NASH versus sim-
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ple steatosis. Cholesterol ester hydrolysis is also
increased, but biotransformation and egress of
cholesterol (directly or as bile acids) is pro-
foundly impaired. The net effect is FC trapping in
hepatocytes. Van Rooyen et al. showed that insu-
lin concentrations that circulate in insulin-
resistant animals are sufficient to upregulate
SREBP2 and LDLR, and to downregulate
ABCBI11 in murine primary hepatocytes [76].

Recently, it has become apparent that hepatic
cholesterol trapping in NASH leads to precipita-
tion of cholesterol crystals. To study the condi-
tions that lead to this change in physical state,
Toannou and colleagues [87] fed mice diet high in
fat and with increasing amounts of cholesterol for
6 months [87]. Mice fed diets with 0.5% choles-
terol or higher developed NASH with fibrosis
whereas those fed lower cholesterol high fat diet
showed simple steatosis (Fig. 3.1). It was evident
that cholesterol crystal-laden lipid droplet rem-
nants from dead or dying hepatocytes were pro-
cessed by lysosomal enzymes within Kupffer
cells. These Kupffer cells (and presumably also
recruited macrophages) formed the centre of
CLSs, which stained positive for NLRP3 and
active caspase 1 (see later section on inflamma-
some). This phenomenon could be modelled in
culture: thus, HepG2 cells exposed to LDL-
cholesterol developed crystals in lipid droplet
membranes that upregulated TNF, NLRP3 and
IL-1p in co-cultured macrophages, with secretion
of IL-1p [87].

Atorvastatin inhibits HMG-CoA reductase but
this and other statins have no beneficial effect on
NASH pathology [88, 89]; this may be because
depletion of hepatic cholesterol upregulates a
hepatic cholesterol re-uptake pathway in which
Niemann Pick Cl1-like protein 1 (NPC1L1) trans-
ports cholesterol across biliary (and intestinal)
epithelium. Conversely, blockade of NPC1L1 by
ezetimibe upregulates cholesterol synthesis, and
ezetimibe appears ineffective therapy in NASH
[90]. We used combination atorvastatin and ezeti-
mibe to return hepatic FC to normal levels in ath-
erogenic diet-fed foz/foz mice [57]. There were
commensurate reductions in serum ALT, hepato-
cyte apoptosis, macrophage activation and sever-
ity of NASH pathology, including liver fibrosis.

Combination atorvastatin and ezetimibe also
removed cholesterol crystals [79] (Fig. 3.2).
Thus, cholesterol accumulation (with crystal for-
mation) correlates with NASH pathology, and
cholesterol removal (FC and crystals) cures
NASH.

3.12 Free Cholesterol Is Directly
Lipotoxic to Primary
Hepatocytes

Caballero and colleagues showed that the mito-
chondrial cholesterol transporter, steroidogenic
acute regulatory protein (StAR) is upregulated in
NASH [15], serving as a pathway for mitochon-
drial cholesterol accumulation. In livers of foz/foz
mice with NASH, FC partitioned into mitochon-
dria, and to a lesser extent plasma membrane and
ER [91]. Ultrastructural studies confirmed mito-
chondrial damage in this model (swelling, frag-
mentation of cristae, formation of crystalline
material in the matrix), and similar findings have
been documented in human NASH since 1999
[92, 93]. Human studies have also found low
hepatic ATP levels in NASH [94], which is con-
sistent with mitochondrial injury.

To establish whether FC is directly lipotoxic,
we incubated primary murine hepatocytes with
unmodified human LDL and showed dose-
dependent FC uptake over 24 h [91] (Fig. 3.3).
FC loading caused cell injury, apoptosis and
necrosis, redox stress, mitochondrial membrane
pore transition with cytochrome c leakage into
cytosol, and rapid decline in cellular ATP con-
tent. These processes were linked mechanisti-
cally to JNK 1 activation; thus, Jukl~~ hepatocytes
were refractory to FC lipotoxicity, and specific
JNK inhibitors blocked both apoptosis and necro-
sis. Mitochondrial protectants (cyclosporine A)
and caspase 3/7 inhibitors also rescued
hepatocytes from FC lipotoxicity, whereas the
ER stress chaperone, 4-phenylbutyric acid, failed
to exert any protective effect. The cholesterol
loading of HepG2 cells recently reported by
Ioannou et al. [87], in which cholesterol crystals
were recognised in lipid droplet remnants, also
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support direct toxicity of cholesterol to hepato-
cyte-like cells.

In summary, among potential lipotoxins caus-
ing NASH, FC conforms to the rules of pheno-
typic association, accumulation by pathways
related to metabolic pathogenesis of NASH, is
directly toxic to hepatocytes, and its therapeutic
removal cures NASH and reverses liver fibrosis
(see Box 3.1). Recent data also support a role for
selective changes in long-chain fatty acid compo-
sition, particularly in selected phospholipid
DAGs [66, 95], with alterations in PC:PE ratio
that may affect membrane permeability. Whether
PNPLA3"“M (discussed later) could underlie
such changes requires further study. Meanwhile,
it remains possible that fatty acid chain length
and accumulation of free cholesterol are both
important mechanistically and act synergistically
to cause NASH. In order to consider the implica-
tions of lipotoxicity for inflammatory recruit-
ment, consideration of the sites of hepatocellular
injury in lipotoxic NASH is critical.

3.13 Subcellular Sites
of Hepatocyte Injury

in NASH

satFFA, LPC and FC lipotoxicity are all associ-
ated with mitochondrial membrane pore transi-
tion (MPT) that causes disruption of cellular
respiration, generation of oxidative stress, and
cytochrome c leakage from the matrix into the
cytosol where it activates the apoptosome [96].
Provided there is sufficient energy (ATP) required
for the final execution steps that involve caspase
3/7-mediated cleavage of the cytoskeleton and
cell movement, this causes of apoptosis. When
ATP is depleted, programmed cell death is
aborted, terminating in necroptosis (caspase 8 is
not involved; mixed lineage kinase domain-like
pseudokinase [MLKL] is recruited and binds to
the receptor-interacting protein 1 [RIP1]/RIP3

<

complex), or necrosis. Necrosis (sometimes
referred to as type 2 necrosis or oncosis) also
occurs with more rapid permeabilization of the
plasma membrane and dispersion of ion gradi-
ents within the cell, a disorganized form of cell
death that liberates cell contents. A recent study
reported that mitochondrial DNA (mtDNA) was
released in mice subjected to a high fat diet,
although  steatohepatitis was not  well-
demonstrated in this study model [97]. The
authors then showed that mtDNA activated TLR9
(discussed later), and proposed this as a pathway
to macrophage recruitment in NASH.

ER is a site of FC deposition in NASH [91],
and ER stress is favoured as a pathway to apopto-
sis (via C/EBP homologous protein [CHOP]-
mediated cleavage of Bid) and inflammation (via
JNK activation in type 2 diabetes). Triggering of
one ER stress response factor but not others, and
without CHOP expression, has been described in
human NASH [98], and operation of ER stress
was reported with MCD steatohepatitis [99].
Legry, Leclercq and colleagues conducted a set
of studies in foz/foz and ob/ob mice, measuring
elements of its activation, creating ER stress
experimentally, and opposing it pharmacologi-
cally [100]. The results provide a strong case
against ER stress being conspicuous in steato-
hepatitis related to obesity, diabetes and meta-
bolic syndrome (NASH) [100, 101]. Likewise, in
FC lipotoxicity to hepatocytes there was no
increased  expression of CHOP, and
4-phenylbutyric acid failed to protect hepatocytes
[91]. Finally, in three randomized-controlled
clinical trials, ursodeoxycholic acid (which
opposes ER stress) was ineffective at improving
NASH pathology [102-104].

Ballooned hepatocytes and apoptotic bodies
arise from caspase 3/7-mediated lysis of the cyto-
skeleton. Membrane-bound vesicles are also shed
from activated or injured/dying cell types present
in NASH livers. Very small vesicles (30-100 mm)
are known as exosomes, larger ones (100-

Fig. 3.1 (continued) shows blue-coloured birefringent
crystalline material within lipid droplets, which are cho-
lesterol crystals stained by filipin (x200 magnification).
Second column is hematoxylin and eosin-stained liver

sections. Third column shows TNF-a positive macro-
phages (within crown-like structures), and the last column
exhibits Sirius Red positive areas for fibrosis. (Adopted
from Ioannou et al. [87], with permission)
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F4/80 IHC

Polarized Light

Fig. 3.2 Representative liver sections from foz/foz mice
fed atherogenic diet (23% fat, 0.2% cholesterol) treated
with ezetimibe or atorvastatin, or their combination versus
vehicle controls. Liver sections were stained with hema-
toxylin and eosin, Sirius Red for fibrosis, F4/80 for pro-
inflammatory macrophages (inflammation), and unstained
frozen sections viewed with polarized light for birefrin-
gent cholesterol crystals. Compared to vehicle controls,

1000 nm) are microparticles (MPs); the term
extracellular vesicles (EVs) will be used here to
encompass both sizes. EVs circulate in hepatic
ischemia-reperfusion injury [105], an acute type
of sterile liver inflammation, and they have been
detected in humans with NAFLD [106]. Povero
and colleagues noted that the circulating titre of
EVs increases during the transition of steatosis to
steatohepatitis in the CDAA model [107]; levels
correlated with hepatocyte cell death, fibrosis and
angiogenesis. These EVs contained asialoglyco-

Ezetimibe +
Atrovastatin

3 e 1 k
. ®

there were less cholesterol crystals in the atorvastatin- and
ezetimibe-treated groups, and cholesterol crystals were
nearly abolished in combination-treated mice. As a result,
liver histology improved, and inflammation and fibrosis
were less in the drug treatment groups. Black and white
scale bars 50 pm and 100 pm, respectively. (Adopted from
Ioannou et al. [79], with permission)

protein receptor 1 (ASGPR1), a protein unique to
hepatocytes, and miR-122 and 192 which are
associated with chronic liver disease. Circulating
EVs have also been reported to contain mito-
chondria or mtDNA in experimental fatty and
alcoholic liver injury [97, 108]. We recently
found that EVs shed from hepatocytes subjected
to FC lipotoxicity contain high-mobility group
box 1 protein (HMGB1), and activate Kupffer
cells via an HMGB1- and TLR4-dependent pro-
cess (Fig. 3.3, and Gan L, Farrell GC -
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Fig. 3.3 Free cholesterol accumulation causes lipotoxic-
ity in hepatocytes. (A) Primary murine hepatocytes incu-
bated with human LDL showed dose-dependent free
cholesterol (FC) uptake over 24 h, (B) with proportionate
LDL release indicating hepatocellular injury with FC
loading. Wildtype (WT) hepatocytes showed increased
apoptosis (Hoechst 33342 positive nuclei) and necrosis
(propidium iodide positive cells) with FC-loading; (C)
JNKI1 and (D) TLR4 deletion protected cells from both

Media [LDL] (uM)

apoptosis and necrosis. (E) Hepatocyte release of the
danger-associated molecular pattern, high-mobility group
box 1 protein (HMGBI1), increased with FC-loading of
WT hepatocytes, and (F) anti-HMGB1 protected cells
from both apoptosis and necrosis. “P < 0.05 compared
with 0 pM LDL. ¥P < 0.05 compared to WT. (®'P < 0.05
compared to no addition. (Adopted from Gan et al. [91],
with permission)
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unpublished data). This paracrine process links
lipotoxicity to inflammatory cell activation in
NASH via the intermediary of EVs and soluble
HMGBI. The shedding of EVs from liver cells
can also activate hedgehog signalling [109],
which has implications for inflammatory recruit-
ment and fibrogenesis [107]. Recently, EVs
released from lipotoxic cells were shown to be
internalised by both hepatocytes and macro-
phages; within those cells, NF-kB-mediated
upregulation of NLRP3, pro-caspase-1 and pro-
interleukin-1 was demonstrated, indicating
another link between lipotoxicity and pro-
inflammatory pathways in NASH [110].

Using in vitro models, it has now been shown
that the PNPLA3"™ variant preferentially local-
ises to lipid droplets and is associated with defec-
tive remodelling activity, potentially enhancing
TG accumulation in lipid droplets [111]. Such
lipid droplet “dysfunction” could lead to lipotox-
icity indirectly because of “suboptimal storage”
of toxic lipids, such as FC [87], and this has now
been observed experimentally [66]. Autophagy is
another important intracellular pathway, target-
ing cell constituents to the lysosome for degrada-
tion. Mark Czaja and colleagues identified the
operation of autophagy for lipid turnover (lipo-
phagy) in fatty liver disease, and the importance
of autophagy in opposing apoptosis and influenc-
ing insulin sensitivity indicates a possible role in
pathogenesis of NASH (elegantly reviewed in
Amir and Czaja) [112].

3.14 Hepatocyte Injury and Cell
Death in NASH: Relationship
to Inflammation

3.14.1 Serum ALT and Ferritin

Circulation of hepatocyte proteins such as ALT
and ferritin is evidence of liver injury in NAFLD,
but serum ALT level has low sensitivity and spec-
ificity for distinguishing NASH from simple ste-
atosis. Maximos et al. found that NAFLD patients
with raised ALT had worse adipose insulin resis-
tance, lower plasma adiponectin and higher liver
triglyceride (by MRS) than those with normal

ALT, but there was no correlation with balloon-
ing, inflammation or fibrosis [51]. Unlike in viral
or autoimmune hepatitis, serum ALT values in
NASH (and alcoholic hepatitis) rarely exceed
tenfold the upper limit of normal (~300 U/L).
One reason may be that apoptosis is the predomi-
nant form of cell death [113], another is that
necrosis tends to be focal rather than zonal or
extensive.

3.14.2 Ballooned Hepatocytes

Ballooned hepatocytes are one of three criteria
used to calculate the NAS [114], and in global
assessment of “NASH vs not NASH” pathology.
Further, their number correlates with fibrotic out-
come [115]. Ballooned hepatocytes are large,
clear cells with “blurred” plasma membrane, pos-
sibly reflecting cytoskeletal damage; they lack
cytokeratin 8/18 (CK8/18) [116] (suggesting cas-
pase 3 activation) and are ubiquitin positive. They
also express hedgehog signalling ligands, which
by analogy with Drosophila melanogaster may
indicate cells have initiated a cell death program
but are unable to complete the process (the term
“undead” cells has been used) possibly because
of deletion of caspase 9 [117]. Hedgehog ligands
are chemotactic and could activate stellate cells
directly [118]. It is therefore of interest that
hedgehog pathway activation correlates with his-
tologic severity of NAFLD, specifically with bal-
looning, portal inflammation and fibrosis severity
[119, 120].

3.14.3 Apoptosis Versus Necrosis
and Necroptosis

As reviewed by Luedde and colleagues recently
[12], apoptosis is a physiological form of pro-
grammed cell death during development and
tissue remodelling. It does not release cell con-
tents other than within larger membrane-bound
vesicles known as apoptotic bodies. These are
typically engulfed by neighbouring cells without
an inflammatory response, but often with a
“wound healing” response of tissue regeneration
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and matrix deposition (fibrosis). Feldstein and
colleagues showed that hepatocyte apoptosis is
prominentin NASH livers [57, 121]. Furthermore,
M30, the caspase 3/7-mediated cleavage product
of CK8/18, circulates in NASH to a great extent
than in simple steatosis [122]. In mice, the num-
ber of M30 positive hepatocytes is high in NASH
and negligible in simple steatosis [57]. However,
while apoptosis is abundant, it is not the only
form of cell death that occurs in lipotoxicity or
NASH.

In vitro studies of FC lipotoxicity showed a
dose-dependent relationship between hepatocyte
FC content and necrosis, as well as apoptosis
[91]. In addition to release of ALT and ferritin,
other evidence suggests that necrosis occurs in
vivo in NASH, as summarized in Box 3.3. Thus,
whole length CK8/18 (among other hepatocyte-
specific proteins) circulates [122], and the inflam-
matory infiltrate that surrounds lipid-laden
hepatocytes in NASH contains polymorphonu-
clear leukocytes (neutrophils) as well as macro-
phages; these may be a response to lipid
peroxidation or to release of neutrophil chemo-
kines. Neutrophils release perforins and other
proteolytic enzymes that kill cells by necrosis
[123]. Finally, experiments in rodent livers show-
ing NASH have found increased expression of
RIP3 (a marker of necrosis) and MLKL (a marker
of necroptosis) [124].

3.14.4 Potential Role of Danger-
Associated Molecular Patterns
(DAMPs)

Release of HMGB1 in FC lipotoxicity experi-
ments is likely a response to oxidative stress or
necrosis [91], as has been documented in
ischemia-reperfusion injury [125]. HMGBI is an
archetypical DAMP that can activate cell death
on neighbouring hepatocytes by binding to
TLR4, and it also binds and activates TLR9 and
receptor for advanced glycation endproducts
(RAGE) [125, 126]. HMGBI1 antiserum reduced
cell death in FC-loaded hepatocytes, while hepa-
tocytes from Tlr4~~ mice, as well as those from
Jnkl1~~ animals, were refractory to FC lipotoxic-

ity [91] (Fig. 3.3). HMGBI1 also readily binds
TLR4 on Kupffer cells and macrophages, a pos-
sible pathway that links hepatocyte necrotic cell
death to inflammation in NASH [91]. Ganz and
colleagues found hepatic levels of HMGBI
increased during intake of a high fat high choles-
terol diet, when steatohepatitis was present at
8 weeks [127]. Consistent with the proposed role
of this DAMP in NASH pathogenesis, Li and col-
leagues documented HMGBI1 release and TLR4
involvement in feed-forward hepatocyte injury
during the early stages of NAFLD caused by
intake of a high fat, 2% cholesterol diet [128].

3.14.5 Sterile Inflammation in NASH

While hepatocytes may generate inflammation in
NASH by release of DAMPs that signal through
pattern recognition receptors [91, 127], inflam-
mation can kill hepatocytes. In alcoholic hepati-
tis, the origins of liver inflammation appear to be
the gut microbiota [129]. Thus, excessive alcohol
compromises intestinal permeability, with resul-
tant absorption of bacterial pathogen-activated
molecular patterns (PAMPs) such as endotoxin
(lipopolysaccharide). These interact with TLR4
and possibly other TLRs, while bacterial CpG
DNA ligands TLR9Y to activate NF-kB. We have

Box 3.3: Evidence that Hepatocyte Necrosis
or Necroptosis Occur in NASH.

1. Serum ALT increases.

2. CK&/18 circulates.

3. Neutrophils are present.

4. RIP3 and MLKL expression increase.

reviewed the evidence that NF-kB is an essential
pro-inflammatory “trigger” in NASH [8]. Its acti-
vation results in production and release of che-
mokines and cytokines that promote a cellular
inflammatory response. Normal hepatocytes are
not killed by TNF-a. However, under certain con-
ditions, including FC loading of mitochondria
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Fig.3.4 Inflammasomes
are intracellular pattern
recognition receptors
that require a “double
trigger” to be assembled.
Abbreviations: ASC
apoptosis-associated
speck-like protein
containing a card, HSC
hepatic stellate cell, /L] #4
interleukin 1, LPS
lipopolysaccharide,
MYDS8S8 myeloid
differentiation primary
response gene 88, NF-kB
nuclear factor kappa-
light-chain-enhancer of
activated B cells, NLRP3
NOD-like receptor
protein 3, ROS reactive
oxygen species, TLR
toll-like receptor, TNF
tumour necrosis factor
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and glutathione (GSH) depletion caused by oxi-
dative stress, TNF-a can activate hepatocyte
apoptosis via caspase 8-mediated death signaling
[130]. The evidence that the gut microbiome
could play a role in NASH pathogenesis is
reviewed in Chaps. 8 and 9.

3.14.6 Role of the NLRP3
Inflammasome

Inflammasomes are intracellular pattern recogni-
tion receptors that require a “double trigger” to
be assembled (Fig. 3.4). The first signal is
MYDS88 mediated, and leads to NF-kB-mediated

free
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cholesterol
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inflammasome

inflammation
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induction of inflammasome components such as
NLRP3, pro-caspase 1 and pro-IL-1p. Upon
exposure to a second signal, NLRP3 recruits
apoptosis-associated speck-like protein contain-
ing CARD (ASC) as the scaffold for dimerization
of pro-caspase 1, converting it to its active
enzyme. Caspase | then cleaves pro-IL-1p and
pro-IL18 to form the active cytokines. Secreted
IL18 attracts and activates macrophages. IL-1f
indirectly attracts and then activates neutrophils;
it also has direct effects on fibrosis by activating
stellate cells.

The MYD88-signaling molecules that could
provide a signal I in NASH include RAGE,
TLR2, TLR4, TLRY, oxidative stress, and, more
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controversially, saturated FFAs such as palmitic
acid [131]. Signal 2 can be provided by foreign
particulate matter, uric acid crystals (gout) [132],
and cholesterol crystals (as in atheroma) [133]. In
the presence of a second signal, increased NLRP3
(expressed in hepatocytes as well as kupffer cells)
is activated to generate cellular inflammation with
macrophages and neutrophils. NLRP3 inflamma-
some activation also causes pyroptosis, a form of
cell death exhibiting features both of apoptosis
(DNA fission into ~200 kDa oligonucleotide “lad-
ders”) and necrosis (plasma membrane pores).
Like necrosis and necroptosis, pyroptosis allows
leakage of intracellular contents through such
pores to promote inflammation.

Mice defective in inflammasome components
(NLRP3, CARD, caspase 1) are protected from
MCD steatohepatitis and high fat diet-induced
NAFLD. The identification of cholesterol crys-
tals in human NASH and two animal models pro-
vides a rationale for NLRP3 activation in the
relevant metabolic context [79, 87]. In mice fed a
high fat and cholesterol added diet, the number of
cholesterol crystals increased from 0.5% choles-
terol in the diet, while severity of steatohepatitis
and resultant liver fibrosis was proportional to the
number of crystals [87] (Fig. 3.1). Conversely, in
foz/foz mice, the number of cholesterol crystals
remaining in livers after treatment with
cholesterol-lowering agents correlated with the
number of residual F4/80 positive macrophages,
neutrophils and extent of liver fibrosis [79]. In
both models, active caspase 1 and NLRP3 co-
located with cholesterol crystals, and such
expression was no longer present when crystals
were dissolved as the result of cholesterol-
lowering therapy.

If cholesterol crystal-related NLRP3 inflam-
masome activation is central to the pathogenesis
of NASH, NLRP3 inhibitors might provide a new
therapeutic opportunity [134], as shown by Szabo
and colleagues for the IL-1P receptor inhibitor,
anakinra, in alcohol-related fatty liver disease
[135]. We used the small molecule NLRP3 inhib-
itor, MCC950 [134], to test this proposal in ath-
erogenic diet-fed foz/foz mice with NASH. We
showed that NLRP3 blockade abolishes liver
inflammation during development of NASH,

with beneficial effects on liver fibrogenesis [136].
Outstanding challenges are to develop NLRP3
inhibitors that can be administered safely to
humans with NASH, and to show that they
reverse established NASH and fibrosis, as well as
arrest its development.

3.14.7 Other Pattern Recognition
Receptors

TLR4 is upregulated in human as well as experi-
mental forms of NAFLD [124, 137]. Its likely
importance for NASH is reviewed elsewhere
[138, 139]. A pro-inflammatory role has also
been suggested for TLR3 [131, 138], but there do
not appear to be data indicating its upregulation
in human NASH. We have recently reported that
TLRO is upregulated in human NASH compared
to livers showing simple steatosis [124]. Unlike
TLRs 2 and 4, which are located on the cell sur-
face, TLRO is present in the endosome of macro-
phages and, to a lesser extent hepatocytes [124].
In rodents, TLRY appears to govern M1 activa-
tion of macrophages, but its role on human mac-
rophages is less clear. Mice deficient in TLR9 are
protected from the milder forms of fatty liver dis-
ease generated by a high fat diet [97, 124], and
also from CDAA-induced steatohepatitis [32].
Neither is associated with obesity, and it is
entirely possible that this apparent protection is
because TIr9~~ mice are smaller in body weight
(Iess over-nourished). We crossed TIr9~~ with
foz/foz mice. The resultant obese diabetic mice
lacking TLR9 appeared minimally protected
against NASH [124]; most critically, resultant
liver fibrosis was the same in TLR9-deficient and
intact obese animals (Fig. 3.5).

RAGE is another NF-kB-mobilising receptor
of potential relevance to signal I for NLRP3 acti-
vation. RAGE signals in response to ligation by
advanced glycosylation end-products (AGE) that
circulate in diabetes and have been linked to dia-
betic complications. AGE is also found in some
charcoal grilled food products. Upregulation of
RAGE has been demonstrated in a murine dietary
model of NAFLD; its deletion protected mice
from exacerbation by a high AGE-containing
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Fig. 3.5 Hepatic Sirius red-positive areas for fibrosis did not change with TLR9 deletion in appetite-defective (hyper-
phagic) foz/foz mice or wildtype (Wr) littermates fed an atherogenic diet (23% fat, 0.2% cholesterol)

diet, but not from NASH caused by a HF/HC diet
in the absence of AGE [140, 141].

3.14.8 Liver Inflammatory
Phenotype

In steatohepatitis, the lobular mixed cell inflam-
matory infiltrate is comprised of activated (M1)
macrophages, lymphocytes and neutrophils. In
NASH, macrophages aggregate around ballooned
or fat-laden hepatocytes in what are referred to as
crown-like structures (CLSs). The same macro-
phage foci are found in inflamed adipose with
type 2 diabetes and metabolic obesity [142, 143].
In NASH, their localization around injured hepa-
tocytes infers signals expressed by or released
from those cells are important for their recruit-
ment. Within CLSs, cells exhibit markers of pro-
inflammatory (M1) macrophages. Tracking

studies suggest most of the expansion in numbers
of activated macrophages in NASH is from bone
marrow-derived monocytes, and a smaller pro-
portion are derived from resident macrophages
(Kupffer cells) [144]. Macrophage chemokines
from both the CCL2 and CCLS5 families are pro-
duced by fatty livers [145]. Such chemokines
play an important role in macrophage recruit-
ment and activation in NASH. A CCR2/5 antago-
nist has recently been shown to improve liver
fibrosis in human NASH [146], although it failed
to impact NASH pathology.

Among candidate sentinel cell populations
responsible for sensing DAMPs in fatty liver
injury, Kupffer cells and dendritic cells appear
most likely involved. In an experimental system
of acute sterile inflammation, CD11b positive
cells (likely macrophages) were essential for
detection of danger signals [11, 147].
Lymphocytes are among the less well-
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characterized inflammatory cells that accumulate
in NASH livers. In a choline-deficient high fat
diet murine model which exhibited insulin resis-
tance and NASH, activated intrahepatic CD8 T
cells, natural killer T (NKT) cells and inflamma-
tory cytokines were detected [148]. The authors
proposed that CD8 T cells and NKT cells but not
myeloid cells promote development of NASH by
interactions with hepatocytes (inflammation
causes liver injury). In a different murine model
(high fat high carbohydrate diet), NKT cells and
CD8 T cells were also both required for signifi-
cant liver injury and hepatic infiltration with
macrophages [149].

Neutrophils are a neglected feature of NASH
inflammation. By release of reactive oxygen spe-
cies (ROS) and growth factors, they could aug-
ment the effect of M1 macrophages in activating
stellate cells to promote fibrosis. The mechanisms
that promote neutrophil recruitment and retention
in NASH are poorly understood [11, 150]. In
acute forms of sterile liver inflammation, such as
thermal injury, ATP-induced activation of the
P2X7 receptor and the NLRP3 inflammasome are
involved (discussed in Kubes and Mehal [11]). In
the LDLR™~ model, neutrophil-derived myelo-
peroxidase contributed importantly to the inflam-
matory phenotype of fatty liver disease [151].

3.15 Does Inflammation Arise
from Other Tissues or
from the Liver Itself?

With overnutrition, the essential precondition for
NASH, adipose depots are the primary site for
energy storage in the body. Adipose stores energy
in the form of TG, but is unable to store choles-
terol efficiently. By taking up and storing excess
glucose and FFAs, adipose counters the poten-
tially toxic effects of these circulating nutrients.
The tissue response to chronic energy surplus
include adipocyte hypertrophy and hyperplasia.
However, there is a limit for adipocyte enlarge-
ment, adipose expansion and lipid storage
(Haczeyni F review in progress). In metabolic
obesity associated with NASH, hypertrophic adi-
pocytes exhibit stress signals and start degenerat-
ing [152]. The cellular mechanisms of such

degeneration and death of stressed adipocytes
exhibit similarities to those seen in lipotoxic
hepatocytes, as discussed earlier. Further, the
consequences of emission of stress signals and
cell degeneration/death of lipotoxic adipocytes
and hepatocytes are similar, inflammatory
recruitment [142]. Thus, both lipid-engorged adi-
pocytes and hepatocytes attract a group of
classically-activated, pro-inflammatory macro-
phages to form CLSs, as discussed earlier for liv-
ers with NASH [58, 79] (Fig. 3.6). The properties
of macrophage CLSs around degenerating adipo-
cytes or hepatocytes are also similar. The pres-
ence of adipose inflammation, and the loss of
highly differentiated adipocyte functions, such as
secretion of the insulin-sensitizing adipokine,
adiponectin, contribute to the development of
adipose insulin resistance in NAFLD [153]. A
recent human study found that NAFLD patients
with raised serum ALT had more severe adipose
insulin resistance, lower serum adiponectin and
higher hepatic TG levels than those with normal
ALT levels, although there was no correlation
with the histological indices of NASH [51]. In
mice fed HFD 16 weeks, both hepatic and adi-
pose insulin resistance developed with adipose
but not liver inflammation [154]. Early (but not
late) depletion of Kupffer cells attenuated adipos-
ity and adipose inflammation and insulin resis-
tance. These kind of data indicate links between
liver and adipose responses to overnutrition in
terms of insulin resistance and inflammation,
now termed “metaflammation”, but it seems
likely that pro-inflammatory pathways operate in
each tissue separately rather than simply “spill-
ing over” from adipose to liver [153, 155]. This
proposal is supported by our recent observations
of separate effects of obeticholic acid on adipose
morphometry and inflammation in relation to
hepatic steatosis and inflammation in different
models of NAFLD and NASH [156].

3.16 Therapeutic Relevance
and New Directions

Over the last 20 years, the Holy Grail of research
into NASH pathogenesis has been to find a criti-
cal juncture at which the pathology and clinical
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Fig.3.6 F4/80 positive macrophages in liver and adipose
tissue of appetite-defective foz/foz mice fed an athero-
genic diet (23% fat, 0.2% cholesterol). In both tissues,
pro-inflammatory macrophages aggregate around injured

course of NASH separate from simple steatosis,
the more benign and more common NAFLD phe-
notype. The rationale is to design mechanism-
based and effective drug treatment for NASH
because currently there is none. Correction of the
metabolic preconditions for NASH, obesity,
insulin resistance and metabolic syndrome, does
reverse NASH, but the non-pharmacological
approaches required for success (lifestyle inter-
vention with 10% reduction in body weight [24];
bariatric surgery [157]) are often not accessed,
not achieved or not sustained. To date, empirical
approaches or drugs aimed at lipid partitioning
are either not effective (metformin) or marginally
so (thiazolidinediones) [158]. Similar comments
apply to antioxidants (vitamin E), TNF-a release
inhibitors  (pentoxifylline), FXR  agonists
(obeticholic acid) and ER stress blockade (urso-
deoxycholic acid) [89]. The literature on individ-
ual cholesterol-lowering agents has been
reviewed [88-90], and is no longer encouraging,
but use of combination statin plus ezetimibe does
not appear to have been studied in NASH. Recent
evidence of the synergistic effect for lowering
cardiovascular risk [159], the impressive results
of animal studies [57], and recent discovery of
cholesterol crystals in NASH [79] indicates that
this is a logical approach to NASH therapy wor-
thy of clinical trial.

hepatocytes and adipocytes in what we termed “‘crown-
like structures”, as a feature of NASH and metabolic
obesity

While it remains possible that the inflamma-
tion found in NASH originates from outside the
liver [23], in inflamed adipose tissue or is pro-
voked by PAMPs generated by the gut microbiota
through a “leaky gut” (Chaps. 8 and 9), the
authors’ view is that we need look no further than
the processes involved with hepatocyte lipotoxic-
ity. If this is the case, preventing accumulation of
lipotoxic lipids (like FC) is the logical approach
to prevent NASH or to reverse its earliest stages.
Unless there is substantial weight reduction, the
outcome is likely to be simple steatosis, not a
non-fatty liver. We are not convinced that LIGHT
from NKT cells [148], or IL-1p [32] are respon-
sible for clinically relevant lipid accumulation in
overnourished individuals with NASH (inflam-
mation begets steatosis) [23, 136]. If this is the
case, continued use of 2 points improvement of
the NAS as the endpoint of NASH drug trials, as
recommended by American Association for Liver
Disease (AASLD) and mandated by the Federal
Drug Authority (FDA) may be inappropriate
because 3 of the 7 possible points are allocated to
steatosis. Resolution of NASH, preferably with
reversal of fibrosis, is more relevant [160].

The sequence of molecular signalling and
subcellular injury by which lipotoxicity injures
hepatocytes in NASH now presents a more logi-
cal “palette” of potential therapeutic opportuni-
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ties than does the global issue of hepatic lipid
partitioning, though it remains possible that
newer approaches to improve glycemic control in
type 2 diabetes with incretin-based therapies, and
agents that improve muscle and adipose insulin
sensitivity (PPAR-o/d [161] or PPAR-9 agonists
[162]) could be useful. JNK inhibitors, mito-
chondrial protectants, antiHMGBI1 strategies,
TLR4 blockade and NLRP3 inhibitors are all
worth exploring. The most appropriate models in
which to test such agents are animals with NASH
that is attributable to metabolic syndrome.
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Chemokines and Chemokine
Receptors in the Development

of NAFLD

Yoon-Seok Roh and Ekihiro Seki

Abstract

Chemokines are chemo-attractants for leuko-
cyte trafficking, growth, and activation in
injured and inflammatory tissues. The chemo-
kine system is comprised of 50 chemokine
ligands and 20 cognate chemokine receptors.
In the context of liver diseases, leukocytes,
hepatocytes, hepatic stellate cells, endothelial
cells, and vascular smooth muscle cells are
capable of producing chemokines. Chemokine
receptors are typically expressed in various
leukocyte subsets. Given that inflammation is
a critical factor for the transition from simple
steatosis to non-alcoholic steatohepatitis
(NASH), and fibrosis, the chemokine system
may play a prominent role in the pathogenesis
of non-alcoholic fatty liver disease (NAFLD).
Indeed, accumulating evidence shows ele-
vated expression of chemokines and their
receptors in the livers of obese patients with
advanced steatosis and NASH. This chapter
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will discuss the underlying molecular mecha-
nisms and the therapeutic potential of the che-
mokine systems in the pathogenesis of
NAFLD. Among chemokines, we will high-
light CCL2, CCLS5, CXCL8-10, CX3CLI, and
CXCLI16 as pivotal mediators in the develop-
ment of steatosis, NASH, and fibrosis.

Keywords
Chemokines - Chemokine receptors - NAFLD
- NASH - Fibrosis

4.1 Chemokines and NAFLD

Chemokines are chemotactic cytokines which are
small heparin-binding proteins. They act as
chemo-attractants for leukocyte trafficking,
growth, and activation in inflammatory sites [1,
2]. Approximately 50 chemokines were identi-
fied and classified into four subfamilies (C, CC,
CXC and CX3C) based on the arrangement of the
N-terminal conserved cysteine residues. Twenty
cognate chemokine receptors have been identi-
fied as relevant in the context of liver diseases
(Table 4.1) [3]. Various cell types, including leu-
kocytes, hepatocytes, hepatic stellate cells, liver
sinusoidal endothelial cells, and vascular smooth
muscle cells, can produce chemokines [4].
Chemokine receptors are typically expressed in
various leukocyte subsets and immune cells.
Chemokine receptors are seven transmembrane
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Table 4.1 Important chemokine and chemokine receptor pathways in NAFLD

Alternative Cellular source of Chemokine Overall effect

Chemokine name chemokine receptor Target cell in NAFLD

CCL2 MCP-1 Hepatocytes, Kupffer CCR2 Monocytes/ Promition
cells, HSCs macrophages, HSCs

CCL5 RANTES HSCs, macrophages, CCR1,CCRS5 |NK, Thl, CD8 T, Promotion
hepatocytes, platelets HSCs

CXCL8 IL-8 Hepatocytes, CXCRI, Neutrophils, Promotion
macrophages CXCR2 monocyte

CXCL9 MIG Hepatocytes, LSECs, CXCR3 NK, Thl, Th17 Promotion
HSCs/MFs

CXCL10 IP-10 Hepatocytes, LSECs, CXCR3 NK, Thl, Th17, Promotion
HSCs/MFs HSCs

CX3CL1 Fracktalkine | Hepatocytes, HSCs/MFs, | CX3CR1 Monocytes/ Controversial
LSECs macrophages

CXCL16 LSECs, Kupffer cells CXCR6 NKT cells Promotion

HSC hepatic stellate cell, LSEC liver sinusoidal endothelial cell, MF myofibroblast

G-protein coupled receptors. Upon binding of
chemokines to the corresponding chemokine
receptors, the downstream intracellular cascades,
such as phosphatidylinositol 3-kinase, small Rho
guanosine triphosphatase, and cellular calcium
influx pathways, are activated, which increases in
the avidity of leukocyte integrins that promote
leukocyte’s interactions with adhesion molecules
expressed on sinusoidal endothelial cells, such as
intercellular adhesion molecules (ICAMs) and
vascular cell adhesion molecules (VCAMs),
thereby enabling leukocyte adhesion and subse-
quent extravasation [5]. Secreted chemokines
require an interaction with glycosaminoglycans
(GAGs) which are bound to the extracellular
matrix and endothelial surface. This interaction
locally immobilizes and retains chemokines, cre-
ating a concentration gradient that allows a coor-
dinated migration of leukocytes toward
inflammatory sites [6]. Infiltrated leukocytes pro-
duce inflammatory cytokines that further stimu-
late hepatic immune cells including liver resident
macrophages and recruited circulating mono-
cytes, hepatic stellate cells, and hepatocytes,
which enhances liver inflammation (Fig. 4.1).
Enhanced liver inflammation contributes to the
enhancement of hepatocyte lipid accumulation, the
transition from simple steatosis to non-alcoholic
steatohepatitis (NASH), and the progression

from steatohepatitis to fibrosis. Chemokine sys-
tems not only act as chemo-attractants, but also
have potential to directly stimulate hepatocytes
and hepatic stellate cells to enhance their biologi-
cal activities, such as lipid accumulation and col-
lagen production, respectively. An Accumulation
of data has shown evidence of elevated expres-
sion of chemokines and their receptors in the liv-
ers of obese patients with advanced steatosis and
NASH [7]. Inflammation plays a critical role in
the progression of non-alcoholic fatty liver dis-
ease (NAFLD). Thus, the chemokine systems
may play various prominent roles in the patho-
genesis of NAFLD [8].

Obesity or western-style diets lead to insulin
resistance, adipokine imbalance, and mobiliza-
tion of lipotoxic free fatty acids to the liver. In the
context of liver, fat accumulation contributes to
activation of Kupffer cells, which together with
hepatocytes and hepatic stellate cells (HSCs)
amplify inflammation via production of various
chemokines (CCL2, CCL5, CXCL1, CXCL2,
CXCL8, CXCL9, and CXCLI10), and recruit-
ment of immune cells (monocytes, activated T
cells, NKT cells, neutrophils) into the liver.
Chemokines have also been directly implicated
in the further accumulation of lipids within
hepatocytes and collagen deposition by activated
HSCs.
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Fig. 4.1 Chemokines in the pathogenesis of nonalcoholic fatty liver disease

42 CCL2 (MCP-1)-CCR2

CCL2, also known as Monocyte Chemotactic
Protein-1 (MCP-1), is a potent chemoattractant
secreted by macrophages, endothelial cells,
hepatic stellate cells, and vascular smooth muscle
cells in response to inflammatory stimulus, such
as interleukin (IL)-1PB, tumor necrosis factor
(TNF) a, and Toll-like receptor (TLR) ligands
(e.g. lipopolysaccharide [LPS]) [9—11]. In patho-
logical settings, hepatocyte CCL2 expression is
associated with hepatocyte lipid accumulation in
a diet-induced mouse NASH model [12]. In
NAFLD, the increases of free fatty acids and acti-
vation of TLRs contributes to CCL2 production
through NF-xB [13, 14]. In high-fat diet feed-
ing conditions, hepatic CCL2 is upregulated and
recruits a subset of myeloid cells, in turn promot-
ing NASH development [15]. Deletion of CCL2

suppresses steatosis and insulin resistance in a
diet-induced obese mouse model [16]. Since
CCL2 activates the target cells through binding to
its receptor CCR2 [17], CCR2 inactivation is
expected to show a similar liver phenotype as
with CCL2 inactivation. In mice, genetic deletion
or pharmacological inhibition of CCR2 has
shown the amelioration of inflammation and
fibrosis in NASH and insulin resistance by inhib-
iting the recruitment of CCR2 expressing bone
marrow-derived monocytes [14, 18, 19]. In early
NAFLD, CCL2 produced from Kupffer cells
(liver resident macrophages) is required for
recruiting Ly6C positive circulating bone
marrow-derived monocytes into the liver, which
promotes liver inflammation [14]. Not only do
macrophages/monocytes play a role on hepatic
stellate cell recruitment and activation through
inflammatory and fibrogenic cytokine production,
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but CCL2 and CCR2 also directly play a role in
hepatic stellate cell recruitment and activation
that promotes liver fibrosis [20-22]. In NASH
progression, adipose tissue macrophages also
play an important role. In obesity, macrophages
are infiltrated in adipose tissues, in which the
CCL2-CCR2 system plays a major role [15].
Infiltration and activation of adipose tissue mac-
rophages release inflammatory cytokines to the
systemic circulation, which contributes to liver
inflammation progression. In mice, the overex-
pression of CCL2 in adipose tissue promotes
hepatic triglyceride levels and insulin resistance
[16]. In human NASH livers, the upregulation of
CCL2 was observed [23]. Another study demon-
strated that CCL2 production is positively corre-
lated with hepatic fat content in NAFLD patients
[24]. These translational studies show additional
evidence of the importance of the contribution of
the CCL2/CCR2 pathway in the progression of
NASH.

4.3  CCL5(RANTES) - CCR1

and CCR5

CCLS is also associated with chronic inflamma-
tory diseases, such as NAFLD and liver fibrosis
[25]. CCLS is secreted by various cell types
including macrophages, hepatocytes, hepatic
stellate cells, and endothelial cells. Excessive
lipid accumulation in the liver induces CCL5
production [26]. CCLS5 is mainly involved in the
migration of T-cells, monocytes, neutrophils, and
dendritic cells through binding to its receptors
CCR1, CCR3, and CCRS5. The association of
CCLS5 with NAFLD has extensively been dis-
cussed in human and mouse studies. Hepatic
expression of CCLS5 is increased in a murine
model of NASH and in obese patients [27, 28]. It
should be noted that hepatocytes are a major
source of CCLS5 in NAFLD [26], suggesting that
hepatic lipid accumulation mediates CCL5
release. CCLS5 is required for the progression of
liver fibrosis through binding to CCR1 and CCR5
[29, 30]. CCRI is predominantly expressed in
liver macrophages while CCRS is expressed in
both liver macrophages and hepatic stellate cells.

However, these receptors have not been observed
in hepatocytes. In liver fibrosis, CCRS5 plays a
dominant role in hepatic stellate cells, but not in
liver macrophages, for their migration and activa-
tion by stimulating with CCL5 [29, 30]. CCR5
also plays a pivotal role in the recruitment of
MI-type macrophages and their M1 polarization
in adipose tissues, which contributes to insulin
resistance and subsequently promotes the devel-
opment of steatohepatitis [31]. These studies sug-
gest that CCL5/CCRS5-mediated signaling
contributes to the development of hepatic steato-
sis, inflammation, fibrosis, and insulin resistance
through monocyte/macrophage recruitment and
stellate cell activation.

44  CXCLS (IL-8), CXCL1,
and CXCL2 - CXCR1

and CXCR2

CXCLS is a CXC chemokine subfamily secreted
by inflammatory cells and endothelial cells, and
is also known as IL-8. IL-8 is currently identified
only in humans, but not in mice. It is suggested
that IL-8 homologues, CXCL1 and CXCL2, sub-
stitute the role of IL-8 in mice. These chemokines
mainly regulate neutrophil recruitment to inflam-
matory sites. The serum levels of CXCL8 were
significantly higher in NASH patients compared
to simple steatosis patients or healthy controls
[32]. Moreover, one study demonstrated that
serum levels of CXCLS8 were higher in subjects
with NAFLD as compared to obese and non-
obese patients [33]. Conversely, another study
also demonstrated no association between serum
CXCL8 and NAFLD [34]. More careful and
intensive investigations on the function of
CXCLS in the pathogenesis of human NAFLD
should be performed in the future. Since CXCL8
was cloned only in humans, the mechanistic anal-
ysis is limited. In contrast, the studies of its
receptor, CXCR2, that can be activated by its
alternative ligands CXCL1, CXCL2, and CXCL5
have been investigated in NAFLD mouse models.
In the NAFLD mouse model and in NAFLD
patients, circulating and hepatic levels of lipo-
calin-2 (LCN2), a glycoprotein, are increased.
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LCN2 mediates liver injury and inflammation
through neutrophil recruitment and CXCR2 in
NASH mouse models [35]. We have recently
demonstrated that hepatic CXCLI1 levels are
induced in a TLR4-MyD88-dependent manner
and that increased CXCLI is involved in hepatic
neutrophil infiltration, which promotes NASH
and liver fibrosis [36]. These studies demonstrate
the importance of CXCRI/CXCR2-mediated
neutrophil and macrophage recruitment in the
development of NAFLD.

CXCL9/MIG and CXCL10/
IP-10 - CXCR3

4.5

CXCL9 and CXCL10 bind to CXCR3 as a com-
mon receptor, which is highly expressed in mac-
rophages, activated T cells, memory T cells, and
natural killer cells [37]. CXCL9 and CXCL10
promote the recruitment of these cell types.
However, these chemokines are generally unde-
tectable in most non-lymphoid tissues under
physiological conditions. In pathologic condi-
tions, hepatic endothelial cells produce high lev-
els of CXCLY, leading to the migration of the
CXCR3-expressing lymphocytes [38]. Moreover,
the expression levels of CXCL9 were increased
in the livers of NASH patients and mouse NASH
models [39, 40]. CXCL10 is produced in macro-
phages, monocytes, hepatocytes, hepatic stellate
cells, and endothelial cells [41]. CXCL10 plays a
pivotal role in the pathogenesis of experimental
steatohepatitis through induction of inflamma-
tion, oxidative stress, and lipogenesis [42]. A
recent study reported that extracellular vesicles
(EVs) released from lipid-accumulated hepato-
cytes contain CXCL10 that plays a central role in
macrophage recruitment in NAFLD. The produc-
tion of EVs containing CXCL10 is mediated by
MLK3 in hepatocytes [43]. This study provided
new evidence that EVs act as vehicles for deliver-
ing chemokines as cargos to target organs and
cells. Consistently, CXCL10 has been proposed
as a potential therapeutic target for the treatment
of NASH, progressive liver injury, insulin resis-
tance, and incident diabetes [41, 44].

4.6 CX3CL1/
Fractalkine - CX3CR1
CX3CL1, also known as Fractalkine, is a

membrane-bound type of chemokine. CX3CLI1
is involved in cell recruitment and cell survival
through binding to CX3-chemokine receptor 1
(CX3CR1)[45]. In addition, CX3CR1-expressing
monocytes circulate in the steady state and dif-
ferentiate into alternatively activated macro-
phages [46]. In the liver, CX3CL1 is produced in
Kupffer cells/macrophages and hepatic stellate
cells [47]. The responsible receptor CX3CRI1 is
mainly expressed in Kupffer cells/macrophages.
The CX3CL1-CX3CRI interaction induces liver
macrophage apoptosis and alternatively acquires
anti-inflammatory properties of Kupffer cells/
macrophages, which contribute to the negative
regulation of liver inflammation and fibrosis [47,
48]. However, the role of CX3CL1/CX3CRI sig-
naling in NAFLD is still controversial. In an
experimental mouse model, CX3CR1 has been
reported to protect from excessive hepatic steato-
sis and inflammation, as well as systemic glucose
intolerance  through maintaining intestinal
homeostasis [49]. Moreover, decreased CX3CL1/
CX3CRI1 pathway has been suggested to be a
mechanism underlying 8 cell dysfunction in type
2 diabetes [50]. Conversely, CX3CR1+ moDCs
(monocyte-derived inflammatory dendritic cells)
have a pathologic role in the progression of
NASH. The underlying mechanism that the study
demonstrated is that the worsening of parenchy-
mal injury was driven by an elevation in hepatic
and circulating TNFa levels [51]. This discrep-
ancy might be explained by the different roles of
the CX3CL1/CXC3CRI axis in different cell

types.

4.7 CXCL16 - CXCR6

Previous studies demonstrated that the chemo-
kine receptor, CXCR6, and its cognate ligand,
CXCLI16, control the patrolling of natural killer
T (NKT) cells in liver sinusoids to maintain liver
homeostasis [52]. In humans, higher CXCR6+ T
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cells have been detected in the blood of patients
with hepatitis C virus infection compared to
healthy controls [53]. CXCL16 is expressed in
hepatocytes and bile duct epithelial cells of
patients with liver disease [53], as well as in
murine liver sinusoidal endothelial cells [52].
CXCR6 promotes the infiltration of hepatic NKT
cells and inflammatory macrophages, thereby
promoting liver inflammation in experimental
NAFLD [54, 55]. Indeed, CXCR6 gene expres-
sion was positively correlated with the inflamma-
tory activity and ALT levels in patients with
NAFLD [55] and injured hepatocytes had
increased expression of CXCLI16, a ligand of
CXCR6, suggesting that the CXCL16-CXCR6
interaction plays a role in the pathogenesis of
NAFLD [55].

Chemokines and Chemokine
Receptors As Therapeutic
Targets for the Treatment

of NAFLD

4.8

It has been shown that pharmaceutical inhibition
of CCR2 prevents the infiltration of the CCR2-
expressing Ly6C-positive monocytes, resulting
in an inhibition of NASH-mediated liver inflam-
mation and fibrosis [14]. Consistently, pharmaco-
logical blockade of CCL2/CCR2 signaling in
several mouse models of metabolic diseases
significantly improved steatosis, inflammation,
obesity, and insulin resistance [18, 19, 56, 57].
Furthermore, the inhibition of glutaminyl
cyclases, an enzyme responsible for the matura-
tion of cytokines to the active form, alleviates
CCL2-mediated liver inflammation in an experi-
mental model of NAFLD [58]. CCRS antagonist,
maraviroc, has been shown to be effective in the
amelioration of NAFLD, indicating that CCRS is
also a promising therapeutic target for patients
with NAFLD [59]. Of note, a CCR2/CCRS dual
antagonist, cenicriviroc, that was originally
developed for the treatment of HIV infection is
now in a phase 2 clinical trial for NASH-
associated liver fibrosis in adult subjects [60].
Since CCR2 and CCRS5 are important for the
infiltration of both myeloid cells and hepatic

stellate cell, we expect that this antagonist can
suppress NAFLD development through inhibit-
ing both inflammatory and fibrogenic pathways.
Another study showed that pharmacological inhi-
bition of CXCL16 reduced liver macrophage
infiltration and steatohepatitis in the NASH
mouse model [55]. Moreover, pharmacological
inhibition of MLK3 prevented CXCL10 enrich-
ment in hepatocyte-derived EVs and subse-
quently inhibited macrophage chemotaxis in the
pathogenesis of NAFLD [43]. Of note, two recent
studies suggest that B-cryptoxanthin protects and
reverses NASH in mice through inhibition of
lipid accumulation and lipid peroxidation by reg-
ulating the M1/M2 polarization of Kupffer cells
in the liver. The mechanism of action is partly
mediated through a downregulation of the CCL2/
CCR2 and CCL5/CCRS signaling [61, 62]. These
previous findings and ongoing clinical trials sug-
gest that targeting chemokines and chemokine
receptors on inflammatory cells and hepatic
stellate cells to control liver inflammation and
fibrogenic response might represent promising
therapeutic approaches for NAFLD and its
related fibrosis.

4.9 Perspectives

and Conclusions

Extensive in vitro and in vivo investigations con-
ducted over the past 20 years have elucidated the
pivotal roles played by the inflammation in the
pathogenesis of NAFLD and fibrosis. It is becom-
ing increasingly clear that chemokines and che-
mokine receptors play more important roles than
we expected in the NAFLD development. Several
chemokine systems may be integrally involved in
tissue- and organ-level inflammation caused by
interactions among liver, adipose tissue, and
macrophages as well as the subsequent
development of systemic insulin resistance and
metabolic disorders. However, much research
remains to be done to elucidate the pathophysiol-
ogy of NAFLD and to identify specific targets for
the treatment. Additionally, the involvement of
chemokines and their receptors in the pathogen-
esis of NAFLD is still only partially understood.
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Although the initial studies attempting therapeu-
tic strategies targeting the chemokine system
have been reported, further investigations of the
underlying molecular mechanisms of NAFLD in
which chemokine-chemokine receptor interac-
tions play a role are indeed required. Collectively,
all of the evidence supporting the mechanistic
link between the chemokine-chemokine receptor
system and NAFLD development provides
important information for developing new
options for the treatment of NAFLD, NASH, and
fibrosis. Additional preclinical studies as well as
clinical trials targeting chemokines and/or their
receptors will provide better understandings of
the underlying molecular mechanisms of chemo-
kine system-mediated hepatic inflammation and
the pathogenesis of NAFLD, which is crucial for
developing novel treatments.
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Abstract

Obesity increases death rates of all cancers
including non-alcoholic fatty liver disease
(NAFLD)-related hepatocellular carcinoma
(NAFLD-HCC). NAFLD is considered as
hepatic manifestation of metabolic syndrome
and is a multi-system disease. Recent prevalence
studies have intensively reported the association
of obesity, metabolic risk factors and HCC inci-
dence and mortality. Mechanistic studies sug-
gested that immune response, PI3K/AKT/
mTOR/PTEN pathway, mitochondrial dysfunc-
tion and genetic alterations are important media-
tors in the progression of NAFLD-HCC from
metabolic disorder. In this book chapter, we
attempt to collate current research on NAFLD-
HCC that lead to our understandings on how
metabolic disorders may intersect with cancer
development. We also discussed the prevention
options of NAFLD-HCC in view of obesity and
metabolic disorder. These studies have extended
our knowledge on the complicated mechanism
of NAFLD and HCC, and provided the preven-
tion options of NAFLD-HCC in patients with
obesity and metabolic diseases.
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5.1 Obesity and Metabolic

Syndrome

Metabolic disorders encompass obesity and type
2 diabetes. During the last few decades, the prev-
alence of overweight and obesity has increased
globally and dramatically. Overweight is defined
as increased body mass index (BMI) (25-29.9 kg/
m?) and waist circumference (94-101.9 c¢m in
men and 80-87.9 cm in women) with moderate
central fat accumulation [1]. Obese is defined as
high BMI (> = 30 kg/m?) and waist circumfer-
ence (>=102 cm in men and > =88 cm in women)
with high central fat accumulation and high risk
of co-morbidities [1]. Metabolic syndrome, as a
predicator of type 2 diabetes, is a series of disor-
ders including obesity, hyperlipidemia, diabetes,
and insulin resistance. The definition of meta-
bolic syndrome by International Diabetes
Federation metabolic syndrome is central obesity
(high waist circumference) plus two of the fea-
tures including raised triglyceride (>1.7 mmol/L),
reduced high density lipoprotein (HDL)-
cholesterol (<1.03 mmol/L in male and
<1.29 mmol/L in female), raised blood pressure
(Systolic > = 130 mmHg or Diastolic
> = 85 mmHg) and raised fasting glucose
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(=5.6 mmol/L) [2]. High triglyceride levels and
low HDL-cholesterol levels are key factors for
metabolic syndrome and could increase the levels
of low density lipoprotein (LDL)-cholesterol.
High blood pressure can be caused by insulin
resistance through insulin-mediated renal tubular
reabsorption of sodium and high catecholamine
activity [1]. Raised fasting glucose can be
induced by unresponsiveness to insulin due to
changes in receptor binding. Among these param-
eters, insulin resistance is the main feature for
metabolic syndrome and central obesity is the
main cause of insulin resistance [3]. Accumulated
studies have suggested the close relationship
between obesity and metabolic syndrome through
inflammation, adipocyte dysfunction, microbi-
ota, and so on. However, one should be noted that
healthy obese phenotype also exists in 30% obese
subjects with low risk of cardiovascular diseases
[4]. On the other hand, non-obese individuals
could also have metabolic disorders [5].

5.2 NAFLD

Non-alcoholic fatty liver diseases (NAFLD) is a
spectrum of diseases including steatosis, non-
alcoholic steatohepatitis (NASH), cirrhosis and
hepatocellular carcinoma (HCC). NAFLD is
mainly due to over-nutrition and its complica-
tions, including obesity, insulin resistance, glu-

Fig. 5.1 The crosstalk
between obesity, type 2
diabetes and NAFLD.
Metabolic obesity
causes NAFLD. NAFLD
is both the cause and
consequence of obesity
and type 2 diabetes.
Obesity and NAFLD can
predispose to
hepatocellular
carcinoma
(NAFLD-HCC)

cose intolerance and metabolic syndrome [6]. On
the other hand, metabolic disorder can be induced
in NAFLD patients [7]. Therefore, NAFLD is
both the cause and consequence of metabolic
syndrome [7] (Fig. 5.1). Patients with obesity and
type 2 diabetes are recommended to screening
for NAFLD [6]. Although NAFLD is closely
related with obesity, it can also be developed in
non-obese individuals [8]. However, non-obese
NAFLD patients have less severe liver disease
compared with their counterparts with obesity
due to the lower NAFLD activity scores, fibrosis
stage and liver stiffness measurement [8, 9].

The gold standard for NAFLD assessment is
liver biopsy. However, it is an invasive method
that should only be performed in NAFLD patients
whose diagnosis is unclear, or there is a suspected
possibility of co-existing chronic liver diseases.
Non-invasive test of hepatic steatosis has been
widely used in clinical studies [6]. Controlled
attenuation parameter (CAP) can be used to diag-
nose steatosis. Moreover, magnetic resonance
imaging (MRI)-based assessment of steatosis is
highly reproducible and not affected by obesity.
Furthermore, liver fibrosis scores including
aspartate aminotransferase-to-platelet ratio index
(APRI), fibrosis-4 (FIB-4) score, NAFLD fibro-
sis score (NFS), and Forns score can be used to
predict the outcomes of NAFLD [10].

Normal

N
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5.3 HCCPrevalence s Closely
Correlated with Obesity

and Metabolic Factors

Obesity and diabetes are two major and indepen-
dent risk factors for NAFLD. NAFLD is consid-
ered to be hepatic manifestation of metabolic
syndrome and is a multi-system disease, affect-
ing organs besides of liver [11]. Obesity and
NAFLD can predispose to hepatocellular carci-
noma (NAFLD-HCC), which is more likely to be
poorly differentiated than HCC from other etiol-
ogies. Accumulating studies have reported that
obesity dramatically increases HCC risk [12] and
NAFLD has overcome hepatitis C virus (HCV)
as the main cause of HCC in the USA. Paris et al.
investigated the temporal trends, clinical patterns
and outcomes of NAFLD-HCC in 323 HCC
patients from 1995 to 2004. They stated that the
prevalence of NAFLD-HCC increased dramati-
cally over the past 20 years due to the high
NAFLD incidence [13]. Patients with NAFLD-
HCC have larger tumor size with invasive pheno-
type compared to HCC patients derived from
HCV infection [14]. The association of obesity,
metabolic risk factors and HCC incidence and
mortality were reported intensively recently. A
study involved 5373 male Taiwanese showed that
patients with three or more metabolic risk factors
had a higher risk of HCC [15]. Consistent with
this report, a follow-up study involved more than
34 million person-years in Swedish revealed that
obese and overweight men had increased risk of
future severe liver diseases, including
HCC. Metabolic disorder was related with a fur-
ther higher risk of severe liver disease [16]. A
meta-analysis involved 1,599,453 individuals
with 5705 HCC-related deaths showed the direct
correlation of obesity with HCC-related mortal-
ity [17]. However, in patients with advanced
HCC treated with Sorafenib, obesity and meta-
bolic syndrome were not associated with the
overall survival of HCC patients [18]. Although
recent studies showed that 50% of NAFLD-HCC
patients have liver cirrhosis [14], NAFLD-HCC
patients with non-cirrhotic liver are less likely to
be accompanied with obesity or metabolic syn-
drome [19]. NAFLD has more than fivefold risk

of having HCC in patients without HCC com-
pared to HCV patients.

Mechanism of Increased
NAFLD-HCC Risk by Obesity
and Metabolic Disorder

54

Multiple signaling pathways have been identified
to be involved in obesity-associated liver cancer.
The link between obesity, metabolic syndrome
and NAFLD-HCC are reviewed as follows
(Fig. 5.2):

Inflammation and Immune
Response

5.4.1

Obesity, metabolic disorder and NAFLD are all
inflammatory diseases. Obesity is linked to the
activation of inflammatory pathways of adipose
tissues. In genetic and dietary obese mouse mod-
els, the pro-inflammatory cytokines secreted by
the adipocytes and macrophages, including
tumor necrosis factor (TNF-a), interleukin (IL)-
1, IL-6, and monocyte chemoattractant protein-1
(MCP-1), are up-regulated in the adipose tissues
[20]. In obesity, macrophages and adipocytes in
the adipose tissues are interrelated. The secreted
cytokines by macrophages can damage adipo-
cyte insulin sensitivity, leading to metabolic dis-
orders [20]. On the other hand, the cytokines
produced by adipocytes in obese mice could
induce adipose macrophage polarization to M1
phenotype [20]. Lipid accumulation and inflam-
mation in the liver can cause NASH develop-
ment, thereby promoting HCC progression. In
obesity, increased TNF-a and IL-6 production
could cause hepatic inflammation, leading
to HCC development [21]. Gomes et al. reported
that obesity could lead to DNA damage in hepa-
tocytes, trigger Th17 infiltration, IL-17 produc-
tion and metabolic disorder-associated insulin
resistance, thereby promoting NASH and HCC
development [22]. IL-17 blockade could inhibit
insulin resistance and prevents NASH and HCC
development [22]. In addition, lipid accumula-
tion in obesity and NAFLD induces the loss of
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Fig. 5.2 Mechanism of increased NAFLD-HCC risk
by obesity and metabolic disorder. Obesity is linked to
the activation of inflammatory pathways of adipose tis-
sues through the crosstalk between macrophages and adi-

intrahepatic CD4+ T lymphocytes through reac-
tive oxygen species (ROS) production, promoting
HCC development [23]. Collectively, inflamma-
tion and immune response in obesity and meta-
bolic disorder promote cell proliferation and lead
to NAFLD-HCC progression.

5.4.2 PI3K/AKT/mTOR/PTEN
Pathway

Hyperinsulinemia in metabolic disorder could
induce the activation of phosphatidylinositol

pocytes. Inflammation, immune response, PI3K/AKT/
PTEN pathway, mitochondrial dysfunction and genetic
alterations are all involved in the progression of NAFLD-
HCC initiated by obesity and insulin resistance

3-kinase (PI3K). Hepatocyte specific overexpres-
sion of PI3K in mice leads to steatosis and tumor
formation with 94-100% hepatocyte-specific
PI3K transgenic mice developed to HCC at
52 weeks age [24]. Lipid accumulation can accel-
erate tumorigenesis by PI3K activation. Protein
kinase Akt is a key factor in glucose output by
hepatic insulin. PI3K/Akt deregulation has been
implicated in metabolic disorders and tumorigen-
esis in human [25]. Akt phosphorylation can
mediate mammalian target of rapamycin com-
plex 1 (mTORC1) activation. mTOR activation
plays an important role in obesity-induced insulin
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resistance as well as HCC in human and mice
[26]. One of the negative regulators of PI3K/Akt/
mTOR pathway and insulin signaling pathway is
PTEN 10 (phosphatase and tension homologue
deleted on chromosome 10). Mice with liver spe-
cific PTEN knockout showed NAFLD and insu-
lin hypersensitivity [27]. Further investigation
has indicated that PTEN is a crucial mediator of
lipogenesis, glucose metabolism, and tumorigen-
esis in the liver, suggesting PTEN is implicated in
the regulation of obesity, metabolic disorders and
HCC. 66% of hepatocyte-specific PTEN knock-
out mice could develop to spontaneous HCC at
74-78 weeks of age [28].

5.4.3 Mitochondrial Dysfunction

Mitochondria, which can generate ATP, play an
important role in metabolic process, including
oxidative phosphorylation and (-oxidation.
Mitochondrial dysfunction is defined as the
decreased oxidative phosphorylation, and the
reduced mitochondrial oxidation of substrates
[29]. In obesity, nutrient excess lead to mitochon-
drial dysfunction, thereby contribute to the
deregulated lipid and glucose metabolism [30].
Moreover, mitochondrial dysfunction has been
implicated in insulin resistance, although con-
founding results generated for the relationship of
mitochondria dysfunction and insulin resistance
[31]. Overall, mitochondrial dysfunction path-
ways contribute to the cancer progression through
inhibiting apoptosis, ROS production, impaired
mitochondrial oxidative phosphorylation and the
dysregulation of cancer cell metabolism [32].

5.4.4 GeneticAlteration

Genomic studies of HCC have revealed that gene
mutations are frequently present in different
chromatin regulators in HCC [33]. Using whole
exome sequencing of mice liver tissues from
genetic and dietary obese mice and wildtype lean
mice, our group has identified that Carboxyl ester
lipase (Cel) and 4933432B09Rik are recurrently
and specifically mutated in NAFLD-associated

HCC [34]. Cel is a gene related with lipid metab-
olism and helps other lipolytic enzymes to lipid
nutrients diegestion. Cel downregulation could
promote HCC cell proliferation through increas-
ing cholesterol level. Besides of Cel, the muta-
tion of Hras, which is a gene related with Gtase,
also plays a crucial role in NAFLD-HCC devel-
opment. O-GIcNAc transferase (OGT), which is
a unique glycosyltransferase involved in meta-
bolic reprogramming, has an oncogeneic role in
NAFLD-associated HCC by mediating palmitic
acid, endoplasmic reticulum (ER) stress, thereby
activating JNK and NF-kB pathway [35]. Histone
deacetylase HDACS, which can be upregulated
by the lipogenic factor SREBP-1, can promote
insulin resistance and NAFLD-HCC develop-
ment [36]. Together, these studies indicate that
genetic changes are involved in the link between
NAFLD-HCC and metabolic disorder.

Prevention for NAFLD-HCC
in View of Obesity
and Metabolic Disorder

5.5

Drugs to combat obesity and insulin resistance
could act as strategies against NAFLD and the
prevention of NAFLD-HCC. Lifestyle interven-
tion, insulin sensitizers, anti-inflammatory
agents, anti-fibrosis and chemopreventive agents
are approaches for NAFLD-HCC prevention.

5.5.1 Weight Loss and Physical

Activity

HCC is a disease tightly linked to lifestyle.
Lifestyle changes induced weight loss is related
with the improvement in NASH histology with
highest rate of NASH resolution in patients with
body weight losses more than 10% [37]. Fibrosis
can also be reversed in patients with more than
10% weight loss. Even without weight loss,
exercise could improve liver histology and meta-
bolic disorder. In a study included 139,056
Korean adults, prolonged sitting time and less
physical activity were shown to be positively
related with the prevalence of NAFLD [38].
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Currently, lifestyle intervention is still the gold
standard for reversal of NASH and improving
fibrosis.

Insulin resistance could also be ameliorated by
lifestyle interventions as shown by reduced
changes in plasma insulin and insulin-like growth
factor-I by physical activity [39]. A parallel group,
superiority, randomized controlled trial in Hong
Kong showed that a dietitian-led lifestyle modifi-
cation is effective in remission of NAFLD [40].
Study in rats has showed that physical activity
could decrease cancer incidence and cancer multi-
plicity, strengthening the role of physical activity
in cancer inhibition [39]. A randomized single-
blind trial showed that weight loss was related
with reduced inflammatory markers including
IL-6 and C-reactive protein (CRP) as well as insu-
lin resistance [41]. Although weight loss and phys-
ical activity could help to prevent NAFLD
development, only a few patients can reach and
maintain the necessary intervention targets [42].

5.5.2 Insulin Sensitisers

As the incidence of NAFLD-HCC is closely
associated with insulin resistance, anti-diabetic
drugs may help to reduce the risk of cancer [43].
A widely used anti-diabetic drug, metformin,
was reported to reduce cancer risk in patients
with type 2 diabetes. Diabetic patients treated
with metformin showed significantly reduced
cancer incidence compared with patients with
other treatments [44].

A randomized, double-blind, placebo-
controlled trial showed that long-term piogli-
tazone with diets improves NAS and reveres
NASH pathology in 58% patients with NASH
[45]. However, a study involved 19,349 diabetic
patients and 77,396 control subjects in Taiwan
indicated that metformin or thiazolidinediones
(PPAR-r agonists) treatment reduced HCC risks
with greater reduction in those taking metformin
than those taking thiazolidinediones (51% v.s.
44%) [43]. Another study showed that metformin
treatment in patients with diabetics decreased the
risk of HCC incidence to almost non-diabetic
levels in men [46].

Besides, Fibroblast growth factor 21 (FGF21)
agonists, which are anti-obesity and anti-diabetic
molecules that improve insulin sensitivity, are
novel approaches for NAFLD treatment [47].
The dual peroxisome proliferator-activated
receptor  alpha/delta  (PPAR-o/8) agonist,
GFT505, has been demonstrated liver-protective
effects on steatosis, inflammation, and fibrosis in
mouse models and is a promising liver-targeted
drug for treatment of NAFLD [48]. Another
PPAR-0/d agonists Elafibranor, which has been
indicated to improve insulin sensitivity, lipid
accumulation and inflammation, has entered
phase 3 clinical trial for NASH treatment.
Although the predefined end point was not met in
the intention to treat NASH patients, elafibranor
treatment for 1 year resolved NASH without
fibrosis worsening [49]. Interestingly, coffee
intake, which has inverse relationship with type 2
diabetes, is inversely associated with advanced
fibrosis among NAFLD patients with lower insu-
lin resistance [50].

5.6  Conclusion

NAFLD-HCC is always accompanied with obe-
sity and metabolic disorders, which are emerging
as amajor problem of public health. Inflammation,
immune response, PI3K/AKT/mTOR/PTEN
pathway, mitochondrial dysfunction and genetic
alterations are all involved in the progression of
NAFLD-HCC initiated by obesity and metabolic
disorders. Lifestyle intervention and insulin sen-
sitisers provide prevention options for NAFLD-
HCC. Further studies needed to get more
comprehensive mechanism and prevention strate-
gies for NAFLD-HCC.
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Abstract

Obesity has been implicated in the develop-
ment of hepatocellular carcinoma (HCC), one
of the most common malignancies worldwide
with an increasing incidence in the United
States. Obesity and associated metabolic dis-
orders such as type II diabetes and the meta-
bolic syndrome are key factors in the
development of nonalcoholic fatty liver dis-
ease (NAFLD) and promote several molecular
mechanisms that may contribute to hepatocar-
cinogenesis. The vast majority of HCC occur
in cirrhotic livers, but a subgroup of patients
may develop HCC in non-advanced
NAFLD. While the incidence rate for noncir-
rhotic HCC is low, the population-attributable
fraction is still significant due to the extraordi-
nary prevalence of obesity-associated liver
disease. This is a challenge since HCC sur-
veillance cannot be provided to the large pop-
ulation of non-advanced NAFLD in a
cost-efficient way and requires enhanced risk
stratification strategies. Recent advances may
offer new clinical, laboratory, and genetic bio-
markers and help us meet this important pub-
lic health need.
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6.1 Introduction
Obesity is recognized as a global epidemic and it
has become particularly prevalent in developed
countries such as the United States where every
third adult and every sixth child is affected [1].
Obesity is a complex disease with a multitude of
genetic and environmental factors implicated in
highly variable outcomes. The pathophysiologi-
cal changes associated with increased morbidity
and mortality in obesity primarily manifest
through the development of cardiovascular dis-
ease and type II diabetes, while the liver is almost
invariably affected in the form of nonalcoholic
fatty liver disease (NAFLD). The spectrum of
NAFLD ranges from liver fat accumulation (ste-
atosis) to nonalcoholic steatohepatitis (NASH)
featuring a combination of hepatocellular injury,
inflammation and fibrosis with a predisposition
to progress into end-stage liver disease [2].
Obesity has been implicated in the initiation
and progression of several malignancies, includ-
ing cancer of the breast, endometrium, esopha-
gus, colon, pancreas, kidney and gallbladder [3,
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4]. This association is exceptionally strong with
primary liver malignancies, mainly in the form of
hepatocellular carcinoma (HCC) [5]. This is per-
haps not surprising, since cirrhosis multiplies the
risk of hepatocarcinogenesis regardless of the
original cause of liver disease and advanced
NAFLD is no exception. It is quite worrisome,
however, that HCC may develop in obesity with-
out frank NAFLD cirrhosis. In fact, among all
etiologies linked to chronic liver disease, NAFLD
has been associated with the highest rates of non-
cirrhotic HCC [6, 7]. While a relatively rare
event, the specter of noncirrhotic HCC in obesity
raises several fundamental questions. What are
the major oncogene drivers in NAFLD-associated
HCC? Does obesity shift the risk toward develop-
ing pre-cirrhotic HCC in viral and alcoholic liver
disease? What are the best predictors of HCC in
non-advanced NAFLD? Can we define a cost-
efficient strategy of risk stratification for pre-
cirrhotic HCC in the obese population? In seeking
answers to these questions, three M’s of obesity-
associated HCC are reviewed here: magnitude
(disease burden), mechanisms (i.e., oncogene
drivers), and markers (risk predictors and early
features). Better understanding of these aspects
will hopefully improve current strategies of risk
stratification and surveillance for HCC in
NAFLD.

6.2 Magnitude: The Burden

of HCC in Obesity
6.2.1 Obesity and the Risk of HCC
Hepatocellular carcinoma has emerged as the
fifth and ninth most common malignancy and the
second and sixth leading cause of cancer death
worldwide in men and women, respectively [8].
Moreover, HCC is one of a few major malignan-
cies that are becoming increasingly common in
the US. Between 1975 and 2000, the age-adjusted
incidence of HCC has risen from 1.6 to 4.9 per
100,000 Americans [9]. These values have some-
what slowed with an incidence reaching around
6.7 per 100,000 in 2012 while it shows substan-
tial geographic differences and continues to

increase in subgroups such as men aged
55-64 years old and among Caucasians [10].
According to the American Cancer Society, an
estimated 42,220 new US cases of primary liver
cancer will be diagnosed in 2018, the vast major-
ity being HCC [11]. While chronic hepatitis C
remains the dominant cause of HCC among
Americans, the spread of obesity has been
increasingly implicated in this alarming trend
[12]. In fact, it has been predicted that liver dis-
ease linked to obesity, diabetes and the metabolic
syndrome may soon surpass HCV infection as
the primary etiology of HCC in the US and sev-
eral other industrialized societies [13].

There is substantial literature on the contribu-
tion of obesity to the development of HCC from
virtually all corners of the world [14]. In a pro-
spective cohort of 18,403 London-based govern-
ment employees, obesity was associated with a
3.76-fold relative risk for HCC [15]. The Cancer
Prevention Study II drawing conclusions from a
cohort of 900,000 adult Americans found that the
risk of dying from liver cancer was 4.5-fold
higher among men with a body mass index (BMI)
over 35 kg/m? relative to their lean counterparts
[16]. According to a meta-analysis of these 2 and
9 additional cohort studies, overweight and obe-
sity increased the risk of liver cancer by 17% and
89%, respectively, when compared to individuals
with normal weight [17]. Similar positive asso-
ciation was found between HCC and the meta-
bolic syndrome. A recent meta-analysis of 6
cohort studies found that men having various
components of the metabolic syndrome had a
relative risk of 1.43 for developing HCC and the
risk was comparable among women [18]. An
Italian case-control study of 185 HCC cases
reported an odds ratio of 1.92 for the metabolic
syndrome [19]. Moreover, metabolic syndrome
was associated with a twofold risk of HCC in the
general US population based on the US
Surveillance, Epidemiology and End Results
(SEER)-Medicare database reviewed between
1993 and 2005 [20]. When metabolic compo-
nents were analyzed separately, obesity remained
an independent risk factor of HCC [20]. There is
also strong association between type II diabetes
and the development of HCC. A large prospective
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cohort study conducted over a 10-year follow-up
period in which the risk of HCC was twofold in
diabetic vs. non-diabetic US veterans [21].
Subsequent meta-analyses reported pooled odds
ratios around 2.5 for the risk of HCC in diabetes
without concomitant viral hepatitis or alcoholic
liver disease [22, 23]. As expected by the stagger-
ing prevalence of obesity, diabetes and the meta-
bolic syndrome, repeated analyses of the
SEER-Medicare database confirmed that the
population-attributable fraction of metabolic
causes for HCC is the highest (32-37%) of all
etiologies [24, 25].

6.2.2 Emergence of HCC in NAFLD

When the role of obesity is explored in the devel-
opment of HCC, it must be noted that some
degree of NAFLD, often in the more advanced
form of steatohepatitis, is present in the majority
of these conditions (Fig. 6.1). Thus, several stud-
ies confirmed the presence of biopsy-proven
NASH in 16%-43% of obese patients [26-29].
The strong link between obesity and NAFLD is
corroborated by a recent meta-analysis encom-
passing 86 studies and more than 8.5 million

NAFLD

Metabolic

Obesi
5 yndrome

Type |l diabetes

Fig. 6.1 Metabolic disorders and NAFLD. NAFLD
mainly occurs at the intersection of obesity, diabetes, and
the metabolic syndrome. Multiple overlaps of these disor-
ders are associated with increasing NAFLD severity and
their identification and assessment may assist risk stratifi-
cation for the development of HCC

cases worldwide to determine long-term out-
comes of NAFLD, where obesity affected 51% of
individuals with all forms of NAFLD included
and it was present in 82% of patients with biopsy-
proven NASH [30]. Thus, the liver is almost
always affected by NAFLD and obesity-
associated HCC is very likely to develop in dis-
eased liver even when cirrhosis is not
established.

Based on a recent survey of the SEER registry,
the incidence of NAFLD-associated HCC has
grown by 9% each year between 2004 and 2009
[31]. NAFLD was linked to 59% of all HCC
cases without other apparent etiology identified
in a large US health care claims database [32].
Moreover, NAFLD was the single most common
cause accounting for 34.8% of all patients diag-
nosed with HCC in a recent study from
Northeastern England, indicating a whopping
tenfold increase in this association over a 10-year
period [33]. According to a review of the fre-
quency and proportion with which HCC patients
have been receiving liver transplant in the US,
combined share of HCC associated with NAFLD
and cryptogenic cirrhosis (in most cases presum-
ably representing end-stage NAFLD) among
recipients has increased fourfold between 2002
and 2012 [34].

Reports from many geographical areas indi-
cate that HCC relatively often develops in noncir-
rhotic NAFLD [6, 35]. Review of the medical
records from 1994 to 2013 at a university hospital
in Germany included 714 patients diagnosed
with HCC of which 14% occurred in noncirrhotic
livers [36]. In a nation-wide cohort of 1500
Americans diagnosed with HCC between 2005
and 2010, detailed chart review found no evi-
dence of cirrhosis in 32.7% of all cases [37]. A
Japanese cross-sectional study found that 28% of
patients had low-grade fibrosis (less than or equal
to F2) at the time of HCC diagnosis [38]. Analysis
of the US health care claims database cited above
found that 4406 cases of HCC were associated
with NAFLD but only 46% carried the ICD code
of cirrhosis, while cirrhosis was diagnosed in
78% of all cases with HCV-associated HCC [32].

Incidence estimates of HCC developing in
NAFLD greatly differ according to cohort
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selection and disease severity. In a US single
center study of 195 patients referred to liver
transplant with NAFLD cirrhosis, the annual
cumulative incidence of HCC was 2.6% com-
pared to 4.0% among those with HCV-related
cirrhosis in the same analysis [39]. Lower inci-
dence rates of HCC complicating NAFLD cir-
rhosis have been reported in other studies [40,
41]. The risk of HCC is substantially lower if
cirrhosis is not a prerequisite to patient selec-
tion. An international study of 247 patients
diagnosed with NAFLD and advanced fibrosis
(stage F3 or F4) reported a yearly cumulative
incidence of 0.34% for HCC (6 cases over an
average follow-up of 7.1 years) [42]. A large ret-
rospective study from Japan, analyzing data
from 6508 patients with NAFLD diagnosed by

Non-advanced NAFLD

Disease prevalence in
general population

Annual incidence
rates of HCC

Population attributable
fraction for HCC

Fig. 6.2 NAFLD and the burden of HCC Large-scale
follow-up studies indicate highly variable risk of HCC
depending on the severity of NAFLD, which correlates
with the degree of liver fibrosis. Advanced NAFLD (F3
stage fibrosis or established cirrhosis) is relatively rare
with high annual HCC incidence rates and a population-

ultrasonography and followed for a median
period of 5.6 years, found that the annual rate of
new HCC was only 0.043% in that cohort [43].
A similar incidence rate of HCC (0.063%) was
reported in another retrospective study from
Japan that followed 1600 patients aged 60 years
or older for 10 years with ultrasonographic evi-
dence of NAFLD [44]. These data have been
corroborated by a global meta-analysis that cal-
culated an annual incidence of 0.44 per 1000
person-years (95% CI: 0.29-0.66) for develop-
ing HCC among all-comers diagnosed with
NAFLD while this figure was 5.29 per 1000
person-years (95% CI: 0.75-37.56) in biopsy-
proven NASH [30]. Thus, a diminished yet con-
siderable risk remains present in non-advanced
stages of NAFLD (Fig. 6.2).

NAFLD cirrhosis
<1%
0.04-0.06% 0.5-2.6%
5-10%

attributable fraction of 15-20%. By contrast, non-
advanced NAFLD is extraordinarily prevalent with very
low HCC incidence rates and a non-negligible population-
attributable fraction of 5-10%, indicating the need for
improved risk stratification and cost-efficient surveillance
strategies
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6.2.3 NAFLD-Associated HCC
and Liver Comorbidities

Due to their extraordinarily high prevalence, obe-
sity and NAFLD frequently overlap with chronic
liver disease of other etiologies and may boost
the risk of HCC in these individuals. Concomitant
presence of alcoholic and nonalcoholic liver dis-
ease is particularly problematic as excess alcohol
consumption is often seen in geographical areas
where obesity is prevalent [45, 46]. In a large
prospective study from the UK, 48.4% of HCC
patients without known chronic liver disease and
51.4% of patient with alcoholic cirrhosis had at
least one major (diabetes or obesity) or two minor
(hypertension or dyslipidemia) metabolic risk
factors [47]. Studies indicate that people in gen-
eral are less concerned about drinking when
diagnosed with NAFLD compared to chronic
hepatitis C. This notion was supported by a mul-
ticenter Italian study in which the prevalence of
social drinkers (not exceeding 30 g alcohol/
day) was substantially higher among NAFLD
patients than among HCV patients (45.5% versus
8.6%) [48].

Multiple studies confirm the synergistic
effects of obesity and alcohol on the severity of
liver disease and the risk of HCC. While there is
some evidence that some aspects of NAFLD ben-
efit from moderate alcohol consumption [49], the
risk of NAFLD-associated HCC was reported to
be 3.6-fold higher among Americans who drink
small amounts of alcohol compared to teetotalers
[39]. Moreover, a retrospective analysis of
~20,000 liver explants in the US found that obe-
sity was an independent predictor of HCC in
patients with alcoholic cirrhosis [50]. In A French
cohort of 110 patients undergoing liver transplan-
tation for alcoholic cirrhosis, a sixfold higher risk
of HCC was linked to a history of overweight or
obesity, with an odds ratio further increasing to
9.1 if there also was a history of diabetes [51]. In
another French cohort of 771 patients with HCV
and alcoholic cirrhosis, simultaneous presence of
obesity and diabetes increased the risk of HCC to
sixfold [52]. A Swedish study of 616 HCC
patients found that the metabolic syndrome was
significantly more prevalent among patients with

alcoholic liver disease (34%) compared to those
with alcoholic liver disease and concomitant
HCYV infection (10%) or HCV infection alone
(13%) [53].

Obesity may also increase the risk of HCC in
chronic HBV and HCV infection. A Taiwanese
study following 23,820 subjects for 14 years
found a total of 291 HCC cases and reported that
obesity and central obesity increased the risk of
HCC by twofold and fourfold among HCV-
seropositive subjects, respectively [54]. A recent
analysis of 270 HB V-infected patients from Hong
Kong found that fatty liver (present in 39.6% of
the cohort) was associated with cirrhosis and
independently predicted HCC development with
a hazard ratio of 7.27 [55]. Plasma levels of vis-
fatin, an adipokine reflecting the size of visceral
fat depots, have been independently associated
with an increased risk of HCC (odds ratio = 1.17)
diagnosed in chronic HCV and HBV infection
[56].

6.3  Mechanisms: Pathogenesis
of Obesity-Associated HCC
6.3.1 Hepatocarcinogenesis

in Cirrhosis

Cirrhosis represents a fertile soil for oncogenesis
due to the repetitive cycles of liver cell death and
renewal [57, 58]. The unique microenvironment
of liver tissue remodeling may contribute to
diverse malfunction among molecular signaling
pathways regulating cell growth and prolifera-
tion, inflammation and redox balance in addition
to altering the expression of oncogenes and tumor
suppressors, interfering with epigenetic modifi-
ers and causing mutations that result in genomic
instability [S9-61]. The panoply of these func-
tional and structural defects in the cirrhotic liver
results in highly heterogeneous tumor pheno-
types, which explains HCC robustness, treatment
resistance and poor overall prognosis [59-61].
Biochemical and genomic analysis has allowed
the molecular classification of HCC into sub-
groups with different genetic signatures and clin-
ical outcomes to correlate with multifocality,



68

G. Baffy

therapeutic response and early or late recurrence
[62—64]. Emergence of HCC from the accumula-
tion of pathologic changes usually takes several
years through a dysplasia-carcinoma sequence
seen in other malignancies and may offer a win-
dow of early detection [57, 58].

6.3.2 Oncogene Pathways
in Noncirrhotic NAFLD

While obesity-associated oncogenesis likely acts
in synergy with molecular mechanisms emanat-
ing from the destructive/regenerative cycles of
cirrhosis, development of HCC in non-advanced
NAFLD cannot be attributed to this unique
microenvironment. Instead, the pathways pro-
moting HCC in noncirrhotic NAFLD may have
more in common with the pathogenesis of
obesity-associated malignancies seen in other tis-
sues [65—67]. The occurrence of HCC in a patient
with seemingly innocuous steatosis is a relatively
rare but highly alarming experience. To under-
stand the oncogenesis that may affect NAFLD at
any stage and to allow additional strategies for
risk stratification, prevention and early detection,
we must consider systemic and local mechanisms
unleashed by obesity [14, 35, 65].

Liver-specific and systemic insulin resistance
is an essential feature of obesity [3, 68].
Inflammation, oxidative injury, and direct lipo-
toxicity may impair insulin signaling and result
in insulin resistance with compensatory increase
in circulating insulin levels [68]. Importantly,
insulin resistance is selective and de novo lipo-
genesis in the liver remains responsive to exces-
sive doses of circulating insulin through the
action of lipogenic regulators such as steroid
response element binding protein (SREBP)-1c
and carbohydrate-responsive element-binding
protein (ChREBP)-B, liver X receptor o (LXRw),
peroxisome proliferator-activated receptor y
(PPARY), and adipocyte lipid-binding protein 2
(AP2) [69-72]. Sustained hyperinsulinemia also
stimulates the production of insulin-like growth
factor (IGF)-binding protein, leading to increased
bioavailability of liver-derived insulin-like

growth factor (IGF) 1 and 2 that may activate
additional oncogenic pathways [73—75]. The role
of increased insulin levels in hepatocarcinogene-
sis has been further implicated by studies in
which the risk of HCC was several fold higher
among diabetic patients taking insulin secreta-
gogues rather than improving peripheral insulin
sensitivity [76].

Lipotoxicity is a complex mechanism that
links obesity to hepatocarcinogenesis [65]. It has
been pointed out that ‘pure’ or ‘simple’ steatosis
is probably a misnomer as some degree of lobular
or portal inflammation is present when hepato-
cytes store lipids of abnormal sorts and amounts
[77]. Indeed, overloading of hepatocytes with
lipid molecules may generate sufficient pathol-
ogy that adversely affects the liver in a number of
ways [78]. Excessive lipid breakdown causes
mitochondrial dysfunction and oxidative stress,
toxic lipid derivatives impair the unfolded protein
response in the endoplasmic reticulum, interfere
with important homeostatic mechanisms of liver
cells such as autophagy and apoptosis, alter the
function of many transcription factors and cellu-
lar programs, and create a positive feedback loop
by suppressing insulin signaling [79-81].
Oxidative damage of DNA and deregulation of
gene transcription are major mechanisms by
which lipotoxicity may directly contribute to
HCC development in the steatotic liver [82—84].

Obesity is defined as excess accumulation of
fat due to chronically increased nutrient intake
and diminished physical exercise [85]. In
response to sustained nutrient excess, adipose tis-
sue expands in order to store surplus energy in
the form of lipids. This process involves an elab-
orate tissue remodeling with multiple cell-cell
interactions and recruitment of preadipocytes,
endothelial precursors, and macrophages, creat-
ing a microenvironment suitable for adipocyte
differentiation, connective tissue growth, and
angiogenesis [86, 87]. Obesity is accompanied
by low-grade, chronic inflammation as a result of
adipose tissue remodeling, which results in a pro-
foundly altered pattern of adipokine secretion by
adipocytes and recruited macrophages [88, 89].
The growing list of adipose-derived bioactive
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substances include leptin, adiponectin, resistin,
interleukin (IL)-1beta, IL-6, tumor necrosis
factor (TNF)-alpha, plasminogen activator inhib-
itor (PAI)-1, macrophage migration inhibitory
factor (MIF), matrix metalloproteinases (e.g.,
MMP2 and MMP9), vascular endothelial growth
factor (VEGF), hypoxia-inducible factor (HIF)-
alpha, and various CXC and CC chemokines [87,
90]. In addition, engorged adipocytes serve as a
major source of excess sex-steroid hormones
(estrogens, progesterone, and androgens) [16].

Adipose tissue remodeling, altered patterns of
adipokine secretion and release of pro-
inflammatory mediators in obesity provide addi-
tional mechanisms of activating potentially
oncogenic pathways in the liver [65]. Systemic,
low-grade inflammation is maintained under
these conditions with increased circulating levels
of leptin, a key adipokine with pro-inflammatory
and pro-fibrogenic effects facilitating develop-
ment of HCC [91, 92]. Diminished availability of
adiponectin, another adipokine opposing leptin
effects through its anti-inflammatory, antiangio-
genic and tumor growth-limiting properties, also
contributes to activation of oncogenic pathways
[93, 94]. Several additional adipokines have been
implicated in sustaining a pro-oncogenic envi-
ronment in the liver tissue and may foster the
development of HCC in obesity [95].

There is rapidly growing evidence that obesity
affects the composition of the gut microbiota and
these changes are related to the pathobiology of
NAFLD [96, 97]. Altered gut microbiota may
impair the epithelial barrier and cause transloca-
tion of intestinal bacteria into the portal circula-
tion, leading to the activation of inflammatory and
oncogenic pathways in the liver [98, 99]. A pro-
spective, cross-sectional study comparing gut
microbiota profiles of biopsy-proven NAFLD
patients found lower percentage of Bacteroidetes
in patients with NASH compared to steatosis and
healthy controls [100]. Recognition of the Gram-
negative bacterial cell wall component lipopoly-
saccharide (LPS) by Toll-like receptor 4 (TLR4)
is a key mechanism of this process and has also
been implicated in the activation of stellate cells,
providing a direct link between the gut microbiota

and liver fibrosis [101]. An intriguing link between
obesity, gut microbiota, and hepatocarcinogenesis
was illustrated by a recent paper in which the
growth of chemically induced liver tumors was
facilitated by high-fat diet and high serum levels
of deoxycholic acid, a secondary bile acid pro-
duced by the increasingly dominant intestinal
Clostridia under these experimental conditions
[102]. These and other findings identify the gut
microbiota as a key contributor to the risk of HCC
in NAFLD. The role of bile acids in the pathogen-
esis of NAFLD has received increased attention
since the recent introduction of obeticholic acid, a
synthetic ligand of the farnesoid X receptor
(FXR), which limits the conversion of cholesterol
into bile acids and inhibits many pro-inflamma-
tory pathways in the liver [103].

Widely applied to the research of complex dis-
eases, an important approach to identify the driv-
ers of HCC development in obesity is to analyze
genotype-phenotype associations at various
stages of NAFLD. Current advances in systems
biology offer powerful methods to search for
disease-associated genes that may have a key role
in HCC initiation and progression [104]. A recent
study used microarray analysis to differentiate
mild and severe NAFLD based on a 64-gene pro-
file expressed in human liver biopsy specimens
[105]. Functional enrichment analysis indicated
significant overlap among the gene expression
patterns of severe NAFLD, cardiovascular dis-
ease and cancer. A parallel work compared tran-
scriptomic and metabolomic information from
human liver tissue representing NAFLD progres-
sion (normal, steatosis and steatohepatitis) with
published data for HCC [106]. In this study, the
majority of changes in gene expression and
metabolites occur during the transition from ste-
atosis to steatohepatitis. KEGG pathway analysis
associated these changes with the regulation of
p53 signaling, cell cycle and apoptosis, suggest-
ing that the transition from steatosis to steatohep-
atitis is a critical step that may initiate the process
of HCC carcinogenesis [106]. These findings
suggest that risk stratification for HCC could be
most comprehensive and successful if started at
the earliest stages of NAFLD.
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6.4  Markers: Risk Stratification
for HCC in Obesity

6.4.1 Monitoring NAFLD
Progression

Since cirrhosis represents by far the highest risk
of developing HCC and NAFLD progression is
strongly linked to liver fibrosis severity [107,
108], the first task of risk stratification is to detect
advanced fibrosis or cirrhosis within the obese
population. Unfortunately, cirrhosis often devel-
ops insidiously and only comes to attention when
liver synthetic functions become impaired or por-
tal hypertension is significant enough to cause
complications. Nevertheless, this most vulnera-
ble population can be identified with proper
awareness of the clinical practitioner and by
increased utilization of noninvasive fibrosis
assessment methods. Use of biochemical and
imaging-based biomarkers in NAFLD to diag-
nose advanced liver disease and guide manage-
ment is the subject of several recent and excellent
reviews [109-111].

The next step in HCC risk stratification may
involve identification of NAFLD patients who
are increasingly prone to develop advanced fibro-
sis. Histologic and noninvasive follow-up data
indicate that fibrosis in NAFLD progresses at
highly variable rates. In the global epidemiology
review by Younossi et al., the average progression
of liver fibrosis among patients with biopsy-
proven NASH was 0.09 stage per year (95% CI:
0.06-0.12) [30]. In a Hong Kong study of 52
NAFLD patients followed with paired liver biop-
sies over 3 years, fibrosis progressed in 27%,
remained the same in 48%, and regressed in 25%
of the cohort [112]. Surprisingly, fibrosis pro-
gressed in 20-30% of all cases independent of
the presence of NASH (i.e., it also progressed in
steatosis) and in 10% did so by 2 or more fibrosis
stages over the follow-up period [112]. These
highly variable rates were corroborated in the
broader context of a meta-analysis, which found
that 36% of all NAFLD patients showed progres-
sion of fibrosis, 46% remained stable, and 21%
improved [113]. The overall fibrosis progression
rates in this study were calculated as 0.07 stage/

year in steatosis and 0.14 stage/year in NASH,
while a sub-group of patients (7.6% of the total
cohort) was identified that may progress rapidly
with a baseline fibrosis of FO changing to >F3
over a mean of 5.9 years only and corresponding
to a progression of 0.51-0.68 stage per year
[113]. There is good evidence that manifest dia-
betes is strongly associated with higher rates of
fibrosis progression in NAFLD [114, 115]. Thus,
cohorts of both steatosis and NASH appear to
have a sub-group of ‘rapid fibrosis progressors’,
indicating that periodic assessment of liver fibro-
sis may provide important benefits and timely
identification of those in need of HCC
surveillance.

Finally, there are the majority of patients with
obesity who do not have evidence of advanced
NAFLD or rapid fibrosis progression as outlined
above. The risk of HCC in this population is quite
low and would not justify regular surveillance.
However, lifestyle, clinical and laboratory param-
eters associated with higher risk of HCC may
help the identification of subgroups that could
benefit from enhanced monitoring in a cost-
efficient way. Evidence on novel biomarkers that
may assist risk stratification in early stages of
NAFLD is summarized below.

6.4.2 Fluid-Based Biomarkers
of HCC Development

By far the most studied biomarkers of HCC are
serum levels of alpha-fetoprotein (AFP) and des-
carboxyprothrombin (DCP). However, these
markers have been considered in the detection,
rather than risk prediction, of HCC [116-118].
Moreover, the sensitivity of these biomarkers is
less than desirable and they do not predict the
development of HCC in NAFLD [119, 120].
There is an intense search for novel biomarkers
related to the development and progression of
HCC. Many of these studies are aimed at further
characterization of an already known liver tumor
and intend to distinguish multicentric HCC from
intrahepatic metastases or predict the risk of
HCC recurrence after surgery or loco-regional
therapy [106, 121-124]. However, novel
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biomarkers may reveal genetic predisposition
and very early changes in the sequence of hepato-
carcinogenesis to help risk stratification and
guide surveillance strategies for select individu-
als among the vast population with non-advanced
NAFLD.

Circulating microRNAs (miRNAs) are prom-
ising diagnostic markers to monitor NAFLD pro-
gression and the risk of HCC development [125].
MicroRNAs  (miRNAs)  regulate  gene-
environment interactions and may provide
insights into the pathophysiology of complex dis-
eases [126, 127]. Many miRNAs have been asso-
ciated with the regulation of cell metabolism,
redox balance, inflammation and pathways of
cell growth and proliferation [128—131]. A num-
ber of miRNAs have been associated with the
eventual transition of steatosis to NASH to cir-
rhosis and to HCC [132]. There is increasing evi-
dence that miRNAs can be detected in various
bodily fluids including serum and saliva [133,
134]. These circulating miRNAs are remarkably
stable, which makes them versatile biomarkers in
health and disease [133, 134]. One of the most
studied miRNAs in NAFLD pathophysiology is
miR-122, which is by far the most abundant
miRNA in the liver. Amounts of circulating miR-
122 increase in liver injury and may indicate
fibrosis severity better than serum cytokeratin-18
or transaminase levels [135, 136]. Genes targeted
by miR-122 regulate cholesterol and lipid metab-
olism, proteasomal protein degradation, cell
adhesion and extracellular matrix components
[137]. Moreover, miR-122 has tumor suppressor
properties and mice deficient in miR-122 rapidly
develop steatohepatitis, fibrosis and HCC mice
results in rapidly develop steatohepatitis, fibrosis,
and HCC [56]. Further studies will hopefully
reveal the full predictive and diagnostic potential
of miR-122 and many other potentially relevant
miRNAs in HCC risk stratification.

An exciting novel direction to explore fluid-
based HCC biomarkers is the analysis of saliva
for the presence of biomarkers (‘salivaomics’). A
recent report applied high-throughout RNA
sequencing to characterize salivary small non-
coding RNAs and found up to 418 and 109 spe-
cies of miRNA and piRNA, respectively, in

cell-free saliva samples of healthy volunteers
[138]. Piwi-interacting RNAs or piRNAs are
involved, among other biological functions, in
the maintenance of genome integrity of germline
and stem cells [139]. In a recent work, analysis of
liver tissue found an abundance of piRNAs with
expression patterns that may differentiate cir-
rhotic from HCC tissues [140].

Finally, analysis of the urinary ‘metabonome’
may identify biomarkers for HCC as suggested
by several studies in which this approach was
able to distinguish patients with HCC associated
with HCV-cirrhosis from those with HCV-
cirrhosis and  healthy  controls  [141].
Discriminatory metabolites included glycine,
trimethylamine-N-oxide, hippurate, citrate, cre-
atinine, creatine and carnitine. Whether similar
urinary metabolite profiles have a role and at
what disease stage in the risk stratification of
NAFLD patients remains to be seen.

6.4.3 Genetic Markers
of Predisposition

Several methods have recently become available
to analyze genotype-phenotype associations in
complex diseases such as obesity and related
metabolic disorders [104]. Studies of genome-
wide association (GWA) compare frequencies of
DNA sequence variants such as single nucleotide
polymorphism (SNP) linked to molecular and
clinical phenotypes of various disease stages or
outcomes [142]. DNA microarrays simultane-
ously assess the expression of many genes and
correlate the data with clinical variables such as
tumor progression, recurrence and response to
chemotherapeutics [143]. Gene set enrichment
analysis ranks genes by their expression relative
to a reference microarray or published database
to narrow the search for genes most likely to be
associated with the disease [144]. These methods
may elucidate novel details of the genetic predis-
position to HCC developing in obesity.

One of the best characterized genetic variants
associated with NAFLD is the rs738409 C>G
polymorphism in the PNPLA3 gene leading to
[148M substitution in a membrane protein



72

G. Baffy

(adiponutrin) implicated in hepatocellular lipid
breakdown, lipid droplet remodeling and VLDL
secretion [145]. Carriers of the 1148M variant
were found to have increased risk of cirrhosis and
HCC, which was independent from their predis-
position to liver fat accumulation [146]. More
recently, the rs58542926 C>T polymorphism
(E167K) in the transmembrane 6 superfamily 2
(TM6SF2) gene has been associated with the
progression of NAFLD [147]. The protein prod-
uct of this gene may regulate hepatocellular tri-
glyceride and VLDL trafficking and the E167K
variant appears to predispose to all components
of NASH including advanced fibrosis. Additional
SNPs and less frequently observed mutations that
may facilitate molecular mechanisms of NAFLD
progression and HCC development involve genes
regulating hepatic energy metabolism, inflamma-
tion, fibrosis and iron homeostasis [148—150].
Futures studies will determine whether screening
for these genetic variants can offer a meaningful
way to identify patients at higher risk for devel-
oping HCC and assist their selection for cancer
surveillance.

6.5 Conclusions
Despite substantial advances in our understand-
ing of the pathobiology and management of
HCC, it remains a cancer with one of the poorest
survival figures. Detection of HCC in its earliest
form may multiply the chance of cure or long-
term survival. To succeed, we need to optimize
our surveillance efforts, which is the best way to
reduce mortality from this aggressive cancer. The
annual risk of developing HCC in cirrhosis of any
etiology ranges between 1% and 6% [151]. Based
on cost-effectiveness analyses, surveillance
should be offered to patients with cirrhosis of
varying etiologies when the annual risk of HCC
is 1.5% or greater [152, 153]. Several prospective
cohort studies indicate that NAFLD cirrhosis
meets these criteria [39—41], and regular HCC
surveillance is now recommended by several
liver society guidelines for patients with advanced
NAFLD [154, 155].

However, timely recognition of HCC that
complicates NAFLD remains a challenging goal.

Surveillance cannot be initiated if advanced liver
disease remains hidden. A recent SEER survey
found that patients with NAFLD cirrhosis diag-
nosed with HCC had higher age, shorter survival
time, and increased probability of dying from
their primary liver cancer than those who devel-
oped HCC from other etiologies, indicating a
delay in recognizing the need for surveillance
[31]. This problem has been highlighted in a ret-
rospective VA study in which 56.7% of US veter-
ans with NAFLD-associated HCC lacked
surveillance in the 3 years preceding the diagno-
sis of HCC, compared to their counterparts with
alcohol-related (40.2%) or HCV-related HCC
(13.3%) [156].

The matter is further complicated by the fact
that there is no consensus on what surveillance
strategy to follow in non-advanced NAFLD,
since there are no established guidelines for the
detection of noncirrhotic HCC. From a patient’s
perspective, the risk of HCC in these cases is
rather small, since HCC may develop in one out
of 2000-3000 cases of non-advanced NAFLD
each year [43, 44]. From a public health perspec-
tive, however, 14%-54% of all NAFLD-related
HCC cases reportedly develop in the absence of
advanced fibrosis [32, 36, 37, 48], which is a sub-
stantial burden based on the population attribut-
able fraction of NAFLD. Still, regular surveillance
of non-advanced NAFLD with biannual liver
ultrasonography as it is recommended in cirrho-
sis is simply not feasible at current incidence
rates. Thus, unless the issue becomes more press-
ing due to worsening trends in the incidence of
noncirrhotic HCC, we will continue to search for
affordable, simple and safe pre-screening tests
and improve our strategies of risk stratification
for HCC in obesity, which appears to be more
difficult than finding a needle in the haystack.
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Abstract

The pathogenesis of NAFLD is multi-faceted
and mechanisms underlying the progression
from simple steatosis to NASH have not been
fully deciphered. The emerging field of epi-
genetics, an inheritable phenomenon capable
of changing gene expression without altering
DNA sequence, unveils a new perspective on
the development of NAFLD and subsequent
progression to HCC. In fact, numerous studies
have highlighted the potential involvement of
unhealthy daily habits such as physical inac-
tivity and over-nutrition in the onset and
development of NAFLD through epigenetic
mechanisms. This chapter will discuss several
epigenetic modulations including DNA meth-
ylation, histone modifications, functions of
non-coding RNAs as well as RNA methyla-
tion implicated in the pathogenesis of
NAFLD-HCC. On the basis of currently
wealthy knowledge of DNA epigenetics, the
rapidly growing field of RNA epigenetics will
certainly drive forward a new avenue of
research direction shedding light on the
advancement of better diagnostics, prognos-
tics and therapeutics in the coming era of pre-
cision medicine.
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7.1 Introduction

As mentioned in previous sections, non-alcoholic
fatty liver disease (NAFLD) is defined as the
pathological deposition of triglycerides in hepa-
tocytes due to causes other than excessive alcohol
consumption.  Non-alcoholic  steatohepatitis
(NASH), the more severe disease entity of
NAFLD, represents the most common liver dis-
ease in the Western world and has the capacity to
progress to cirrhosis and hepatocellular carci-
noma (HCC) [1]. Compared to the high preva-
lence of NAFLD (20-30%) in Western countries,
the prevalence in Asian countries is estimated to
be around 5-20% [2]. As with other causes of
liver disease, only a minor proportion of patients
with NASH progress to advanced fibrosis, cirrho-
sis and/or HCC [3].

The pathogenesis of NAFLD is multi-faceted
and mechanisms underlying the progression from
simple steatosis to NASH have not been fully
deciphered. According to the double-hit theory
attempting to explain the development of
NAFLD, the first hit is the accumulation of tri-
glycerides in hepatocytes, accompanied by a sec-
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Fig. 7.1 Dysregulated epigenetic modulations including
DNA methylation, histone modifications, functions of
non-coding RNAs as well as RNA methylation contribute

ond hit describing inflammatory cytokine
interplay, mitochondrial dysfunction and oxida-
tive stress causing hepatocellular injury,
inflammation and fibrosis [4, 5]. Recent studies
devised a new model describing multiple parallel
hits in the progression of NAFLD. NAFLD
pathogenesis is now commonly described as the
excessive deposition of fat in hepatocytes, fol-
lowed by increase in intracellular fat vacuoles,
induction of endoplasmic reticulum and oxida-
tive stress eventually leading to apoptosis of
hepatocytes [6].

The emerging field of epigenetics, an inherit-
able phenomenon capable of changing gene
expression without altering DNA sequence,
unveils a new perspective on the pathogenesis of
NAFLD. In fact, numerous studies have high-
lighted the potential involvement of unhealthy
daily habits such as physical inactivity and over-
nutrition in the onset and development of NAFLD
through epigenetic mechanisms [7, 8]. This chap-
ter will discuss several epigenetic modulations
including DNA methylation, histone modifica-
tions, functions of non-coding RNAs as well as
RNA methylation implicated in the pathogenesis

/

NAFLD-HCC

to the pathogenesis of NAFLD-HCC. m°A N¢-
methyladenosine, /ncRNA long non-coding RNA, snRNA
small nuclear RNA, snoRNA small nucleolar RNA

of NAFLD-HCC that might serve as novel diag-

nostic, prognostic and therapeutic options
(Fig. 7.1).
7.2  DNA Methylation

The best-known and most intensively studied
modification is methylation of cytosine in DNA
with a methyl group. DNA methylation is cata-
lyzed by DNA methyltransferases (DNMTs) that
transfer a methyl group from S-adenosyl-L-
methionine (SAM) to cytosine with guanine as
the next nucleotide known as CpG dincleotides,
the clustering of which being commonly referred
to as CpG islands. Majority of CpG islands are
located at the promoter regions of genes and
hypermethylation of CpG islands causes gene
silencing [9]. On the other hand, the ten-eleven
translocation methylcytosine dioxygense (TET)
family of enzymes converts the modified DNA
base 5-methylcytosine (5-mC) to
5-hydroxymethylcytosine (5-hmC) and this mod-
ification has been proposed as the initial step of
active demethylation in mammals [10, 11]. Given
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the central role of DNA methylation in the regu-
lation of gene expression, it comes with no sur-
prise that perturbations to the homeostatic
methylation level, due largely to environmental
factors, contribute to aberrant gene expressions
and trigger various pathological conditions.

7.2.1 DNA Methylation in Fibrosis

and Progression of NASH

S-adenosyl-L-methionine (SAM) is the unique
methyl donor for DNA methylation and dietary
sources include folate, methionine, betaine and
choline [12]. Methyl donor deficient diets have
been associated with reduced DNA methylation
and disturbed lipid metabolism. For example,
folate deficiency has been shown to induce hepatic
triglyceride accumulation and alter the expression
of genes involved in fatty acid synthesis [13].
Likewise, deficiencies in methionine and choline
have been correlated with reduced lipoprotein
secretion and increased hepatic triglyceride gen-
eration accompanied by NAFLD development
[14, 15]. Intriguingly, Tryndyak et al. [16] demon-
strated in vivo that low SAM concentration altered
the expressions of a series of genes involved in
DNA repair, lipid and glucose metabolisms and
hepatic fibrosis. This was consistent with a recent
observation reporting a significant decrease in
serum betaine levels in NASH patients as com-
pared to those with non-alcoholic fatty liver [17],
implicating proper dietary intake and mainte-
nance of homeostatic SAM levels are critical for a
harmonious hepatic lipid metabolism.

Liver fibrosis is defined by the excessive accu-
mulation of extracellular matrix and scar forma-
tion in the context of chronic liver damage [18].
Activation and trans-differentiation of hepatic
stellate cell (HSC) in response to various stimuli
such as inflammation, from vitamin A storing
pericyte to profibrogenic myofibroblastic pheno-
type, play a key role in the pathogenesis of liver
fibrosis [19]. It has been demonstrated that trans-
forming growth factor- p1 (TGF- 1), an inflam-
matory cytokine secreted by different types of
hepatic cells, represented the main fibrogenic

cytokine behind HSC activation [20]. Although
the underlying molecular mechanisms driving
fibrogenesis await further investigations, DNMTs
have recently been implicated in the process. In
humans there are three DNMT isoforms:
DNMT1, DNMT3a and DNMT3b. While
DNMT1 recognizes a hemi-methylated site on a
new DNA strand during cell division and regen-
erates the bi-methylated state thereby safeguard-
ing the faithful propagation of methylation
patterns in daughter cells, DNMT3a and
DNMT3b are central to the regulation of de novo
methylation in the absence of cell division [21].
In a mouse model, Pogribny et al. [22] docu-
mented a hepatic epigenetic phenotype predeter-
mined individual susceptible to hepatic steatosis
in association with altered expressions of
DNMT1 and DNMT?3a in the liver. DNMT3a has
also been shown to enhance HSC activation and
liver fibrogenesis via methylation and down-
regulation of the GTPase Septin-9 [23]. TET
enzymes, responsible for catalyzing the stepwise
oxidation of methyl groups on DNA leading
eventually to the restoration of the unmodified
cytosine residue, have been found to fine-tune the
PPARGCIA transcriptional program in liver.
Next-generation sequencing further revealed
genetic diversity at TET loci was associated with
altered 5-hmC levels that might be accountable
for the pathogenesis of NAFLD [24]. A recent
study elucidating the relationship between meth-
ylome and transcriptome in patients with non-
alcoholic fatty liver disease revealed differentially
methylated genes might distinguish patients with
advanced NASH from those with simple steatosis
[25]. In the landmark piece of work, 69,247 dif-
ferentially methylated CpG sites (76% hypo-
methylated; 24%  hypermethylated) were
observed in patients with advanced NASH as
compared to those with simple steatosis [25].
Aberrant methylation signatures of a plethora of
genes have been suggested to predict the progres-
sion from NAFLD to NASH. For instance, per-
oxisome proliferator-activated receptor o
(PPAR-a) exhibited significantly higher DNA
methylation level in severe NAFLD patients than
in mild counterparts [26].
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7.2.2 DNA Methylation
in the Progression of HCC

Disruption of DNA methylation has long been
recognized as one of the key hallmarks of all can-
cer types [27]. Typical lesions in cancer include
loci-specific de novo hypermethylation at pro-
moter regions of tumour suppressor genes (TSGs)
resulting in transcriptional repression of down-
stream TSGs. Among the plethora of studies
reporting changes in DNA methylation pattern in
HCC, Villanueva et al. [28] conducted a compre-
hensive study profiling the DNA methylation
landscape in a cohort of 304 patients with HCC
treated with surgical resection. Methylome pro-
filing covering 96% of known CpG islands and
485,000 CpG dinucleotides was performed and a
methylation signature generated based on 36
methylation probes accurately predicted survival
in patients with HCC. While HCC tissue samples
displayed general hypomethylation in the inter-
genic and body regions as compared with normal
liver, hypermethylated probes were mainly
located in promoter regions [28]. The authors fur-
ther demonstrated aberrant methylation in estab-
lished and candidate epidrivers of disease
including well-known tumour suppressors such
as Ras association domain family member 1
(RASSF1), adenomatous polyposis coli (APC),
insulin-like growth factor 2 (/IGF2) and NOTCH3,
supporting the pivotal role of deregulated DNA
methylation in HCC development [28].

The functional relevance of aberrant DNA
methylation has been tested in numerous tumour
suppressor genes. For instance, sphingomyelin
phosphodiesterase 3 (SMPD3) and heavy poly-
peptide (NEFH) overexpression could inhibit
tumour cell proliferation, whereas stable knock-
down of the two enhanced cell migration and
invasion in vitro and in vitro [29]. Noteworthy,
persistent Hepatits B virus (HBV) infection has
been shown to stimulate the upregulation of
DNMTs, leading to hypermethylation and inacti-
vation of pl6 and the subsequent progression of
HCC [30]. A recent intriguing study uncovered a
role of hypoxia in the process of tumour develop-
ment. Thienpont et al. [31] observed a direct inhi-
bition of the activity of TET enzymes in a series
of cancer cell lines (including HCC) and mouse

cells in response to a hypoxic environment. The
reduction in activity increased hypermethylation
at gene promoters resulting in aberrant gene
expressions in various signaling pathways and
conferring a selective advantage to cancer cells
[31]. Taken together, deregulated DNA methyla-
tion will continue to be a hot research area as a
more thorough understanding of the underlying
mechanisms is crucial to formulating novel prog-
nostic markers and therapeutic targets.

7.3  Histone Modifications
Condensation of 2 m of DNA into a human
nucleus is achieved through interaction between
DNA and specialized histone proteins to form
tightly packed chromatin. The basic level of
chromatin packing is known as the nucleosome
with each core particle comprising of 147 bp of
double stranded DNA wrapped around a complex
of eight histone proteins (two copies each of
H2A, H2B, H3 and H4). The structure is com-
monly referred to as “beads on string” with linker
DNA being the string and the nucleosome core
particle representing the beads. In order to allow
chromosomal processes such as gene transcrip-
tion to occur, the chromatin must be packed
lightly (euchromatin) or tightly (heterochroma-
tin) in a finely orchestrated fashion. Indeed, each
of the core histones harbours an unstructured
N-terminal amino acid tail extension that can be
subject to a plethora of posttranslational modifi-
cations including acetylation, methylation, phos-
phorylation, ubiquitination, ribosylation and
sumoylation which constitute a crucial determi-
nant of chromatin compactness and accessibility
[32].

7.3.1 Histone Acetylation

in NAFLD-HCC

Among various types of posttranslational modifi-
cations, acetylation of lysine residues at the
N-terminus of histone tails has been most exten-
sively investigated [33]. While histone acetylation
is catalyzed by histone acetyltransferases (HATS),
histone deacetylation is mediated by histone
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deacetylases (HDACsSs) [34]. Perturbations to the
balance between HAT and HDAC have been
reported to alter gene expression profiles in
NAFLD [35].

7.3.1.1 Histone Acetyltransferases
(HATSs)

Histone acetyltransferases (HATs) acetylate con-
served amino acid residues on histone proteins by
transferring an acetyl group from acetyl-CoA to
form e-N-acetyllysine enabling enhanced gene
expression. HATs can be divided into different
classes depending on their subcellular localiza-
tion [36]. Type A HATs are mainly located in the
nucleus including GcenS-related
N-acetyltransferases (GNATs), p300/CBP and
TAF;250, whereas type B HATs function pre-
dominantly in the cytoplasm [36]. In particular,
p300/CBP has been shown to be involved in
NF-kB dependent inflammatory pathways [37].
Inhibition of hepatic p300 was further suggested
to be beneficial for treating hepatic steatosis in
obesity and type 2 diabetes [38]. On the contrary,
a recent report demonstrated p300/CBP-
associated factor inhibited the growth of HCC
cells by promoting autophagy, suggesting resto-
ration of the specific HAT might prove to be a
novel therapeutic strategy of HCC treatment [39].

7.3.1.2 Histone Deacetylases (HDACs)

Histone deacetylases (HDACs) remove acetyl
groups from e-N-acetyl lysine residues on his-
tone, a process that is essential for tight wrapping
between histones and DNA, as well as subse-
quent inhibition of gene transcription. HDAC
superfamily is sub-divided into four classes: I, II,
III (also referred to as Sirtuins or SIRTs) and IV
on the basis of varying structure, enzymatic func-
tion and subcellular localization. Not surpris-
ingly, dysregulations of HDACs have been
implicated in the progression of
NAFLD. Disruption of the circadian clock by
HDAC3, a member of class I HDACS, resulted in
perturbation to hepatic lipid metabolism and obe-
sity [40]. Another member HDAC6 has been
documented to function as a tumour suppressor
in HCC and suppression of which by induction of
miR-221 accompanied by activation of down-

stream oncogenic pathways contributed to liver
tumorigenesis [41].

Silent information regulator 2 proteins
(Sirtuins or SIRTSs) belong to class III HDACs.
Seven members have been identified in human so
far (SIRT1-7) with different subcellular localiza-
tions. While some are present predominantly in
the nucleus, others display cytoplasmic (SIRT1,2)
and mitochondrial (SIRT3.,4,5) localizations
[42]. Research on mammals has been focused on
SIRT1, which acts as a potent protector from a
wide array of pathological conditions such as
diabetes, liver steatosis and various types of can-
cer [43]. Although overexpression of SIRTI1
appeared to offer protection against DNA dam-
age and metabolic derangement induced by high
fat diet [44], recent studies highlighted up-
regulation of SIRT1 facilitated HCC metastasis
and self-renewal of liver cancer stem cells [45,
46]. Similarly, SIRT2 overexpression has also
been demonstrated in HCC promoting epithelial-
mesenchymal transition and an aggressive phe-
notype [47]. Another member of the SIRT family
of HDACs, SIRT3, represents the primary mito-
chondrial deacetylase that is indispensable for
the maintenance of mitochondrial integrity and
metabolism during oxidative stress [48]. In a
mouse model fed a high fat diet, Hirschey et al.
observed down-regulation of SIRT3 and mice
lacking SIRT3 exhibited exacerbated obesity,
insulin resistance, hyperlipidemia and steatohep-
atitis supporting a role of SIRT3 in safeguarding
metabolic homeostasis [49]. Studies looking into
the potential roles of other SIRT members in the
development of liver diseases are expanding.

7.3.2 Histone Methylation
in NAFLD-HCC

Though less well studied as compared to DNA
methylation, histone methylation can be associ-
ated with transcriptional activation or repression.
Histone methyltransferases mediate the transfer
of methyl groups from S-adenosyl-L-methionine
(SAM) to lysine or arginine residues of H3 or H4
histones. Common sites of methylation that have
been reported to be involved in gene activation
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include H3K4, H3K48 and H3K79, whereas
H3K9 and H3K27 are associated with gene inac-
tivation [50]. Recent investigations demonstrated
participation of histone methyltransferases in the
development of diseases. For instance, Fei et al.
recently reported the H3K9 methyltransferase
SETDB1 was overexpressed in HCC and regu-
lated tumour cell growth via di-methylation of
pS3 [51].

7.3.3 Histone Ribosylation
in NAFLD-HCC

Adenosine  diphosphate  (ADP)-ribosylation
refers to the addition of one or more ADP-ribose
moieties from nicotinamide adenine dinucleotide
(NAD) to acceptor proteins. The reaction is a
reversible posttranslational modification cata-
lyzed by two classes of enzymes: mono-ADP-
ribosyltransferases and poly (ADP-ribose)
polymerase (PARP) [52]. PARP is involved in a
broad range of cellular functions including gene
regulation, DNA damage repair, cell signaling as
well as apoptosis [53, 54]. As with other types of
modifications, aberrant PARP expression has
been documented in various types of cancer
including HCC. Poly-ADP-ribosylation and
PARP expression were found to be significantly
upregulated in human HCC when compared to
adjacent non-tumour tissues [55]. Since then the
potential of PARP as a therapeutic target for can-
cer has been intensively studied. In combination
with DHMEQ (a novel inhibitor of NF-kB), the
PARP inhibitor Olaparib has recently been shown
to exert synergistic anti-tumour effects on HCC
cells [56].

7.3.4 Histone Sumoylation
in NAFLD-HCC

Sumoylation describes the covalent attachment
of small ubiquitin-related modifier (SUMO) pro-
teins to acceptor proteins. Four SUMO family
members, SUMO-1 to SUMO-4, have been iden-
tified so far. Though SUMO-1 exhibits 18%
sequence identity with ubiquitin and the two

share similar three-dimensional structures,
sumoylated proteins are not designated for degra-
dation [57]. Indeed, sumoylation is commonly
involved in various cellular processes including
intracellular trafficking, transcriptional regula-
tion, response to oxidative stress and cell cycle
progression [58]. Sumoylation is also a dynamic
process catalyzed by SUMO-specific activating
(E1), conjugating (E2) and ligating (E3) enzymes
[59] and can be reversed by the family of SUMO-
specific proteases (SENPs) [60]. In addition to
mediating transcriptional repression through
recruitment of histone deacetylases and hetero-
chromatin protein 1, sumoylation has been impli-
cated in tumorigenesis [61]. Recently,
upregulation of one of the SUMO-specific prote-
ases, SENPS5, has been observed in HCC to pro-
mote tumorigenesis in vitro and in vivo via
de-sumoylation and regulation of DNA damage
response [62]. SUMOI has also been demon-
strated to possess oncogenic properties in HCC
by promoting p65 nuclear translocation and regu-
lating NF-kB activity [63].

7.4 Non-coding RNAs (ncRNAs)
Non-coding RNAs (ncRNAs) constitute a signifi-
cant proportion of the transcribed genome that is
not destined to be translated into proteins.
ncRNAs comprise highly abundant RNAs includ-
ing transfer RNAs (tRNAs), ribosomal RNAs
(rRNAs), microRNAs (miRNAs), small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoR-
NAs), extracellular RNAs (exRNAs) and long
ncRNAs (IncRNAs) [64]. The plethora of
ncRNAs play crucial roles in a broad spectrum of
biological processes while dysregulations of
which contribute to the development of various
diseases.

7.4.1 miRNAs

7.4.1.1 Definition

Ever since the discovery of /in-4 in the nematode
Caenorhabditis elegans (C.elegans) in 1993,
members of the novel class of small non-coding
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single strand regulatory RNAs, the microRNA
(miRNAs) family, have been expanding drawing
the attention of research focus [65]. miRNAs are
each comprised of approximately 22 nucleotides
and are found in a diverse array of organisms
ranging from prokaryotes, eukaryotes to viruses.
miRNAs can be either encoded by specific genes
or located in the introns or exons of protein-
coding genes and expressed as a by-product [65].
They play crucial roles in a wide spectrum of cel-
lular and physiological functions, including cell
proliferation, cell death, metabolism, haemato-
poiesis, and chromatin modification by modulat-
ing the expression of target genes [66].

7.4.1.2 Biogenesis and Mechanism
of Action

Biogenesis of miRNAs in vertebrate initiates
with the generation of a long primary miRNA
(pri-miRNA) which is transcribed mostly by
RNA polymerases type II (Pol-II). Each pri-
miRNA is then processed into a hairpin-shaped
precursor miRNA (pre-miRNA) of approxi-
mately 60—70 nucleotides by Drosha-like RNase
IIT endonucleases. The pre-miRNA is subse-
quently transported out of nucleus into cytoplasm
by Exportin-5 and Ran-GTP, and is then cleaved
by Dicer-like RNase III endonuclease to form the
mature miRNA duplex. Afterwards, one strand is
usually incorporated into the RNA-induced
silencing complex (RISC) whereas the other
strand is degraded [67]. Regulation of gene
expression is mediated through the canonical
base pairing of miRNA seed sequence and the
complementary sequence of target mRNAs fol-
lowed by silencing or degradation of target
mRNAs [68]. It has been reported an average
miRNA has approximately 100 target sites, indi-
cating that miRNAs are capable of regulating a
large fraction of protein-coding genes [69]. Given
the importance of miRNAs in the regulation of a
wide array of cellular functions, it comes with no
surprise that deregulating the function of miR-
NAs could lead to the development of multiple
pathological conditions including cancer. Indeed,
dysregulated miRNAs have been documented in
various cancer types including chronic lympho-
cytic leukemia [70], breast cancer [71], lung can-

cer [72], colorectal cancer [73], prostate cancer
[74] and ovarian cancer [75].

7.4.1.3 miRNAs in the Progression
from NAFLD to HCC

Recent studies have demonstrated aberrant
expressions of miRNAs are involved in the acqui-
sition of NAFLD and subsequent progression to
NASH. Deregulations of some of the key regula-
tory miRNAs have been shown to disturb normal
glucose, cholesterol and lipid metabolism lead-
ing to intra-hepatic excessive accumulation of
triglycerides and fatty acids [76]. It has also been
demonstrated miRNAs are frequently dysregu-
lated in different phonotypes of NAFLD, from
simple steatosis through NASH to cirrhosis and
eventually HCC [77].

One of the very first miRNAs associated with
lipid metabolism and homeostasis is miR-122,
the most abundant miRNA in adult human liver
accounting for 70% of the liver’s total miRNAs
[78]. Using murine models, Krutzfeldt et al. doc-
umented antagomirs targeting miR-122 resulted
in reduction of plasma cholesterol levels coupled
with altered expression of several genes involved
in hepatic lipid biosynthesis [79]. A further study
demonstrated inhibition of miR-122 significantly
increased hepatic fatty acid oxidation and
decreased the biosynthesis of hepatic fatty acid
and cholesteral in vivo [80]. Although specific
miRNA signatures responsible for NAFLD pro-
gression await further investigations, accumulat-
ing evidence has implicated a pivotal role of
miR-122 in the process. For instance, mice lack-
ing the gene encoding miR-122a were viable but
later developed temporally controlled steatohep-
atitis, fibrosis and HCC [81]. Reduced expression
of miR-122 has also been reported to upregulate
modulators of tissue remodeling (including
hypoxia-inducible factor 1 and vimentin) con-
tributing to NASH-induced liver fibrosis [82]. A
comparison of miR-122 levels in hepatocytes and
primary human HCC cells revealed that miR-122
was down-regulated in HCC cells and the tumori-
genic properties of cancer cells could be reversed
by re-introduction of miR-122 [83]. Consistently,
diminished expression of miR-122 has recently
been shown to contribute to the acquisition of
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sorafenib chemoresistance in HCC [84] while
miR-122 restoration in human stem-like HCC
cells was capable of prompting tumour dormancy
via Smad-independent TGF- pathway [85],
implicating that miR-122 might serve as a poten-
tial therapeutic target in HCC.

Being one of the firstly identified oncomirs,
miR-21 upregulation has been demonstrated in
the liver of patients with NAFLD and hepatic
miR-21 expression is positively correlated with
the severity of NASH [86, 87]. Using different
mouse models of NASH, Loyer et al. [88] showed
miR-21 was overexpressed in hepatic biliary and
inflammatory cells while inhibition of miR-21
diminished liver injury, inflammation and fibrosis
via restoration of peroxisome proliferator-
activated receptor alpha (PPARx). miR-21 is also
involved in the pathogenesis of HCC by sup-
pressing expression of the tumour suppressor
gene phosphatase and tensin homolog (PTEN)
[89]. A recent study reported that miR-21 acted
downstream of the oncogenic signal transducer
and activator of transcription 3 (STAT3) mediat-
ing the tumorigenic properties of HCC cells, sug-
gesting miR-21 inhibition or suppression might
prove to be a novel treatment of HCC [90].

miR-34a represents another key oncomir dis-
playing elevated expression in patients with
NAFLD and positive association with the degree
of NASH [86]. It has been shown that the miR-
34a/SIRT1/p53 pro-apoptotic pathway played a
significant role in human NAFLD development
which could be suppressed by the inhibitor urso-
deoxycholic acid (UDAC) [91]. Administration
of pifithrin-a p-nitro (PFT), a p53 inhibitor, was
capable of attenuating steatosis and liver injury in
a mouse model of NAFLD partially attributed to
the resulting transcriptional suppression of miR-
34a [92]. In contrast, miR-34a functions as a
tumour suppressor in HCC. A small molecule
modulator of miR-34a, termed Rubone, has
recently been demonstrated to dramatically
inhibit tumour growth in a mouse xenograft
model via restoration of miR-34a expression and
functioning [93].

In an attempt to identify the pattern of altered
gene expression at various time points in a high
fat diet-induced NAFLD mouse model, Hur et al.

[94] found reduced levels of miR-451 in
palmitate-exposed HepG2 cells and mouse liver
tissue. In vitro analysis further showed miR-451
negatively regulated palmitate-induced interleu-
kin-8 (IL-8) and tumour necrosis factor alpha
(TNFa) production supporting a role of miR-
451 in preventing the progression from simple
steatosis to severely advanced liver disease [94].
Concomitantly, miR-451 has also been docu-
mented to function as a potential suppressor of
tumour angiogenesis in HCC by targeting IL-6R-
STAT3-VEGEF signaling, thereby implicating a
promising therapeutic role of miR-451 in HCC
[95]. miR-221/222, which has been intensively
studied in the carcinogenesis of breast cancer, has
recently been shown to be overexpressed in
human liver in a fibrosis progression-dependent
manner [96]. miR-221/222 was further estab-
lished to promote liver tumorigenesis in a mouse
transgenic model [97]. Taken together, studies
aiming at elucidating the roles of various miR-
NAs in the progression from NAFLD to HCC are
emerging and further investigations are highly
anticipated for detailed insights.

7.4.2 IncRNAs
7.4.2.1 Definition and Functions
Long non-coding RNAs (IncRNAs) are another
class of non-protein coding transcripts longer
than 200 nucleotides in length that can be further
divided into three subtypes: (1) antisense
IncRNAs overlapping known protein-coding
regions; (2) intronic IncRNAs overlapping tran-
scripts and (3) long intergenic RNAs encoded in
the intergenic space between protein-coding
areas [98]. The majority of IncRNAs display high
specificity with respect to cell subtype, tissue and
developmental stage. Although IncRNAs are
implicated in the fine-tuning of a wide array of
biological processes related to liver homeostasis
and cancer including cell proliferation, differen-
tiation and migration, in-depth mechanisms by
which the majority of IncRNAs mediate their
actions remain largely unknown.

LncRNAs are responsible for the regulation of
basal transcription machinery, mRNA processing
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and stability, protein translation and signal trans-
duction [64]. One of the best-characterized
IncRNAs functions in X chromosome inactiva-
tion in which the 17 kb transcript Xist recruits
suppressive epigenetic factors to guarantee
repression of gene expression and proper gene
dosage in females [99]. Since then, research
interest has been focusing on the emerging roles
of IncRNAs in carcinogenesis with few reports
mentioning the potential functions of IncRNAs in
NAFLD. Until recently, Chen et al. [100] demon-
strated the IncRNA steroid receptor RNA activa-
tor (SRA) promoted hepatic steatosis in mouse
model via repressing the expression of adipose
triglyceride lipase. In contrast, quite a number of
studies have documented the roles of various
IncRNAs in the development of HCC.

Highly upregulated in liver cancer (HULC), a
500 nt transcript discovered by cDNA microarray
sequencing, is overexpressed 33-fold in HCC
[101]. Using a transient silencing approach, the
authors further reported HULC knockdown altered
the expression of several genes related to the prolif-
eration of HCC. HULC might also serve as a novel
biomarker since it could be detected in the periph-
eral blood of HCC patients [101]. HOX transcript
antisense intergenic RNA (HOTAIR) is a 2158 nt
IncRNA displaying overexpression in HCC that is
predictive of tumour recurrence in liver transplant
patients [102]. Transient knockdown of HOTAIR
has been shown to suppress tumorigenesis through
inhibition of tumour cell growth and induction of
cell cycle arrest [103]. Another recently identified
IncRNA MALATI acts as a proto-oncogene via
Whnt pathway activation and induction of the onco-
genic splicing factor SRSF1 [104]. By and large,
future studies using next generation sequencing
will certainly shed light on the roles of more
IncRNAs in hepatocarcinogenesis.

7.5 RNA Methylation

7.5.1 Introduction

The central dogma of molecular biology coined
in the 50’s explains the flow of genetic informa-
tion in living organisms from DNA to RNA and

RNA to protein. As such, messenger RNA
(mRNA) represents a bridging link faithfully
translating the secrets of life encoded in DNA
sequences into functional proteins. However, cel-
lular protein levels are not necessarily associated
with  mRNA  levels, suggesting  post-
transcriptional mRNA modifications are crucial
in the regulation of gene expression [105]. In
fact, more than 100 different types of chemical
modifications have so far been identified in cel-
lular RNA, including mRNA, ribosomal RNA
(rRNA), transfer RNA (tRNA), snRNA and
IncRNA [106]. The most prevalent modification
among all is adenosine methylation, also known
as m°A or N°-methyladenosine.

Analysis of nucleic acid modifications and the
corresponding effects on epigenetic status has
been garnering heated research intention. As
mentioned in previous sections, much efforts and
interests have been focusing on changes in the
chemistry of DNA and the actions of histone pro-
teins as well as their subsequent modifications. It
was not until the 1970s with the discovery of m°*A
in a broad spectrum of eukaryotes-ranging from
yeast, Drosophila, viruses to mammals-that
investigators had realized and added a whole new
RNA dimension to the field of epigenetics [107,
108]. Owing to a series of hindrances including
the lack of knowledge of mSA demethylating
enzymes, the short life-span of most RNAs, the
resulting idea that m®*A modifications are unalter-
able, coupled with technical limitations in detect-
ing m°A-containing mRNAs, however, the pace
of RNA epigenetic research had slowed down
[109]. In 2011, a new surge of interest was
sparked by the discovery that the fat mass and
obesity associated protein (FTO) was capable of
demethylating RNA, implicating m°fA RNA
modifications are highly dynamic subject to
finely orchestrated regulations [110]. Elucidation
of the methylated transcriptome in mammals was
further achieved by technical breakthroughs such
as m*A RNA immunoprecipitation followed by
high-throughput sequencing (MeRIP-Seq) [111,
112]. Since then studies aiming at deciphering
novel functions of the m°A modification and
more members of the methylation/demethylation
machinery have been on the rise.
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7.5.2 m°®A Modification
and Regulation

Following two independent studies unequivo-
cally demonstrating that m°A is a widespread
phenomenon in mRNA, further investigations
revealed m°A residues are enriched in 5" untrans-
lated regions (5° UTRs), around stop codons and
in 3’ UTRs adjacent to stop codons in mamma-
lian mRNAs [111-113]. Bioinformatic analysis
of MeRIP-Seq data identified the recognition
sequence for m°A methylation as RRACH
(where R = G/A and H = A/C/U). Occurrence of
the consensus motif has been estimated at 1 in
2000 bases in human and almost 90% of all m°A
peaks contain at least one of the motif variants
[111, 112]. The dynamic regulation of mSA
methylation is mediated by adenosine methyl-
transferases  (“writers”) and demethylases
(“erasers”).

Methyltransferase like 3 (METTL3) is estab-
lished as the S-adenosyl-L-methionine (SAM)-
binding component of a  multiprotein
methyltransferase complex responsible for cata-
lyzing m°A mRNA methylation [114, 115]. The
catalytic function of METTL3 was then con-
firmed by in vitro studies demonstrating METTL3
knockdown diminished m°A peaks in mRNAs
from various cell lines [112, 113]. Intriguingly,
localization of METTL3 in both cytoplasm and
nucleus has been reported, implying m°A mRNA
methylation could occur in both cytoplasmic and
nuclear compartments [116]. As a close homo-
logue to METTL3, METTL14 has also been
shown to mediate methylation reactions and a
complex formed by METTL3 and METTL14
possesses much more efficient activity than sepa-
rated components [117]. As mentioned previ-
ously, the discovery of FTO as the first m°A
mRNA demethylase ignited the conception of
m°A as reversible modification and resurged
research interest in RNA methylation. Functional
investigations documented silencing of FTO
increased m°A peaks while ectopic expression
reduced mSA peaks [110]. AIkB Homolog 5
(ALKBHS), another member of the mRNA
demethylase family, was later identified by in
vitro and in vivo analyses [118].

7.5.3 Role of m®A Methylation
in Disease

Given that m°A modifications have been demon-
strated in many housekeeping genes influencing
a wide array of biological processes including
transcription splicing, nuclear RNA export, trans-
lation, energy production and cell differentiation,
it comes with no surprise that dysregulation of
the modification inevitably contributes to obesity,
brain development abnormality and other patho-
logical conditions [119-121]. In the field of
hepatic diseases, FTO was found to be overex-
pressed in the livers of NASH patients. In vitro
studies showed FTO knockdown was protective
against palmitate-induced oxidative stress, mito-
chondrial dysfunction, ER stress and apoptosis,
suggesting inhibition of FTO might serve as a
treatment option for NASH [122].

The year of 2016 witnessed several inspiring
studies documenting the involvement of m°A
mRNA modifications in cancer. A hypoxic
tumour microenvironment has been reported to
stimulate breast cancer stem cell phenotype by
increasing NANOG mRNA and protein expres-
sion via induction of HIF and ALKBHS5 [123]. In
lung adenocarcinoma, METTL3 promoted the
growth, survival and invasion of cancer cells
[124]. Recently, Ma et al. [125] demonstrated a
pivotal role of METTL14 in the progression of
HCC. Down-regulation of METTL14 accounted
for reduced m°A modifications in HCC, acted as
an adverse prognostic factor for disease-free sur-
vival and was significantly correlated with
tumour metastasis in vitro and in vivo. The
authors further showed METTLI14 depletion
reduced expression of the tumour suppressor
miR-126 by modulating binding of the
microprocessor protein DGCR8 to pri-
miR-126 in an m°A-dependent manner [125].
Taken together, while detailed regulations and
mechanisms of DNA epigenetics and histone
modifications have been thoroughly studied and
are already being targeted in various cancer ther-
apies, the emerging RNA epigenetics may repre-
sent the next avenue for investigation in the
pursuit for novel prognostic and treatment
options.
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7.6

Concluding Remarks
and Future Perspectives

This chapter highlights some of the key epigene-
tic modulations implicated in the development of
NAFLD-HCC. Further in-depth studies would
undoubtedly reveal a more comprehensive pic-
ture of the role of epigenetics in the development
of pathological conditions. On the basis of cur-
rently wealthy knowledge of DNA epigenetics,
the rapidly growing field of RNA epigenetics will
certainly drive forward a new avenue of research
direction shedding light on the advancement of
better diagnostics, prognostics and therapeutics
in the coming era of precision medicine.
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The Influence of Gut Microbial
Metabolism on the Development
and Progression of Non-alcoholic
Fatty Liver Disease

Wei Jia and Cynthia Rajani

Abstract

Non-alcoholic fatty liver disease (NAFLD) is
defined as the presence of excess fat in the
liver parenchyma in the absence of excess
alcohol consumption and overt inflamma-
tion. It has also been described as the hepatic
manifestation of metabolic syndrome (Than
NN, Newsome PN, Atherosclerosis.
239:192-202, 2015). The incidence of
NAFLD has been reported to be 43—-60% in
diabetics, ~90% in patients with hyperlipid-
emia and 91% in morbidly obese patients
(Than NN, Newsome PN, Atherosclerosis.
239:192-202, 2015, Machado M, Marques-
Vidal P, Cortez-Pinto H, J Hepatol, 45:600—
606, 2006, Vernon G, Baranova A, Younossi
ZM, Aliment Pharmacol Ther, 34:274-285,
2011). The risk factors that have been associ-
ated with the development of NAFLD include
male gender, increasing age, obesity, insulin

resistance, diabetes and hyperlipidemia
(Attar BM, Van Thiel DH, Sci World J,
2013:481893, 2013, Gaggini M, Morelli M,
Buzzigoli E, DeFronzo RA, Bugianesi E,
Gastaldelli A, Forum Nutr, 5:1544-1460,
2013). All of these risk factors have been
linked to alterations of the gut microbiota,
ie., gut dysbiosis (He X, Ji G, Jia W, Li H, Int
J Mol Sci, 17:300, 2016). However, it must
be pointed out that the prevalence of NAFLD
in normal weight individuals without meta-
bolic risk factors is ~16% (Than NN,
Newsome PN, Atherosclerosis. 239:192—
202, 2015). This fact has led some investiga-
tors to hypothesize that the gut microbiota
can impact lipid metabolism in the liver inde-
pendently of obesity-related metabolic fac-
tors (Marchesi JR, Adams DH, Fava F,
Hermes GD, Hirschfield GM, Hold g, et al.,
Gut, 65:330 339, 2016) (Le Roy T, Llopis M,
Lepage P, Bruneau A, Rabot S, Bevilacqua C,
et al., Gut, 62:1787-1794, 2013). In this
chapter, we will explore the effect of the gut
microbiota on hepatic lipid metabolism and
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8.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is
defined as the presence of excess fat in the liver
parenchyma in the absence of excess alcohol
consumption and overt inflammation. It has also
been described as the hepatic manifestation of
metabolic syndrome. A much broader definition of
NAFLD that has come into common use is that it
can be considered as the entire spectrum of liver
disease which progresses from simple steato-
sis — steatohepatitis — fibrosis — cirrhosis and
finally leading to either liver transplantation or
hepatocarcinoma (HCC) [1]. The incidence of
NAFLD has been reported to be 43-60% in dia-
betics, ~90% in patients with hyperlipidemia and
91% in morbidly obese patients [1-3]. The risk
factors that have been associated with the develop-
ment of NAFLD include male gender, increasing
age, obesity, insulin resistance, diabetes and
hyperlipidemia [4, 5]. All of these risk factors have
been linked to alterations of the gut microbiota, ie.,
gut dysbiosis [6]. The gut microbiota are consid-
ered to be an additional organ in the body which,
as a collection of many different cells, works
together with the host to promote health but can
also malfunction and initiate disease [7]. Although
gut microbiota have been implicated as part of the
etiology of the risk factors leading to NAFLD, it
must be pointed out that the prevalence of NAFLD
in normal weight individuals without metabolic
risk factors is ~16% [1]. The fact that not all
persons with NAFLD are obese or have other
associated metabolic risk factors has led some
investigators to hypothesize that the gut microbi-
ota can impact lipid metabolism in the liver inde-
pendently of obesity-related metabolic factors [8].
In this chapter, we will explore the effect of the gut
microbiota on hepatic lipid metabolism and how
this affects the development of NAFLD.

The Gut Microbiota
and Development of NAFLD

8.2

NAFLD is prevalent among obese persons, how-
ever, not all obese people develop NAFLD. In
this section, we will discuss the evidence from

pre-clinical and clinical studies that provide evi-
dence for gut microbiota involvement in the etiol-
ogy of NAFLD. High fat diet (HFD) is a standard
method for inducing obesity, steatosis and insulin
resistance in mice [9]. Early studies showed that
germ-free (GF) mice treated with HFD gained
less weight and exhibited less glycaemia, insu-
linemia, and better glucose tolerance and insulin
sensitivity relative to conventional mice [10].
These differences in metabolism may be partially
explained by the increased fatty acid (FA) oxida-
tion and decreased lipogenesis observed in germ-
free (GF) mice [11]. It has also been shown that
diabetes-susceptible and resistant mice of the
same genetic background are associated with dif-
ferent gut microbiota [12]. A recent study, which
will be discussed below, was undertaken to exam-
ine NAFLD with the hypothesis that NAFLD
could be dissociated from the degree of obesity
and diabetes via the gut microbiota in mice [8].
In order to understand the role of the gut
microbiota in NAFLD development, a conven-
tional strain of C57BL/6J mice were fed a com-
mon high fat diet (HFD) for 16 weeks [8]. Within
the same mouse strain, HFD treatment produced
mice that responded to the diet by developing
high levels of glycaemia, systemic inflammation
and steatosis (responders) and also several mice
that did not develop metabolic disorders (non-
responders). From these two groups of mice, one
responder and one non-responder was chosen
that had similar body weight, fat pad mass and
food intake to become a fecal donor mouse. Two
groups of germ-free (GF) C57BL/6] mice were
then submitted to fecal transplantation from
either the responder mouse or the non-responder
to generate RR mice and NRR mice, respectively.
The RR and NRR groups were fed the same HFD
for 16 weeks. Both NRR and RR groups exhib-
ited similar food intake, weight gain and size of
epididymal fat pads, but the RR group had
enhanced levels of fasting glycaemia and
insulinemia. The HOMO-IR index was 2.4-fold
greater in the RR group indicating development
of much more insulin resistance. Total caecal
concentrations of short-chain fatty acids (SCFAs)
were similar between NRR and RR but isobutyr-
ate and isovalerate, bacterial fermentation prod-
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ucts of valine and leucine were significantly
higher in the caecum of RR mice. The NRR
group developed slight to mild steatosis while
the RR group developed marked steatosis with
a 30% higher triglyceride (TG) level. The
transcription factors, sterol regulatory binding
protein (SREBP) lc and carbohydrate response
element binding protein (ChREBP) were found
to be increased ~2-fold in RR vs. NRR mice.
Both of these factors affect hepatic de novo lipo-
genesis (DNL) [13].

The microbiota of the mice on HFD showed a
clustering pattern with two bacterial species,
Lachnospiraceae bacterium 609 and Barnesiella
intestinihominis, higher in RR mice at both week
3 and 16, and Bacteroides vulgates was higher in
NRR mice [8]. Barnesiella intestinihominis
belongs to the family Porphyromonadaceae
which was shown previously to be increased in
inflammasome deficient mice that developed
marked steatosis and inflammation and also in a
clinical study of obese NAFLD patients relative
to healthy lean [14]. On the other hand,
Bacteroides vulgates was previously found to be
decreased in patients with type-2 diabetes (T2D)
suggesting this bacterium may exert protective
effects against T2D [15]. More generally,
Barnesiella and Roseburia genera were found to
be more represented in RR mice while
Allobaculum was increased in the NRR group.
RR mice had significantly increased Firmicutes
species than NRR mice even though the degree of
adiposity was the same for both groups.

Other findings that were remarkable in this
study were that there was no significant differ-
ence in systemic and hepatic inflammation or in
body and liver weights between RR and NRR
indicating that the gut microbiota can impact
hepatic lipid metabolism independently of a sys-
temic pro-inflammatory state and that insulin
resistance does not depend on a greater degree of
obesity [8]. Based on this study, the impact of
microbiota on steatosis and NAFLD may be
explained by their function in regulating glucose
homeostasis via the transcription factors ChNREBP
and SREBP, which control transcription of lipo-
genic genes. Both ChREBP and SREBP tran-
scription factor activities are under the control of

another important hepatic transcription factor,
the bile acid (BA) sensitive farnesoid X receptor
(FXR). In the next section, we shall briefly review
hepatic lipid metabolism and its connectivity
with glucose metabolism and how BA activation
of FXR influences lipid and glucose metabolism
in the liver.

8.3 Hepatic Lipid Metabolism
and Its Interface
with Glucose Metabolism

in NAFLD

Lipid metabolism begins in the intestine where
lipids are emulsified by bile acids (BAs). Lipid
emulsification allows them to become hydro-
lyzed and subsequently absorbed by the entero-
cytes where they become converted to lipoprotein
particles called nascent chylomicrons. Nascent
chylomicrons then travel through the lymphatic
system into the circulation where they are pro-
cessed further via replacement of apoproteins A-I
and IV (apol,IV) with apoE and apoC-II which
allows them to be broken down into free fatty
acids (FFAs), glycerol and chylomicron frag-
ments. FFAs are then partially removed from the
blood by adipose tissue while the cholesteryl-
ester enriched and TG depleted chylomicron
fragments are endocytosed by the liver and bro-
ken down in the lysosomes into recyclable
hepatic glycerol, FA, cholesterol, amino acid and
phosphate residues [16]. Therefore, hepatic FAs
come from four sources, (1) lipolysis of adipose
tissue, (2) dietary ingestion, (3) endogenous pro-
duction via de novo lipogenesis (DNL) and, (4)
released from hepatic lysosomes by autophagy.
In a clinical study of NAFLD patients, it was
determined that ~50-60% of TGs in the liver
were derived from nonesterified FFAs (from
lipolysis of adipose tissue and chylomicron frag-
ments), ~19-33% from DNL and 8-22% from
dietary sources [16, 17]. The increase in DNL in
NAFLD was thought to be due to dysregulation
of SREBPIc and FoxO-modulation of insulin
signaling, thereby providing a link between
hepatic lipid and glucose metabolism [18].
Hepatic FA synthesis, on the other hand, is initi-
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Fig. 8.1 The interface between hepatic lipid and glu-
cose metabolis. Both glucose and insulin activate LXR
and this causes increased expression and activation of
SREBPI1c and ChREBP which, in turn, increases de novo
lipogenesis. In addition to LXR, glucose can also directly
activate ChREBP and ceramide, a product of lipogenesis
can directly activate SRBEP1c. ChREBP transcribes key
enzymes for the glycolysis/glycogenesis cycles (GK, PK)
and both ChREBP and SREBPIc synergistically tran-
scribe important enzymes for de novo lipogenesis (ATP
citrate lyase, ACC, FAS, SCD1). BAs activate the nuclear
receptor FXR which modulates both glycolysis/glycogen-
esis and de novo lipogenesis cycles via it inhibitory effect
on LXR. FXR activation also leads to increased expres-
sion of PPARa which in turn, transcribes genes for the
increase of mitochondrial f-oxidation of FAs. Therefore,

ated via two enzymes, acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS). The lipid
sensitive SREBPlc and the glucose sensitive
ChREBP transcription factors together induce
expression of FAS and ACC in a synergistic way
thus giving increased support to the idea of an
interface between glucose and lipid metabolism
in the liver [19, 20].

Figure 8.1 is a diagram depicting a brief over-
view of the interface between hepatic glucose and
lipid metabolism in a normal liver. Glucose uptake
via GLUT2 transporters can be shunted into
either glycolysis or glycogenolysis. Activation of

hepatic FXR activation leads to a decrease in the glycoly-
sis = de novo lipogenesis — TG axis and reduces hepatic
lipid accumulation and also increases the use of FAs for
energy expenditure in the liver via upregulation of PPARa.
Both of these FXR mediated effects reduce hepatic lipid
accumulation to forestall NAFLD [16, 19, 20, 22, 23, 25]
Abbreviations: GLUT2 glucose receptor-2, GK glucoki-
nase, GO6P glucose-6-phospate, PEP phosphenolpyruvate,
PK pyruvate kinase, ACC acetyl-CoA carboxylase, FAS
fatty acid synthase, FAs fatty acid, SCDI steroyl-CoA-
desaturase-1, /R insulin receptor. BAs bile acids, FXR
farnesoid X receptor, LXR liver X receptor, PPARa per-
oxisome proliferator-activated receptor-o, ChREBPIc
carbohydrate response element binding protein-Ic,
SREBP sterol response element binding protein, FGF21
fibroblast growth factor-21

ChREBP results in the increased transcription of
genes for glucokinase (GK) which phosphorylates
glucose to become glucose-6-phophate which, in
turn, can be used as a substrate for either glycoly-
sis or glycogenesis. ChREBP also acts to upregu-
late pyruvate kinase (PK) which is a key enzyme
in glycolysis that converts phosphoenolpyruvate
into pyruvate. Pyruvate is then taken into the mito-
chondria where it enters TCA cycle. The result of
this is the production of citrate which is converted
into acetyl-CoA via the enzyme ATP citrate lyase,
an enzyme that is controlled by both ChREBP and
SREBP-1c. ChREBP and SRBEP-1c are regulated
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by glucose and insulin, respectively. Together,
ChREBP and SRBEP-Ic transcribe genes for
enzymes involved in de novo lipogenesis (Fig. 8.1).
Acetyl-CoA formed previously from citrate is then
catalyzed by acetyl-CoA carboxylase (ACC) to
form malonyl Co-A. Malonyl CoA and acetyl-
CoA together can then be reacted with fatty acid
synthase (FAS) to form palmitic acid, an important
FA that is the substrate for production of monoun-
saturated FAs (MUFASs) via steroyl-CoA-desatu-
rase-1 (SCDI1). MUFAs are then eventually
packaged into TGs or else undergo p-oxidation in
the mitochondria [16, 19, 21].

Both SREBPIc and ChREBP expression are
regulated by the BA sensitive nuclear receptor,
farnesoid X receptor (FXR) via inhibition of liver
X receptor (LXR) [22]. The primary evidence for
FXR involvement in hepatic lipid metabolism
came from studies of FXR KO mice which
clearly showed that FXR deletion resulted in
hepatic lipid accumulation and elevated plasma
TGs. On the contrary, activation of FXR by either
BAs or an agonist such as GW4064 or INT-747
reduced both glycolysis and de novo lipogenesis,
leading to a reduction in hepatic TGs in mice [23,
24]. FXR activation also leads to the increased
expression of peroxisome proliferator-activated
receptor-o«  (PPARx) resulting in increased
B-oxidation of FAs for energy expenditure and
decreased hepatic TGs in mice [21]. This was
shown in PPARa~~ mice which are incapable of
upregulating FA oxidation in the liver and
develop severe steatosis [25, 26]. When placed
on a methionine/choline deficient diet, PPARo~"~
mice develop NASH [26]. Furthermore, adminis-
tration of PPARa agonists prevented the
development of methionine- and choline-
deficient diet-induced NASH in mice [27].
Clinical data is inconclusive in humans in the use
of PPAR« agonists for prevention of steatosis in
NAFLD which has been attributed to small sam-
ple size and the use of combined treatments [28].
Lastly, hepatic FXR activation leads to the
increased expression of fibroblast growth factor
-21 (FGF21) which is secreted from the liver and
acts mainly in adipose tissue via binding to fibro-
blast growth receptor-4 (FGFR4) (Fig. 8.2) to
increase expression of adiponectin, a beneficial

adipokine that has been shown to reduce the level
of ceramide [29]. FGF21 has also been shown to
activate an extracellular signal-related kinase %2
(ERK1/2) signaling pathway in adipose tissue
(Fig. 8.2) that leads to increased expression of
GLUT!1 glucose transporters resulting in
increased glucose uptake by adipose tissue and a
lowering of blood glucose levels thus protecting
against hyperglycemia, hyperinsulinemia and
insulin resistance [30].

FXR activation also plays a critical role in
VLDL clearance from the plasma. VLDL TGs
are cleared from the plasma via their hydrolysis
by lipoprotein lipase (LPL), an enzyme which
lines the endothelial cells of extrahepatic tissues.
FXR induces apoCII and apoAS which are acti-
vators of LPL and suppresses apoCIII which is an
LPL inhibitor [22, 31, 32]. FGF21 produced by
FXR activation also acts in an endocrine way in
the liver mitochondria to increase p-oxidation of
FAs into acetyl-CoA for use in the ketogenesis
pathway [22, 33] (Figs. 8.1 and 8.2).

FXR activation in the intestine has conse-
quences for hepatic lipid metabolism and pro-
gression to NAFLD as shown in Fig. 8.2. In the
intestine, FXR is known to target the expression
of genes that lead to the synthesis of ceramide.
This was shown in mice using an intestine spe-
cific FXR inhibitor, glyco-muricholic acid
(G-MCA), which cannot be hydrolyzed by the
gut microbiota. The G-MCA treatment protected
the mice that were exposed to HFD from adipos-
ity, hyperglycemia, insulin resistance and hepatic
steatosis by decreasing the expression of
ceramide and the ceramide synthetic enzymes,
sphingomyelin phosphodiesterase 3 (Smpd3) and
serine palmitoyltransferase long-chain base sub-
unit 2 (Sptlc2) [34]. Increased ceramide activates
three different signaling pathways in the liver,
inhibitor of nuclear factor kB kinase subunit §
(IKK2), c-Jun N-terminal kinase (JNK) and pro-
tein kinase C-{ (PKC{) that all result in insulin
resistance (Fig. 8.2) [35]. However, FXR activa-
tion in the ileum exerts a hepatoprotective effect
by increasing the production of FGF19/(15 in
mice), a hormone that when secreted into the cir-
culation binds to the hepatic FGFR4 recep-
tor. Hepatic FGF19/15-FGFR4 binding decreases
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Fig. 8.2 The gut microbiota-BA-FXR- FGF21/
FGF19-adiponectin-ceramide pathway role in meta-
bolic diseases, including NAFLD. BSH producing
microbiota deconjugate BAs secreted from the liver.
Unconjugated, primary BAs (CA, CDCA) then activate
intestinal FXR which leads to the production of FGF19.
FXR activation also targets two genes for enzymes
important for the synthesis of ceramide, Smpd3 and
Sptlc2 and thus causes an increase in ceramide. FGF19
subsequently binds to FGFR4/p-Klotho which causes, (1)
inhibition of BA synthesis, (2) activation of
ERK1/2 — fprotein (ie., GLUT1 glucose transporters)
and glycogen synthesis. Ceramide, on the other hand, (1)
activates SREBP-1c to 1FA synthesis, (2) activates IKK?2,
JNK and PKC{ which effectively block the effects of
insulin on its receptor, ie., insulin resistance. Insulin, also
shown in this diagram, can be activated by the BA sensi-
tive G-protein-coupled receptor SIPR2 and shows some
parallel activity to the effects of FGF19 in that it aug-
ments the effect of insulin via the pathway leading to
increased S6/elF-4B which causes increased protein
(GLUT1) and glycogen synthesis. In addition, insulin tar-
gets mTOR to cause tlipid synthesis. FXR activation in
the liver causes production of FGF21 which, after secre-
tion, targets FGFR4/p-Klotho in WAT where it, (1) acti-
vates the ERK 1/2 — RSK — EIk1/SRF pathway that

leads to increased expression of GLUTI transporters
which in turn cause enhanced uptake of glucose into
WAT and a decrease in hyperglycemia, (2) causes an
increase in adiponectin secretion that in turn, lowers
serum ceramide. Lower serum ceramide means more
beige adipocytes and increased energy utilization to fight
obesity while high serum ceramide means more WAT and
less energy expenditure [29, 30, 35-37]

Abbreviations: BA bile acid, CA cholic acid, CDCA che-
nodeoxycholic acid , FXR farnesoid X receptor, RXR reti-
noid X receptor, FGF'19/21 fibroblast growth factor-19/21,
IR insulin receptor, /RS1/2 insulin receptor substrate Y2,
IKK? inhibitor of nuclear factor kB kinase subunit beta,
JNK c-Jun N-terminal kinase, PKC protein kinase C, FA
fatty acid, AKT protein kinase B, SREBP-Ic sterol
response element binding protein-1c, ChREBP carbohy-
drate responsive element binding protein, m7OR mamma-
lian target of rapamycin, S6K S6 ribosomal protein
kinase-beta-1, S6 S6 ribosomal protein, e/F-4B eukaryotic
translation initiator factor -4B, GSK3 glycogen synthase
kinase 3, GS glycogen synthase, RSK ribosomal S6
kinase, ERKI/2 extracellular signal-related kinase Y2,
FGFR4 fibroblast growth factor receptor-4, Elkl ETS
domain containing protein-1, SRF serum response factor,
BSH bile salt hydrolase, WAT white adipose tissue, SIPR2
sphingosine-1-phosphate receptor-2
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BA synthesis but activates ERK1/2 signaling
pathways, increasing protein (GLUT1) and
glycogen synthesis. These activities increase
glucose uptake and storage of excess glucose as
glycogen, conferring protection against hyper-
glycemia and hepatic insulin resistance [36].
Conjugated BAs also bind to another hepatic
BA sensitive G-protein coupled receptor,
sphingosine-1-phosphate receptor-2 (SIPR2),
which has been shown to transactivate the insulin
receptor (IR) to augment insulin signaling, the
result is protein kinase B activation (AKT) which
stimulates mammalian target of rapamycin
(mTOR) to increase glycogenesis and protein
synthesis (ie. GLUT1) [37].

In summary of this section, we have reviewed
hepatic lipid metabolism and the signaling path-
ways that mediate it. Further we have discussed
how BAs impact these signaling pathways and
hepatic lipid metabolism via the nuclear receptor,
FXR and the G-protein coupled receptor SIPR2
which not only directly impact transcription fac-
tors the govern lipogenesis, glycolysis and glyco-
genesis, but also cause transcription of important
FGF hormones that positively affect metabolism.
The gut microbiota is responsible for the compo-
sition of the BA pool which are the endogenous
agonists for FXR and STPR2. In the next section,
we will discuss the gut microbiota-BA axis and
its effect on NAFLD development.

The Gut Microbiota-BA Axis
and Development of NAFLD

8.4

The gut microbiota shapes the composition of the
BA pool producing the endogenous ligands for
the BA sensitive receptors discussed so far in this
chapter, FXR and SIPR2. Early evidence for the
existence of a gut microbiota-BA axis came from
examination of the BA pool in GF mice/rats. GF
rodents have only primary conjugated BAs, an
expanded intestinal BA pool, increased BA syn-
thesis and decreased BA reabsorption [25]. Gut
microbiota are essential for modifying the struc-
ture of the primary BAs produced in the liver and
these modifications include deconjugation of the
primary BAs, GCDCA (or TCDCA) and GCA

(or TCA) into CDCA and CA, which must pre-
cede subsequent, multiple 7a-dehydroxylation
steps to produce the secondary BAs, deoxycholic
acid (DCA) and lithocholic acid (LCA). These
gut microbiota transformed BA have been shown
to be high affinity ligands for FXR and their
affinities have been ranked as CDCA>
LCA =DCA > CA [24, 38, 39]. Reconjugation in
the liver of the secondary BAs LCA and DCA to
TLCA (or GLCA)and TDCA (or GDCA) gives
rise to the most potent ligands for the intestinal
BA sensitive G-protein coupled receptor, Takeda
G-protein coupled receptor 5 (TGRS) (TLCA >
GLCA>LCA >TDCA> GDCA> DCA >
TCDCA> GCDCA >CDCS > TCA > GCA >
CA) [24, 37, 40, 41]. The hepatic BA sensitive
G-protein coupled receptor, SIPR2, is only acti-
vated by conjugated Bas [37]. Notably, the genes
for the two conjugating enzymes for BAs,
BA-CoA synthase (BACS) and BA-CoA:amino
acid N-acyltransferase (BAT) are FXR targets
[22, 42]. Thus, the gut microbiota, by modifying
the BA pool control FXR and SIPR2 signaling
and the accumulation of TGs in the liver that lead
to NAFLD.

A recent study nicely demonstrated the altera-
tion of the BA pool that occurs with metabolic
changes in mice [43]. A group of obesity-prone
(129S6/SvEvTac=129T) and obesity resistant
mice (129S6/SvimJ=129]J) from the same strain
were treated with HFD along with another group
of obesity-prone mice from a different strain
(C571BL/6J=B6J). Both B6J and 129T mice
gained a significant and similar amount of weight
while the 129J mice remained lean. However,
both 129T and 129] groups maintained normal
blood glucose and insulin levels and remained
insulin sensitive despite their significantly differ-
ent BMIs. The B6J mice developed hyperinsu-
linemia, hyperglycemia and insulin resistance.
Insulin resistance is strongly associated with the
development of NAFLD [44]. The investigators
then used a metabolomic technique to analyze the
BAs in all of the mice with the following results.
The BA profiles indicated a unique baseline (no
HFD) gut microbiota for each group based on the
differences in the BA abundances found which
was altered by HFD in a unique way for each
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Table 8.1 BA profiles reflect changes in microbiota

Mouse strain

Treatment

BA profile + dominant bacterial phlya

B6J

Chow + placebo

HDCA/UDCA > MCA = CDCA > DCA > CA > LCA

HED + placebo CA >>MCA > DCA > HDCA/UDCA > CDCA >LCA
Firmicutes >> Bacteroidetes >>>>> Actinobacteria
HFD + V CA > MCA > HDCA/UDCA > CDCA (no LCA, DCA)
Proteobacteria >> Firmicutes >>> Tenericules
HFD + M MCA >> CA > HDCA/UDCA > CDCA > DCA (no LCA)
Firmicutes > Proteobacteria >>>> unclassified
129T Chow + placebo CA > MCA >>HDCA/UDCA = CDCA >> CA >LCA
HFD + placebo CA >MCA > DCA > HDCA/UDCA > CDCA > LCA
Firmicutes >> Bacteroidetes~ Verrucomicrobia >> Deferribacteres
HFD + V CA > MCA >>HDCA/UDCA > CDCA > DCA (no LCA)
Firmicutes > Proteobacteria >> Deferribacteres>>> Tenericutes
HFD + M MCA > CA >>> HDCA/UDCA > CDCA (no DCA, LCA)
Firmicuttes > > Proteobacteria >>>>> Actinobacteria
129] Chow + placebo MCA >> HDCA/UDCA > DCA = CDCA >> CA > LCA

HFD + placebo MCA > CA >>HDCA/UDCA > CDCA (no DCA, LCA)
Verrucomicrobia >>> Firmicutes >> Bacteroidetes>>>>
Proteobacteria

HFD + V CA > MCA >>HDCA/UDCA > CDCA (no DCA, LCA)
Proteobacteria (2/3) >> Firmicutes (1/3)

HFD + M MCA >>> HDCA/UDCA > CDCA > CA (no DCA, LCA)

Firmicutes >> Proteobacteria = Verrucomicrobia

group (Table 8.1). Both mouse [45] and human
[46] obesity phenotypes have been associated
with an decrease in the ratio of the two dominant
phyla in the microbiota, Bacteroidetes/ Firmicutes
relative to lean controls and thus the next strategy
was to administer two antibiotics to two groups of
HFD mice from each strain, metronidazole (M), a
broad spectrum antibiotic that is absorbable by
anaerobes and vancomycin (V) that is absorbable
only by gram positive bacteria which would
include Firmicutes and the third most common
phylum in the gut, Actinobacteria [47]. Using the
129] strain (lean control) as a point of reference,
the HFD treatment transformed the BA profile of
129T mice to be similar to the B6J in terms of
rank ordering of BA abundance. The BA compo-
sition for both 129T and B6J mice on antibiotic
treatment changed to become more similar to the
129J lean control. The gut microbiota differences
among the different treatment groups showed an

increase in Firmicutes with HFD only for the
obesity-prone strains.

The V and M treated B6J mice showed
improved glucose, glucose tolerance and insulin
sensitivity with no changes in insulin levels.
Finally, transplantation of fecal matter to HFD
treated GF-B6J from V and M-treated B6J
resulted in improved glucose, glucose tolerance
and insulin sensitivity relative to the original
HFD treated B6J mice, indicating that these dif-
ferences were due to the transplanted microbiota.
The major conclusions from this study are; (1)
that development of metabolic syndrome does
not depend on obesity but is strongly affected by
the gut microbiota, (2) although 129T and 129J
have the same genetic background, they can have
different microbiota and therefore, different obe-
sity tendencies, (3) changes in the gut microbiota
may be visualized by changes in the BA pool
composition. (Table 8.1).
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8.5 Angiopoietin-Like Protein-4

and Development of NAFLD

BAs are not the only regulators of hepatic lipid
accumulation under the control of the gut micro-
biota. In this section, we will examine the effect
of the gut microbiota metabolites on the patho-
genesis of NAFLD via their ability to impact
LPL activity and alter the availability of choline.
These pathways are summarized in Fig. 8.3.

The following pivotal study clearly revealed
the involvement of the gut microbiota as a regula-
tor of both hepatic and adipose lipid storage [48].
This experiment involved the comparison of GF
C57BL/6] (B6J) mice with conventionalized
mice (CONV-D) from a WT donor, as well as,
conventionally raised WT mice (CONV-R).
CONV-R mice contained 42% more total body
fat than the GF mice. When the GF mice were
conventionalized using a fecal transplant from
the CONV-R mice (CONV-D), they increased
their total body fat by 57% with a 61% increase
in epididymal fat. The predominant caecal bacte-
ria genera in both CONV-R and CONV-D were
found to be Bacteroides and Clostridium. Relative
to GF mice, CONV-D showed a 2.3-fold increase
in hepatic TGs with no appreciable changes in
liver FFAs or cholesterol. An increase in the
mRNA for ChREBP and to a lesser extent,
SREBP-1c, was observed along with mRNA
increases for the enzymes ACC and FAS suggest-
ing that these mice were displaying an increase in
de novo lipogenesis. A doubling of capillary den-
sity in the small intestine was observed for
CONYV mice compared to GF and a single gavage
of a mixture of glucose and 2-deoxyglucose and
measurement 15 min. Later revealed 2-fold
higher levels of 2-deoxy 6-phosphate in CONV-D
mice relative to GF. Lipoprotein lipase (LPL)
activity was increased and this was found to be
due to less transcription of the gene for
angiopoietin-like protein-4 (ANGPTL4), in the
small intestine but not in the adipose tissue or
liver confirmed by qRT-PCR of ANGTPL4
mRNA levels. The conclusions from these find-
ings were proposed to be: (1) an increase in the
processing of dietary polysaccharides by gut
microbiota and increased delivery of monosac-

charides to the liver resulted in increased TG syn-
thesis and (2) a decrease in intestinal ANGTPL4
upon CONYV resulted in increased LPL activity
and thus increased FFA transport and subsequent
storage as TGs in adipose. Both of these conclu-
sions thus explained the observed increase in
hepatic TGs and total body fat in CONV vs. GF
mice [48].

The ability of the gut microbiota, indepen-
dently of PPARs, to affect ANGTPL4 gene tran-
scription in the intestine was confirmed in an
experiment using specific pathogen-free (SPF)
C57B/6J (B6J) treated with HFD and a probiotic
bacterial strain thought to have anti-obesity
effects, Lactobacillus paracasei ssp paracasei
F19 (F19) [49]. Relative to controls, F19 treated
mice had elevated levels of ANGTPL4 and a sig-
nificantly lower body fat. HCT116, LoVo, HT29
and SW480 colonocytes were then treated with
F19 and all cell lines were stimulated by F19 to
produce elevated levels of ANGTPL4. Heat-
killed F19 could not produce a ANGTPL4
response while conditioned media from F19/
cells, even if heat-killed, could produce a
response. Supernatants of F19 cultured alone
could also mount a ANGTPL4 response when
added to colonocytes. When PPARa and PPARY
specific ligands were applied to colonocytes, an
increase in ANGTPL4 was observed indicating
that there is also regulation of ANGTPL4 by
PPAR nuclear factors. The PPAR that is highly
expressed in the intestine is PPARy [22, 49].

Pursuing the idea of a gut microbiota secretion
factor as a control of ANGTPL4 expression,
another group used imaging to determine that
ANGTPL4 was most highly expressed in entero-
endocrine cells (EEC) and thus did experiments
on the intestinal EEC cell line HuTu-80, a line
known to express high levels of ANGTPL4 [50].
They then treated the cells with various nutrients
and found that the short chain fatty acids (SCFAs)
butyrate and propionate but not acetate, signifi-
cantly induced AGTPL4 secretion into the
medium and that this was accompanied by an
increase in AGPTL4 mRNA. Some BAs were
also tested and CDCA and DCA were found to
inhibit AGTPL4 secretion. Therefore, from the
three experiments discussed above, it would
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Fig. 8.3 (a) The effect of gut microbiota on fat storage
in NAFLD. Gut microbiota in the colon that are capable
of fermenting polysaccharides to provide an increased
energy harvest are abundant in obesity and
NAFLD. NAFLD is associated with increased capillary
density which allows rapid transit of monosaccharides to
be transported to the liver where they activate ChREBP
which in turn, initiates de novo lipogenesis to produce
more TGs to accumulate in the liver. The gut microbiota
have also been shown to block transcription of the
Angptyl4 gene and thus increase activity of LPL to cause
more FFAs to enter adipose for storage as TGs. Other
types of gut microbiota such as Clostridium sp. produce
SCFAs as a metabolite and these were found to increase
secretion of ANGPTL4 presumably via a PPAR nuclear
factor. Increased ANGPTL4 would cause a decrease in
LPL activity and a decrease in fat storage. BAs, on the
other hand were found to inhibit ANGPTL4 secretion
from the EECs. This mechanism was proposed to explain
the observed transmission of an NAFLD phenotype via
gut microbiota [6, 27, 48-51]. (b) The metabolism of
dietary choline and PC by gut microbiota prevents PC
synthesis in the liver resulting in NAFLD. Dietary PC
can be metabolized to choline in the gut. All choline in the
gut can then be metabolized to TMA by certain species of
gut microbiota. Diversion of choline into this metabolic

pathway results in diminished synthesis of PC in the liver
via the mammalian Kennedy pathway and PEMT path-
ways. In the liver, TMA can be demethylated by CYP
enzymes to DMA and MMA or it can be N-oxidized by
FMO3 enzymes to produce TMAO, a toxic substance that
can be secreted to other tissues such as macrophages and
arterial epithelium where it causes inflammation and ath-
erosclerosis, respectively. If the microbiota cause choline
deficiency in the liver via excess TMAO synthesis, then
not enough PC can be produced to export VLDL and TGs
accumulate in the liver and NAFLD results. A polymor-
phism in the PEMT gene causes the PEMT pathway to
shut down and mammalian synthesis of PC decrease by
~30%. The combination of a PEMT polymorphism and
high abundance of gut microbiota that produce TMAO is
a risk factor for the development of NAFLD [55, 56, 60]
Abbreviations: TGs triglycerides, CAREBP carbohydrate
responsive element binding protein, WAT white adipose
tissue, BAs bile acids, FAs fatty acids, ANGPTL4
angiopoietin-like ~ protein-4, = PPARy  peroxisome
proliferator-activated receptor-y, SCFAs short chain fatty
acids, PC phophatidylcholine, 7MA trimethylamine,
DMA dimethylamine, MMA monomethylamine, TMAO
trimethylamine-N-oxide, PE  phosphoethanolamine,
FMO3 flavin mono-oxygenase enzyme-3, PEMT
phosphatidylethanolamine-N-methyltransferase
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seem that the gut microbiota mediates LPL activ-
ity via AGTPL4 induction or suppression with
their metabolites SCFAs or BAs, respectively and
this, in turn, impacts hepatic lipid and adipose
TG accumulation. SCFAs are known to activate
PPARY in the intestine which may account for
the effect of SCFAs on increased AGPTL4 secre-
tion [51]. Gut microbiota that are known to be
producers of SCFAs include the Clostridial
clusters IV and XIVa of Firmicutes, including
species of the genera Eubacterium, Roseburia,
and Coprococcus  [52].
Figure 8.3a summarizes the above discussion.

Faecalibacterium

Gut Microbiota Choline
Metabolism
and Development of NAFLD

8.6

Choline deficiency has been associated with
NALFD in both animal models and humans [53]. It
is an essential nutrient as it is a major methyl donor
for the biosynthesis of the important cell membrane
lipids, phosphatidylcholine, lysophosphatidylcho-
line and sphingomyelin [54, 55]. (Fig. 8.3b) It is
also necessary for the synthesis of the neurotrans-
mitter, acetylcholine [55]. Phosphatidycholine (PC)
deficiency increases de novo lipogenesis which
causes an increase in TGs. Lack of PC in hepatic
lipid droplets reduces their surfactant properties and
larger lipid droplets that are less likely to undergo
lipolysis are formed. PC is required for both VLDL
synthesis and secretion from the liver [55, 56]. PC
has also been identified as a cell wall component of
~10-15% of all bacteria [57].

Several experiments have been done to exam-
ine the role of the microbiota on the bioavailabil-
ity of choline for the host. Metabolomic profiling
of urine samples from the inbred mouse strain
129S6, a strain that is susceptible to HFD-
induced NAFLD, revealed increased amounts of
microbiota-derived methylamines including tri-
methylamine (TMA) and trimethylamine-N-
oxide (TMAO) which are breakdown products of
choline that are not derived from mammalian
metabolism. Serum PC levels were also low in
spite of the fact that the diet was supplemented
with choline. This metabolic profile was not

observed in another NAFLD-resistant strain,
BALB/c and may be a distinct metabotype for
NAFLD [54]. Figure 8.3 diagrams the three path-
ways for choline catabolism, two are pure mam-
malian and one is a bacterial pathway [54]. In a
subsequent metabolomic study, human gut iso-
lates were used to identify eight bacterial species
from two different phyla, Firmicutes and
Proteobacteria, and six genera that exhibited sig-
nificant choline consumption and TMA accumu-
lation: Anaerococcus hydrogenalis, Clostridium,
asparagiforme, Clostridium hathewayi,
Clostridium sporogenes, Escherichia gergusonil,
Proteus penneri, Providencia rettgeri, and
Edwarsiella tarda. These strains could be cul-
tured in vitro in media containing deuterated cho-
line where they consumed 60% of the provided
choline. They also encoded component genes for
the metabolism of choline. When these bacteria
were gavaged into GF mice containing a core
community of non-TMA producers, there was a
significant decrease in the abundance of fecal
choline and decreased levels of serum choline.
Therefore, bioavailabilty of choline for the host
was shown to be affected by the presence of
TMA producing gut microbiota [58]. A rigor-
ously controlled longitudinal study of the effect
of choline deficiency on human gut microbiota
was performed on 15 healthy women who were
cooked in-house meals to assure dietary compli-
ance and to control choline supplementation for
2 months [59]. Each subject was tested with three
diets, (1) a standard research diet containing a
recommended amount of choline (for 10 d), (2) a
choline deficient diet (for 42 d) and (3) a choline
recovery diet (for 10 d) that contained significant
amounts of choline added to the standard research
diet. Their liver fats were measured by MRI at the
beginning and end of the baseline diet, at 21 and
42 d during the choline deficient diet and at the
end of the diet recovery period. Patient urine and
blood samples were taken for baseline values at
day 1, at the end of every dietary phase and every
3—4 days in between to monitor the health status
of the subjects. Stool samples were collected
at the beginning and end of each dietary phase
and at the middle of the choline deficient phase
and recovery phase for pyrosequencing of 16S
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rRNA. Even though the gut microbiota remained
distinct for each subject throughout the study,
variations in the amounts of two classes of bacte-
ria, Gammaproteobacteria and Erysipelotrichi
showed significant increase in abundance in sub-
jects with low level of choline and were nega-
tively correlated with liver fat. The elevated
abundances were reversed when choline was
restored to the diet indicating that these two bac-
teria classes respond to choline levels and may
potentially be used as a potential biomarker for
the detection of choline deficiency which may
lead to the development of NAFLD [59].

8.7 Therapeutic Intervention

for NAFLD

Gut dysbiosis has been implicated in NAFLD
pathogenesis and previous studies have high-
lighted several benefits of using probiotic strains

and or prebiotic compounds to adjust the gut
microbiota, which include reduction in liver
TGs, as well as improvement in glucose/insulin
homeostasis and inflammation. Table 8.2 is a
summary of some of the pre-clinical studies in
mice and clinical studies in humans that have
provided evidence that probiotics and synbiotics
may help to alleviate NAFLD.

8.8 The Metabolomic Approach

to NAFLD

The research discussed in this chapter all made
use of a technique called metabolomics.
Metabolomics is quite literally, “the measure-
ment of metabolites” and it is considered one
of the system biological approaches capable of
capturing the changes of an entire spectrum of
metabolites (untargeted approach) or a set of spe-
cific metabolites (targeted approach). The most

Table 8.2 Summary of pre-clinical and clinical intervention studies of probiotics and synbiotics in NAFLD

Time
Subjects Strain/prebiotic weeks Outcome References
20 obese children Lactobaculus rhamnous GG 8 week JALT [61]
28 adults Lactobacillus bulgaris 12 week |ALT and y-GTP [62]
Streptococcus thermophilus
72 adults Lactobacillus acidophilus 8 week |ALT, ASP, TC, LDL-C [63]
Bifidobacterium breve
44 obese children Bifidobacteria, lacrobacilli 16 week |fatty liver index, BMI, [64]
Streptococcus thermophila TGLPI1
40 rats HFD induced | Bifidobacterium longum 10 week | |liver TGs [65]
NAFLD Lactobacillus acidophilus B.longum > L.acidophilus
40 mice HFD induced | Lactobacillus rhamnous 12 week | |[BMI, liver TGs, adipose | [66]
NAFLD (C57BL/6 J) macrophage infiltration
Bifidobacterium animalis ssp. lactis Improved glucose/insulin
Lactobacillus paracasei homeostasis
22 adults VSL#3 3month | MDA, 4-HNE,S-NO [67]
66 adults Bifidobacterium longum 24 week lliver TGs, AST [68]
FOS
52 adults L.casei, L. rhamnous, S. 30 week INF-xB, TNFx [69]
thermophilus, B. breve, L.
acidophilus, B. longum, L.
bulgaricus and FOS
50 adults Synbiotic Protexin 28 week | |FBS, TGs, ALT, AST, [70]
GGT,LDL, cholesterol

Abbreviations: ALT alanine aminotransferase, LDL low density lipoprotein, AST aspartate aminotransferase, GGT
y-glutamyltranspeptidase, TNFa tumor necrosis factor a, NF-«kB nuclear factor —xB, MDA malondialdehyde, VSL#3
combination of B. breve, B. infantis, L. casei, L. plantarum, L. acidophilus, L. delbrueckii ssp. bulgaricus, S. thermophiles,
FBS fasting blood sugar, 4-HNE 4-hydroxynonenal, S-NO S-nitrothiols
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common platforms employed are gas chromatog-
raphy (GC) or high-performance liquid chroma-
tography (HPLC) interfaced to a mass
spectrometer, commonly referred to as GC-MS
or HPLC-MS [6]. By examining the end-products
of metabolism between two treatment groups of
mice, for example, one can distinguish between
the two groups based on their metabotype rather
than on phenotype. This was highlighted in this
chapter when it was discovered that two obese
strains of mice with comparable BMI were meta-
bolically very different from one another in that
one had insulin resistance and the other did not.
The measurements of BAs, lipids, cytokines and
bacterial metabolites such as TMA and butyrate
all make use of the metabolomic techniques.

Metabolomis is also a way to condense a large
amount of data into a more workable format. For
example, there are many functional redundancies
among the microbiota in that more than one spe-
cies is capable of producing butyrate. Therefore,
instead of putting the focus on which of more
than one thousand bacteria are present in any
given patient, it may be more cogent to think in
terms of whether the patient has a healthy gut
based on the amount of beneficial bacterial
metabolite he or she has. Analysis of metabolic
endpoints allows one to look at a patient’s situa-
tion in terms of a functional metabolome rather
than the actual physical microbiome when assess-
ing the health of his/her gut microbiota.

The metabolomic approach also has the capa-
bility of being able to handle large numbers of
samples and to generate data from multiple bio-
chemical pathways occurring simultaneously
either at one time point or a series of time points.
The clinician can then visualize a more complete
picture of the functional status of his patient’s
health. A practical application was highlighted in
this chapter with respect to choline deficiency. If
the amount of bacterial choline metabolites
increases over time in a patient, this may signal
additional choline supplementation as a treat-
ment to forestall development of NAFLD. FDA
recommendations for daily choline intake may
not be effective for everyone. Metabolomic tech-
niques thus open up the possibility of a more
“personalized” medical approach to someone’s

health. Ultimately the goals of this approach are:
(1) to realize a distinct metabotype for the pro-
gression of any human pathological condition,
(2) to discover which metabolites signify a risk
for development of any future health problems.
In the case of NAFLD, early, effective interven-
tion and subsequent monitoring of both host and
microbiota metabolites may prevent progression
to more serious chronic liver disease or metabolic
syndrome such as diabetes.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is
an increasingly important cause of chronic
liver disease globally. Similar to metabolic
syndrome and obesity, NAFLD is associated
with alternations in the gut microbiota and its
related biological pathways. While the exact
pathophysiology of NAFLD remains largely
unknown, changes in intestinal inflammation,
gut permeability, energy harvest, anaerobic
fermentation and insulin resistance have been
described. In this chapter, we review the rela-
tionship between the gut microbiota, obesity
and NAFLD, and highlight potential ways to
modify the gut microbiota to help managing
NAFLD patients.
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9.1 Epidemiology and Risk
Factors NAFLD
9.1.1 Epidemiology of NAFLD

Non-alcoholic fatty liver disease (NAFLD) has
become one of the leading causes of chronic liver
disease globally [1]. It covers a wide spectrum of
disease severity, ranging from simple steatosis to
non-alcoholic steatohepatitis (NASH), which
often results in progression to cirrhosis and hepa-
tocellular carcinoma (HCC).

NAFLD is characterized by excessive fat
accumulation in liver, defined by the presence of
steatosis in >5% of hepatocytes. It requires the
exclusion of secondary causes including sys-
temic diseases, drugs, and weekly alcohol con-
sumption of over 140 g/week for men and 70 g/
week for women in the last 12 months [2]. It is
highly associated with metabolic syndrome, obe-
sity, hypertension, dyslipidemia, diabetes melli-
tus and insulin resistance. Extra-hepatic
manifestations including osteoporosis, thyroid
dysfunction, chronic kidney disease, cardiovas-
cular disease and colorectal cancer are also
reported [3].

The prevalence of NAFLD has doubled during
last 20 years. Epidemiological studies reported
the world prevalence of NAFLD up to 25%, with
highest burden of disease in the Middle East and
South America [4]. Remarkably, the prevalence
of NAFLD in children has reached to 10% [5]. It
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affects up to 70% of patients with type 2 diabetes
mellitus and 90% of patients with morbid obesity
[6]. Among the patients with NAFLD, 23% of
them would progress to NASH, a form of NAFD
with active hepatocellular necrosis, liver inflam-
mation and tissue injury, and is associated with
more rapid fibrosis progression [7]. The inci-
dence of HCC was doubled [8] and the overall
mortality was increased among NAFLD patients
[4].

In this era of pandemic of NAFLD, the con-
cept of gut-liver axis has been proposed as one of
the therapeutic targets [9]. In this article, the role
of gut microbiota in NAFLD would be explored
with the current knowledge and evidence.

9.1.2 Genetic and Dietary Factors
of NAFLD

There is a spectrum of histological changes in
NAFLD. In the beginning, lipids are accumulated
in the hepatocytes resulting in simple steatosis.
NASH comprises of additional histological
changes, including hepatocellular injury, necro-
inflammation, hepatocyte ballooning and fibro-
sis. In some patients, NASH may further progress
to cirrhosis of HCC.

The pathogenesis of NAFLD is incompletely
understood. It is believed to be multi-factorial
and contributed by several genetic, dietary, meta-
bolic, immunological and microbiological fac-
tors. Data suggest that genetic factors play an
important role in the pathogenesis and disease
progression of NAFLD. Epidemiological studies
have shown familial clustering of NAFLD [10,
11] and an adjusted heritability of liver fat frac-
tion to be 39% [12]. The importance of genetic
factors was further corroborated by recent large
scale genome-wide association studies. In one
study, an allele in the gene PNPA3 was strongly
associated with increased hepatic flat content and
hepatic inflammation [13]. Subsequent studies
further confirmed the role of PNPA3 in the pro-
gression of NAFLD [14] and predisposition to
HCC [15, 16] in different populations. Other
genes that have been reported to be associated
with NAFLD susceptibility or progression

included FDFTI [17], TM6SF2 [18], GCKR [19]
and MBAT7 [20].

Dietary factors also play an important role in
NAFLD. Excessive calorie intake is a major risk
factor for NAFLD, especially with over-
consumption of high-fat diet [21] and fructose-
containing beverages [22-24]. Importantly,
dietary fructose promotes hepatic de novo lipo-
genesis [25], a central metabolic pathway that
was abnormally raised in NAFLD [26-28] in an
insulin-independent manner. Increased uptake of
free fatty acids derived from adipose tissue lipol-
ysis also contributes to NAFLD pathogenesis, as
knockout of fatty acid transporters (FATP2 and
FATP5) protects against NAFLD [29, 30]
whereas overexpression of fatty acid translocase
(CD36) accentuates the condition [31]. It was
estimated that 60% of hepatic triglycerides came
from adipose tissue [32]. Lastly, lower dietary
balance of n-3 versus n-6 polyunsaturated fatty
acids has been associated with NAFLD [33-35].
Taken these together, these dietary components
and metabolic factors are important contributors
to NAFLD.

9.2 Microbiota and NAFLD

9.2.1 Changes in Gut Microbiota
in NAFLD Patients

The human gastrointestinal tract contains a com-
plex community of trillions of microbes forming
collectively known as the gut microbiome. These
microbes carrying out important physiological
functions such as nutrient metabolism, energy
harvest, regulation of immunity, and maintenance
of mucosal defense. Alterations in the gut micro-
biome have been associated with different dis-
eases, including obesity, diabetes mellitus and
NAFLD. With relevance to NAFLD, the liver
receives majority of its blood supply via the por-
tal vein and thus becomes the first filter of sub-
stances coming from the intestines.
Hepatologists have long appreciated the
importance of gut microbiota to liver diseases. A
report in the 1950s showed that non-absorbable
antibiotics could prevent cirrhosis in an animal
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model of NASH [36]. Another early study also
found small intestine bacterial overgrowth
(SIBO) in patients with hepatic steatosis, which
could regress upon receiving antibiotics [37].
These studies provided early evidence that the
gut microbiota is important to NAFLD.

Multiple studies in animals have showed that
the gut microbiota is important to the pathogen-
esis of NAFLD. Compared to conventionalized
mice, germ-free mice receiving high-fat diets
were resistant to hepatic steatosis and dyslipid-
emia, while displaying better glucose tolerance
and insulin sensitivity profiles [38]. A direct evi-
dence suggesting importance of gut microbiota
was shown by the observation that NAFLD is
transmissible upon fecal transplantation [39],
which transferred the intestinal microbiota con-
comitant with the propensity for NAFLD in the
recipient mice. Significant changes were observed
with the Lachnospiraceae family and Bacteroides
vulgatus species, with the former associated posi-
tively and the latter associated inversely with
NAFLD development. These suggested possible
divergent effects of these bacteria in the patho-
genesis of NAFLD.

The advent of next-generation sequencing
technologies has allowed detailed metagenomic
analysis of the fecal composition. Limited
numbers of sequencing studies in human has
showed changes in gut microbiota in patients
with NAFLD (Fig. 9.1). Similar to obese indi-
viduals, NAFLD patients especially those with

Fig. 9.1 Some putative
bacterial genera or
species that have been
reported to change in
NAFLD patients

steatohepatitis showed increased abundance of
Bacteroidetes and decreased abundance of
Firmicutes [40, 41], though some results varied
between different studies [42, 43]. At genus
level, a subsequent study involving showed
higher abundance of Bacteroides and lower
abundance of Prevotella [41]. These two genera
have been shown to be competitors with an
inverse correlation within an ecology [44].
Further sub-group analysis of the microbiota
showed that Ruminococcus abundance was
independently associated with more severe
liver fibrosis [41]. Dietary components can
affect the gut microbiota composition [45] and
susceptibility to NASH [46], including fructose
[22], bile acid like deoxycholic acid [47], and
amino acid like citrulline [48]. The abundance
of Bacteroides correlated with decreased levels
of SCFAs and amino acids [49].

In the pediatric population, a study has showed
changes similar to obesity in NAFLD patients
with more abundant Bacteroidetes and less abun-
dant Firmicutes, as well as higher proportions of
the Prevotella and Escherichia genera [50]. One
study looking at children with NAFLD showed
higher abundance of Gammaproteobacteria and
Epsilonproteobacteria than children without
NAFLD. Other genera that were significantly dif-
ference in pediatric NASH patients included
increased levels of Ruminococcus, Dorea and
Blautia [51].

Bacteroides vulgatus

Firmicutes
Prevotella
Lachnospiraceae
Bacteroidetes
Ruminococcus
Dorea

Blautia
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Fig. 9.2 Putative mechanisms and their molecular components relating gut microbiota and NAFLD

9.2.2 Importance of the Gut

Microbiota Changes

Studies indicated that there are several mecha-
nisms that gut microbiota can contribute to
NAFLD [9, 52] (Fig. 9.2).

9.3 Intestinal Inflammation
Inflammation is a key component of steatohepati-
tis in which microbes play an important role.
With this, our innate immunity likely plays a cen-
tral role [53]. Bacterial products derived from the
gut microbes, including lipopolysaccharide
(endotoxin), peptidoglycan and bacterial DNA
can travel up the portal vein to activate TLRs on
Kupffer cells, leading to an inflammatory cas-
cade that promotes NASH. Elevated levels of
lipopolysaccharide were detected in NAFLD in
mice [54] and in human [55], and has been asso-
ciated with insulin resistance [56].
Pathogen-associated ~ molecular  pattern
(PAMP) receptors, such as Toll-like receptors
(TLRs), are involved in the pathogenesis of

NASH by activating NF-kB, secreting macro-
phage chemokines, engaging Kupffer cells and
recruiting them to the liver to cause inflammation
[57]. Nod-like receptor protein (NLRP)-3 can
stimulate the immunity through forming an
inflammasome with ACS, an apoptosis-associated
protein to activate pro-caspase 1 [58, 59].
Inflammasome dysfunction results in an aggra-
vated liver inflammatory response, liver damage,
fibrosis and cell death [60]. The role of NLRP3
has been suggested by mice on high-fat diet
showing reduced liver steatosis by inhibition of
NLRP3 inflammasome signaling [61].

Several TLRs have been shown to be of key
importance. Mice deficient in TLR4 and myeloid-
differentiation factor-2 (MD2) are protected from
methionine- and choline-deficient diet induced
liver inflammation and fat deposition [62].
Furthermore, plasma from patients with NASH
contain high levels of mitochondrial DNA as a
potent TLRO activator. Mice deficient in TLR9
were protected from high-fat diet-induced hepatic
steatosis and inflammation, reflecting the impor-
tance of TLR9 pathway in mediating the inflam-
matory component of NASH [60, 63]. Finally,
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TLRS5 may play a protective role in diet-induced
steatohepatitis, as mice lacking TLRS on hepato-
cytes showed exacerbated disease after given
methionine- and choline-deficient diet [64].
These exemplify how PAMPs can give rise to
liver inflammation, and suggest a possible com-
munication with microbes in the pathogenesis of
NASH.

9.4  GutPermeability

Dysfunction

Previous studies have demonstrated SIBO and
increased intestinal permeability in patients with
NASH [65, 66]. Culture with duodenal aspirates
showed significant SIBO with colony count
above 10° CFU/mL in 38% of patients with
NAFLD, higher than that of healthy controls
[67]. Disruptions in the gut wall integrity may
influence the products to which the liver is
exposed, and affect the progression of various
liver diseases. The increased permeability is
linked to dysregulation of epithelial tight junc-
tion function. Mice deficient in the tight
Junctional Adhesion Molecule A (JAM-A)
showed increased intestinal permeability and
bacterial translocation to the liver, causing
increased liver inflammation and steatohepatitis
[68]. This increased permeability is linked with
microbial dysbiosis, histological inflammation,
changes in immune cell populations and cytokine
levels [69, 70]. These observations suggest mech-
anistic relationships between gut microbiota,
intestinal inflammation, mucosal permeability
and steatohepatitis.

9.5 Energy Intake and Anaerobic

Fermentation

Apart from direct effects in inducing liver inflam-
mation, the gut microbiota can alter energy and
metabolism of the host, leading to obesity and
other diseases strongly associated with
NAFLD. Experimental evidence came from gno-
tobiotic animal models, where germ-free mice
gained less body weight compared to conven-

tional mice despite given the same diet [71, 72].
Subsequent experiments showed that the obesity
phenotype was transmissible with stool trans-
plantation [73, 74], and similarly, microbial
transfer can result in the development of exacer-
bated NASH in mice [60]. The increase in body
weight was associated with a proportional
increase in the Firmicutes-to-Bacteroidetes ratio
[75]; conversely, this ratio could decrease upon
weight loss with a calorie-restricted diet [75] or
gastric bypass surgery [76].

Some bacteria provide the enzymes for break-
down of polysaccharides that are otherwise indi-
gestible by the host, resulting in an increased
energy extraction to the host [77]. Fermentation
of polysaccharides by the gut microbiota into
monosaccharides and short-chain fatty acids
(SCFAs), including acetate, propionate and
butyrate receptor which are linked with meta-
bolic syndrome and NAFLD. Mice lacking
GPRA43, a receptor for these SCFAs, gained more
weight and showed increased adiposity, insulin
resistance and NAFLD upon given high fat diet,
whereas GPR43 overexpression in mice exhib-
ited no weight change or signs of liver steatosis
[78]. These SCFAs can reduce weight gain,
improve glucose tolerance and insulin sensitivity
in animal models of obesity [79, 80]. These may
be mediated through controlling satiety [81], pro-
moting thermogenesis and energy expenditure
[82], activating intestinal gluconeogenesis [80],
modulating gut inflammation [83] and regulating
intestinal hormones such as glucagon-like pep-
tide (GLP)-1 and peptide YY (PYY) [84-86]. In
particular, butyrate is a preferred energy substrate
for colonocytes [87]. It can enhance glycogen
synthesis, increase hepatic glycogen storage and
decrease glucose oxidation, providing a link
between dietary fiber consumption and improved
glucose tolerance [87].

9.6 Energy Homeostasis and Bile

Acid Metabolism

Apart from a role in enhancing dietary fat diges-
tion, bile acids are recognized to be important for
energy homeostasis and metabolism [88]. Gut
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microbiota can transform primary bile acids into
conjugated bile acids. These bile acids can bind
to the nuclear receptor Farnesoid X receptor
(FXR), which can in turn controls bile acid syn-
thesis, secretion and reabsorption through regu-
lating genes involved in the relevant pathways
[89, 90].

Bile acid metabolism has been linked to
NAFLD in several ways. FXR-deficient animals
displayed liver steatosis and inflammation [91],
phenotypes which can be improved by natural
[92] or synthetic [93, 94] FXR agonists in diet-
induced liver steatosis models. Administration of
antibiotics to mice, through affecting the gut
microbiota, could alter bile acid composition,
different FXR signaling and accumulation of tri-
glycerides in the liver [95, 96]. The beneficial
effects of bariatric surgery on metabolism were
associated with changes in the gut microbiota
and diminished in FXR-deficient mice [97]. In
clinical studies looking at the effect of obeticho-
lic acid in NAFLD and diabetes patients,
obeticholic acid was effective in improving insu-
lin sensitivity, reducing NAFLD activity score
and ameliorating liver fibrosis [98, 99].

Taken together, these studies suggested a
dominant role of the gut microbiota in regulating
bile acids via FXR signaling, which in turn regu-
lates obesity and its related metabolic manifesta-
tions including NAFLD.

9.7  Insulin Resistance

Insulin resistance is another important mecha-
nism contributing to NAFLD and other compo-
nents of metabolic syndrome. Insulin resistance
promotes lipid accumulation in the liver, via
mediating update of free fatty acids and free cho-
lesterol via scavenge receptor CD36 [100]. Fat
accumulation could also be mediated by the
nuclear receptors liver X receptor (LXR) and
intestinal farnesoid X receptor (FXR) [95, 101,
102]. These free cholesterol and fatty acids in the
liver can activate JNK, and causes mitochondrial
injury in a process called lipotoxicity. Molecules
released from the damaged hepatocytes can acti-
vate innate immunity, promoting activation of

proinflammatory pathways such as NF-kB to
cause further injury.

The gut microbiota can affect insulin resis-
tance in several ways. The stimulation of TLR4
by bacterial lipopolysaccharides can lead to acti-
vation of serine-kinases, which have important
roles in induction of insulin resistance through
serine phosphorylation of IRS-1 [103, 104]. This
posttranslational modification of IRS-1 has been
considered as an insulin resistance marker [105].
Furthermore, the increase in circulating lipopoly-
saccharides, via TLR4, leads to increased expres-
sion of inducible nitric oxide synthase (iNOS)
[106]. The increase in iNOS expression induces
S-nitrosation/S-nitrosylation of proteins in
insulin-sensitive tissues, a central phenomenon in
inducing ER stress and insulin resistance [107—
109]. Genetic disruption of iNOS and its pharma-
cological inhibition attenuates insulin resistance
in models of obesity or sepsis [110-112].
Conversely, adiponectin, a protein hormone
secreted by adipose tissues, can mediate insulin
sensitivity and its level is often decreased in
patients with NAFLD [113].

9.7.1 Changes in Gut Microbiota

in Cirrhosis Patients

In liver cirrhosis, the reduced secretion of bile
acid and presence of portal hypertension could
affect the composition of gut microbiota. Altered
gut motility and small intestinal bacterial over-
growth has been observed in patients with liver
cirrhosis [114].

Prior studies reported different fecal microbial
communities in patients with cirrhosis in com-
parison with healthy individuals. Bacteroidetes
was significantly reduced, whereas Proteobacte-
ria and Fusobacteria were highly increased in
the cirrhosis group. A positive correlation was
observed between Child-Pugh score and Strepto-
coccaceae, while a negative correlation was seen
for Lachnospiraceae [115]. Ruminococcus abun-
dance was associated with F2 or above liver
fibrosis due to pro-inflammatory and ethanol-
producing ability [41]. The concept of cirrhosis
dysbiosis ratio (CDR) has also been reported to
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quantify the microbiome alterations in stool,
which is associated with clinical decompensation
and hepatic encephalopathy [116].

Another study analyzed the quantitative
metagenomics of gut microbiomes in liver cir-
rhosis patients. It was found that Streptococcus
and Veillonella, both of buccal origin, were
enriched when compared to healthy individuals
[117]. More evidence has shown that profound
salivary dysbiosis is associated with liver cirrho-
sis [118]. Infection with Porphyromonas gingiva-
lis, a major pathogen of periodontitis, was
observed to be an additional risk factor of
NAFLD [119].

These findings suggest a significant contribu-
tion of gut and oral microbiota to the develop-
ment and prognosis of liver cirrhosis. It should be
regarded as an important potential therapeutic
target.

9.8 Modifying the Gut
Microbiota for NAFLD
Patients

9.8.1 Dietary Components

9.8.1.1 Fat, Cholesterol and Dietary
Fiber

High-fat high-cholesterol diet has been identified
to increase hepatic steatosis, inflammation and
fibrosis with synergistic effect [120]. Chronic
high fat diet feeding in mice was shown to
increase Firmicutes but reduce Bacterioidetes
species, known as the  Firmicutes-to-
Bacterioidetes ratio [121]. A bloom in a single
class of the Firmicutes — the Mollicutes was
observed in animal model for diet-induced obe-
sity [122]. On the other hand, high-fibre diet was
associated with protective effect against hepatic
inflammation, with the reduced abundance of
Akkermansia [123].

9.8.1.2 Fructose and Glycotoxins

Fructose does not stimulate insulin secretion with
selective hepatic metabolism. It has been linked
to dyslipidemia and insulin resistance. A study
comparing fructose and glucose consumption

reported increased visceral adipose volume, fast-
ing plasma apoB, LDL and glucose levels, and
most importantly hepatic de-novo lipogenesis,
which was observed to be 3-fold higher in
patients with NAFLD [26, 124, 125].
Glycotoxins, also known as advanced glyca-
tion end-products (AGE), are formed in food
when sugars react with amino groups in protein.
Its level is particularly high in baked and fried
food under high-temperature cooking. Receptors
of AGE (RAGE) were shown to be involved in
Helicobacter pylori infection and Crohn’s disease
[126, 127]. An animal study reported high-AGE
diet promoted liver steatosis and fibrosis [128].

9.8.1.3 Specific Food Substances

Caffeine consumption has been shown to inhibit
the development of NAFLD and progression of
liver fibrosis [129]. The possible mechanism of
action includes reduction of fat accumulation,
hepatic inflammation and oxidative stress [130].
It helps restore the Firmicutes-to-Bacterioidetes
ratio [131]. It also helps by up-regulating
Aquaporin-8 expression in proximal colon and
enhancing the growth of Bifidobacterium species
[132]. Recent evidence reported coffee consump-
tion was associated with improvement in liver
enzymes, reduced risk of liver cirrhosis, hepato-
cellular carcinoma and mortality, with a dose-
dependent response [133—-135].

Fermented green tea extract has been linked
with alleviation of obesity and insulin resistance.
It is hypothesized that the mechanisms of action
are restoration of the Firmicutes-to-Bacteroidetes
and Bacteroides-to-Prevotella ratios [136],
together with the presence of epigallocatechin-3-
gallate (EGCG) [137, 138]. In a recent trial,
green tea extract recipients (notably containing
2.3% caffeine) had significant improvement in
liver enzymes after 12 weeks in NAFLD patients
[139]. Another study echoed the findings by dem-
onstrating improvement of liver enzymes together
with reduction in proportion of body fat in
NAFLD patients [140].

Omega-3 polyunsaturated fatty acid (PUFA)
is considered as another new promising option in
NAFLD. It regulates the peroxisome proliferator-
activated receptors (PPAR), and reduces
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pro-inflammatory cytokines and oxidative stress.
In a recent meta-analysis, it was proposed that
omega-3 PUFA could lead to improvement in
liver enzymes and lipid profile [141]. Food rich
in omega-3 PUFA are typically included in the
Mediterranean diet, which is well known for its
beneficial effects in preventing obesity, diabetes
and cardiovascular events [142, 143].

9.8.2 Medical Interventions

9.8.2.1 Pharmacological Agents

Many pharmacological treatments have been pro-
posed for management of NAFLD. Among them,
thiazolidinediones, vitamin E, pentoxifylline and
obeticholic acid are the most promising options
[144]. However, none of them has been approved
in clinical use currently.

9.8.2.2 Antibiotics

Antibiotics have been investigated as one of the
therapeutic options. However, there is conflicting
evidence about the efficacy of antimicrobial
treatment. Use of norfloxacin and neomycin
together with cisapride, a prokinetic, has been
shown to improve liver function in cirrhotic
patients by altering gut motility and bacterial
overgrowth [145]. In the contrary, another study
found no effect on liver function in NAFLD
patients given norfloxacin [146]. Therefore, there
is no established role for antibiotics in NAFLD. Its
long-term use is also limited by potential side
effects and drug resistance.

9.8.2.3 Probiotics, Prebiotics
and Synbiotics

Probiotics represent a promising therapeutic
option for NAFLD [147, 148]. It is defined as
‘live microorganisms, when administered in ade-
quate amounts, confer a health benefit on the
host” by the World Health Organization.
Prebiotics are defined as ‘non-digestible food
substances which can promote the growth of ben-
eficial bacteria’, while synbiotics refer to the
combination of both probiotics and prebiotics.

Commercialized probiotics include lactic acid
bacteria and spore-forming bacteria. Most of

them included combinations of Bifidiobacteria
and Lactobacilli [148]. The effectiveness of pro-
biotic delivery to the intestine varies greatly
depending on formulation. The micro-
encapsulated formulation, in which probiotic
bacteria enclosing in a coating material, appears
to protect them until they reach the gut targets
[149]. VSL#3 is one of the commercialized pro-
biotic formulas. It is a probiotic combination of
eight bacterial species. Various studies have
shown the benefits of VSL#3 use in obese patients
with NAFLD, in terms of sonographic outcome
and parameters of liver function [150], through
the upregulation of GLP-1 [151].

Apart from the traditional agents, a new
group of newer probiotics is currently emerg-
ing. Faecalibacterium prausnitzii, one of the
butyrate-producing Clostridium clusters, 1is
called the ‘probiotic of future’ due to its strong
anti-inflammatory characteristics [152]. An ani-
mal study has showed that this bacterium could
decrease adipose tissue inflammation in mice
and improve hepatic health [153]. Nevertheless,
it is highly oxygen-sensitive and difficult to
cultivate and preserve. Efforts has been made to
preserve its viability by additional anti-oxidants
cysteine, riboflavin and cryoprotectant inulin.
Another potential probiotic is Akkermansia
muciniphila [154, 155], a mucin-degrading
bacterium. It has been shown to reduce fat
mass, improve insulin sensitivity and dyslipid-
emia in mice [156, 157].

Meta-analyses also supported the use of pro-
biotics in NAFLD, after demonstrating signifi-
cant improvement in metabolic and inflammatory
parameters [158, 159]. Its combined use with
Metformin also produced better outcomes than
monotherapy in terms of liver enzymes and sono-
graphic features [160].

9.8.2.4 Fecal Microbiota

Transplantation
Fecal microbiota transplantation (FMT) has been
reported in clinical use for different gastrointesti-
nal and extra-intestinal diseases, including
Clostridium difficile infection, inflammatory
bowel disease, metabolic syndrome, hepatic
encephalopathy and other diseases [161-164].
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The potential role of FMT in metabolic syn-
drome was studied. Transient improvement of
insulin resistance in recipients was observed at
week 6 after FMT infusion, but the effect weaned
off after 12 weeks [165]. Recent animal study
also demonstrated positive effect on hepatic lipid
accumulation and histology after FMT [166].
The success rate of FMT is determined by the
donor characteristics, especially fecal microbi-
ome diversity, richness and compatibility [167].
The concept of ‘super donor’ with pre-screening
is therefore proposed [168]. Further ongoing tri-
als are essential to evaluate the long-term efficacy
and safety.

9.8.3 Concluding Remarks

NAFLD is an important cause of chronic liver
disease. Increasing evidence supports that the gut
microbiota plays an important part in its patho-
physiology. While the exact mechanisms of
NAFLD remain unknown, studies have looked at
intestinal inflammation, insulin resistance, and
changes in gut permeability and energy homeo-
stasis as parts of the pathogenic mechanisms. In
this chapter, we have summarized the relation-
ship between the gut microbiota and NAFLD,
and have highlighted potential ways to modify
the gut microbiota. Further mechanistic works
will help us further design new therapies for
NAFLD.
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Abstract

Non-alcoholic fatty liver disease (NAFLD)
will become a dominant cause of hepatocel-
lular carcinoma (HCC) in the coming decade.
Whereas the exact molecular mechanisms
underlying the progression from simple ste-
atosis, through steatohepatitis, to HCC
remains largely unclear, emerging evidence
has supported a central role of defective
autophagy in the pathogenesis of NAFLD and
its complications. Autophagy not only regu-
lates lipid metabolism and insulin resistance,
but also protects hepatocytes from injury and
cell death. Nevertheless, in inflammation and
tumorigenesis, the role of autophagy is more
paradoxical. In NAFLD, defective hepatic
autophagy occurs at multiple levels through
numerous mechanisms and is causally linked
to NAFLD-related HCC. In this chapter, we
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summarize the regulation and function of
autophagy in NAFLD and highlight recent
identification of potential pharmacological
agents for restoring autophagic flux in
NAFLD.
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Fatty liver - Macroautophagy - Tumor
suppression - Signaling

10.1 Epidemiology and General
Mechanism of NAFLD

and NAFLD-Related HCC

10.1.1 Epidemiology of NAFLD
and NAFLD-Related HCC

The community prevalence of non-alcoholic fatty
liver disease (NAFLD) has increased from less
than 10% in the 1980s to current rates of 15-30%
or higher. NAFLD affects 15-40% of the general
population in Asia [1]. The pathological spec-
trum of NAFLD comprises hepatic steatosis
alone, hepatic steatosis with lobular inflamma-
tion, and non-alcoholic steatohepatitis (NASH).
More than 30% of people with NAFLD may have
NASH, which may progress to cirrhosis (in
10-29% of NASH patients) and ultimately hepa-
tocellular carcinoma (HCC) (in 4-27% of NASH-
induced cirrhosis patients) [1]. NAFLD is
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strongly associated with metabolic syndrome
(i.e. obesity, diabetes, insulin resistance and dys-
lipidemia). The relative risk for HCC in obese
men with body mass index (BMI) >35 was 4.52
compared to those with BMI between 18.5 and
24.9. Type II diabetes is also found to double the
risk of HCC. With the increasing prevalence of
obesity in children and adolescents, it is expected
that NASH will become a dominant cause of
HCC in the future with increasing number of
patients presenting at an earlier age [1].

10.1.2 Molecular Basis of NASH
and NAFLD-Related HCC

The current paradigm of NASH pathogenesis is
that “toxic lipid species”, including free fatty
acids or free cholesterol, trigger cell death and
inflammatory response. Such changes are accom-
panied by metabolic alterations, such as insulin
resistance, and overproduction of free radicals
from the mitochondria, causing lipid peroxida-
tion, cytokine production, and necrosis [1, 2].
Some advances have also been made in under-
standing the molecular characteristics of
NAFLD-related HCC. Hyperinsulinemia associ-
ated with type II diabetes could activate IRS-1
and the downstream mitogen-activated protein
kinases (MAPK) and phosphoinositide-3-kinase
(PI3K)/Akt pathways to promote cell prolifera-
tion and survival. Pro-inflammatory cytokines,
such as interleukin (IL)-6 and tumor necrosis fac-
tor (TNF) a, could also mediate activation of
oncogenic transcription factors, including activa-
tor protein-1 (AP-1), nuclear factor-kB (NF-xB)
and signal transducer and activator of transcrip-
tion 3 (STAT3). Imbalance of adipokine signal-
ing (i.e. hypoadiponectinemia and
hyperlectinemia) associated with increased adi-
posity is also linked to malignant phenotypes,
such as unchecked cell cycle progression, eva-
sion of apoptosis, and enhanced invasiveness and
metastasis [1, 2]. However, little is known about
how the effect of aberrant fatty accumulation in
the liver is directly converted to oncogenic sig-
nals. As a consequence, there is minimal inter-
vention in the clinic to prevent HCC development

in NASH patients at risk of such progression.
Thus, there is a compelling need to elucidate the
molecular mechanisms of NAFLD-related HCC
and to identify potential therapeutic targets to
control this disorder.

10.2 Mechanism and Functions
of Autophagy

10.2.1 Cellular Mechanism
of Autophagy

Macroautophagy (hereafter referred to as autoph-
agy) is a major process in which the cell digests
its own contents. This self-cannibalistic pathway
is instigated by the sequestration of cytosolic car-
gos, such as proteins and damaged organelles, by
the phagophore followed by the formation of
double-membrane structures known as autopha-
gosomes. In the late phase, autophagosomes
merge with lysosomes to produce autolysosomes.
The sequestered materials are then degraded by
acidic hydrolases to release free amino acids [3].
In this way, autophagy serves as an important
pathway for energy production in time of starva-
tion. Autophagy has been shown to have cross-
talk with diverse signaling pathways and possess
the ability to regulate other cellular and tissue
processes, such as cell proliferation, apoptosis,
differentiation, and inflammation. In this regard,
altered autophagosomal-lysosomal pathway has
been connected to many pathological conditions,
including such as cancer, infection, autoimmu-
nity, inflammatory diseases, neurodegeneration
and aging [4].

10.2.2 Molecular Checkpoints
of Autophagy

Although autophagy could be regulated at multi-
ple levels, its execution converges on multiple
mediators collectively known as “autophagy-
related proteins”, which are involved in the
abovementioned multi-step machinery [5]. The
initiation of autophagosome formation is regu-
lated by the nutrient-sensing mammalian target
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of rapamycin (mTOR) through the unc-51-like
kinase 1/2 (ULK1/2)-mAtgl3-focal adhesion
kinase family interacting protein of 200 kDa
(FIP200) complex. Under growth-permissive
conditions, mTOR binds and represses the
ULK1/2-mAtg13-FIP200 complex and thereby
inhibiting FIP200 phosphorylation and recruit-
ment of Atg proteins. However, under growth
factor- or nutrient-deprived conditions, mTOR
dissociates from the ULKI1/2-mAtgl3-FIP200
complex to unmask the kinase activities of
ULK1/2, resulting in assembly of Atg proteins at
the autophagosome formation site [6]. Beclin 1,
the mammalian orthologue of the yeast Apg6/
Vps30, could mediate multiple vesicle-trafficking
pathways and plays a central role in autophagy.
Beclinl is a Bcl-2-interacting protein which
exists in complexes of at least three different con-
figurations:  Beclin  1-hVps34-p150-Atgl4,
Beclin 1-hVps34-p150-UVRAG-Bif1 and Beclin
1-hVps34-p150-Rubicon-UVRAG [7]. The for-
mer functions at the early stage of autophago-
some formation whereas the latter two complexes
facilitate autophagosomal membrane curvature
and the maturation phase, respectively [7]. LC3,
an autophagosomal ortholog of yeast Atg8, is
another major regulator of autophagy, in which
conversion of a cytosolic truncated form of LC3
(LC3-I) to its lipidated, autophagosomal
membrane-associated form (LC3-II) is required
for autophagosome formation [8].

10.3 Roles of Autophagy
in NAFLD-Associated

Biological Processes
10.3.1 Lipid Metabolism

Autophagosomal sequestration of triglycerides
and cholesterol derived from lipid droplets in
liver has been described and termed lipophagy. In
autolysosomes, triglycerides are broken down by
acidic hydrolases to produce free fatty acid,
which are utilized for mitochondrial -oxidation.
In this capacity, lipophagy functions to regulate
intracellular lipid stores and energy homeostasis.
Accordingly, blockade of autophagy by pharma-

cological inhibitor or silencing expression
autophagy related genes caused the retention of
triglycerides and lipid droplets [9], reduced free
fatty acid oxidation, and lowered the secretion of
very-low-density lipoprotein (VLDL) from hepa-
tocytes. Induction of hepatic autophagy through
liver specific overexpression of Atg7 thus has
been shown to alleviate the metabolic stress and
mitigate hepatic steatosis in ob/ob mice [10].
Two pro-autophagic transcription factors FOXO1
and transcription factor EB (TFEB) also alleviate
steatosis [11, 12]. Short-term treatment with
pharmacological activators of autophagy, namely
carbamazepine and rapamycin could reduce liver
steatosis and triglyceride levels in the liver and
blood [13]. These findings support a lipolytic role
of autophagy in the liver.

10.3.2 Insulin Resistance

Defective autophagy has been linked to the devel-
opment of insulin resistance. FOXO1-mediated
suppression of autophagy conferred insulin resis-
tance in genetically obese mice or mice fed with
high-fat diet. Deficient hepatic autophagy of
obese mice also promoted ER stress to induce
insulin resistance [10, 12]. Concordantly, restora-
tion of autophagy by hepatocyte-specific overex-
pression of Atg7 in obese mice normalized the
insulin sensitivity and improved glucose toler-
ance [10].

10.3.3 Hepatocellular Injury

Recurrent hepatocellular injury and necroin-
flammation could lead to progression of simple
steatosis to NASH, cirrhosis or even
HCC. Autophagy functions to clear damaged
organelles and, in this capacity, protects against
cell death by removing abnormal mitochondria,
which produce oxidative stress or trigger apop-
tosis through the intrinsic pathway [14-16].
Consistently, silencing Azg5 could blunt the
cytoprotective function of autophagy and
thereby enhancing hepatocyte death induced by
menadione, which causes oxidative stress and
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mitochondrial  cytochrome release [14].
Autophagy has also been shown to protect
hepatocytes from extrinsic pathway of apopto-
sis, including death triggered by necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL)
[17]. Activating autophagy could also attenuate
cell death in hepatocytes loaded with palmitic
acid [18].

10.3.4 Inflammation

Autophagy could be a potent suppressor of
inflammation. Findings from genetic and func-
tional studies have pinpointed defective autoph-
agy as a contributing factor to several autoimmune
disorders, particularly in Crohn’s disease of
which inflammation plays a key role in its patho-
genesis [19]. Mechanistically, autophagy clears
damaged mitochondria that release reactive oxy-
gen species and mitochondrial DNA, thereby
suppressing the activation of inflammasomes and
Toll-like receptor 9 [20, 21]. Autophagy is also
required for the degradation of p62/SQSTMI, an
activator of NF-kB that promotes the transcrip-
tion of pro-inflammatory cytokines [22, 23].
Through these mechanisms, autophagy dampens
the transcription and/or maturation of pro-
inflammatory cytokines to suppress inflamma-
tion [24, 25].

However, it is noteworthy that autophagy
could in some biological contexts paradoxically
promote inflammation. For instance, autophagy
mediates the production of pro-inflammatory
cytokines induced by avian influenza H5N1
pseudotyped particle via NF-xB and p38
mitogen-activated protein kinase (MAPK) sig-
naling pathways [26]. Autophagy also enhances
lipopolysaccharides-induced lung inflamma-
tion and neutrophil recruitment [27]. Enforced
expression of hepatitis B virus X (HBx) pro-
tein, an oncogenic and pro-inflammatory pro-
tein, also induces autophagy in normal
hepatocytes, in which knockdown of ATGS5 and
ATG7 mitigated HBx-induced activation of
NF-xkB and production of pro-inflammatory
cytokines IL-6, IL-8, and CXCL2 in cultured
hepatocytes [28].

10.4 Autophagic Impairment
in NAFLD

Emerging data suggests that obesity and long-
term high-fat diet feeding might impair the
autophagosomal-lysosomal system at multiple
levels (Fig. 10.1), namely blockade of autopha-
gosome formation, inhibition of autophagosome-
lysosome fusion and mitigation of lysosome
function [29].

10.4.1 Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) provides the
oxidizing environment for synthesis, folding and
posttranslational modification of cellular proteins
and is the primary storage organelle for intracel-
lular Ca?*. Disruption of ER homeostasis could
have severe cellular consequences. When the ER
stress occurs as a result of accumulation of mis-
folded proteins, cells activate a protective called
unfolded protein response (UPR), which is con-
sisted three major molecular circuitries — [1]
IRE-1 (inositol requiring enzyme 1)-mediated
alternative splicing of XBP1 (X-box binding pro-
tein 1); [2] nuclear translocation and activation of
ATF6 (activating transcription factor 6); activa-
tion of PERK (PKR-like ER kinase)-elF2a
(eukaryotic initiation factor 2 «)-ATF4 cascade.
Activation of these pathways presumably helps
to reduce the protein load and increase the fold-
ing capacity of the ER [30]. Gonzélez-Rodriguez
et al. recently demonstrated that the autophagic
flux is impaired in cell-line and animal models of
NAFLD as well as in clinical specimens of
NAFLD patients. Interestingly, abrogation of
endoplasmic reticulum (ER) could alleviate such
impairment. In particular, knockdown of C/EBP
homologous protein (CHOP), a pro-apoptotic
mediator induced by both ATF4 and ATF6 upon
ER stress, has been shown to partially alleviate
autophagic impairment and hepatocyte apoptosis
[18]. A subsequent mechanistic study by Wang
and colleagues demonstrated that ER stress-
induced asparagine synthetase overexpression
contribute to increased generation of asparagine
and thereby inhibiting lysosome acidification.
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The induction of asparagine synthetase was
mediated through the PERK (PKR-like ER
kinase)-elF2a-ATF4 cascade. Interestingly, both
steatotic- and asparagine-treated hepatocytes
showed reduced lysosomal acidity as evidenced
by impaired cathepsin D cleavage and reduced
number of acidic vesicular organelles. Such defi-
cits were attributed to the retention of lysosomal
Ca?*, of which positive charge presumably pre-
vents the transport of protons into lysosomes.
Accordingly, knockdown of asparagine synthe-
tase in steatotic hepatocytes restored autophagic
flux [31]. These results also reverberated previ-
ous findings that cathepsin B, D, and L expres-
sion was significantly decreased in the liver from
NAFLD patients [32].

10.4.2 Adipokines and Cytokines

Patients with NASH have been shown to exhibit
dysregulated cytokine profiles in liver tissues,
plasma and peripheral blood monocyte [33].
Reduced levels of adiponectin, an adipose-
derived adipokine, are associated with obesity
and NASH. Interestingly, adiponectin knockout
attenuated high fat diet-induced autophagic
defects, such as accumulation of p62/SQSTMI,
and liver injury without reversing liver weights
and hepatic steatosis, suggesting that reduced
levels of adiponectin play an auto-protective role
possibly through normalizing autophagy [34].
C-X-C motif chemokine 10 (CXCLI10) is a cru-
cial pro-inflammatory factor in chronic hepatitis.
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In animal models of NASH, ablation of CXCL10
by neutralizing monoclonal antibody or gene
knockout has been to protect against hepatocyte
injury and steatohepatitis development. These
protective effects were accompanied by rectifica-
tion of autophagic flux impairment. Bafilomycin
Al, an inhibitor of lysosomal vacuolar type H*-
ATPase and autolysosome formation, abolished
the rectifying effect of CXCL10 ablation in cul-
tured hepatocytes, indicating CXCL10 impaired
late-stage autophagy in NAFLD [35].

10.4.3 Overactivation of mTOR
Signaling

In both genetic and dietary models of obesity, a
severe inhibition of autophagosome formation
has been demonstrated. The mTOR signaling,
which is a major suppressor of autophagosome
formation, and FOXO1 downstream of AKT has
been shown to be overactivated in steatotic liver,
presumably owing to increased amino acid con-
centration and hyperinsulinemia [12, 36, 37].
High-fat diet rich in saturated fatty acids has been
shown to elevate the expression and activity of
Sirtuin 3 (Sirt3), which renders hepatocytes sus-
ceptible to palmitate-induced cell death.
Mechanistically, Sirt3 upregulation results in
manganese superoxide dismutase deacetylation
and activation, which depleted intracellular
superoxide contents, leading to AMP-activated
protein kinase (AMPK) inhibition and mTOR
complex 1 activation and thereby suppressing
autophagy [38].

10.4.4 Altered Membrane Lipid
Content

Koga and colleagues established an in vitro
fusion assay using different lysosomal/autopha-
gic compartments isolated from mouse liver.
They found that altered membrane lipid compo-
sition induced by 25 mM methyl-beta-
cyclodextrin in vitro or feeding animals with
high-fat diet in vivo could reduce autophago-
some-lysosome fusion up to 70% [39].

10.4.5 Foxo3a Downregulation

Autophagic impairment might occur in mesen-
chymal cells of steatotic livers. Palmitate and
lipopolysaccharides have been shown to syner-
gistically reduce Foxo3a expression in Kupffer
cells, in which downregulation of Foxo3a
increased blockage of autophagy flux. The pro-
tective effect of Foxo3a was found to be medi-
ated through its transcriptional target Bim,
whose overexpression also restored autophagy
influx [40].

10.5 The Role of Autophagy
in Tumorigenesis

10.5.1 Paradoxical Role
of Autophagy in HCC

Autophagy plays a paradoxical role in hepatocar-
cinogenesis. Immunohistochemical staining has
shown that the expression of Beclin-1, a key pro-
autophagic protein, was significantly lower in
HCC tissues than adjacent tissues and such
downregulation was associated with more aggres-
sive clinicopathological phenotypes and poorer
overall survival [41]. Numerous tumor suppres-
sors (e.g. XPD, Klotho, Tak1, PTPRO) have also
been demonstrated to activate autophagy in HCC
cells [42-45].

The tumor-suppressive function of autophagy
was proposed to be mediated through degrada-
tion of oncogenic autophagic substrates (e.g.
p62/STSTM1, microRNA-224) and maintenance
of healthy mitochondria to reduce oxidative
stress and DNA damage [46—48]. In this connec-
tion, gene targeting of p62/SQSTM]1, a protein
preferentially degraded through the autophagy
pathway, has been shown to markedly abrogate
the anchorage-independent growth of HCC cells,
whereas overexpression of p62/SQSTMI1 had
opposite effects [48]. To this end, p62/SQSTM1
was reported to take part in the feedforward loop
for inducing and sustaining NF-kB activity upon
constitutive KRAS activation to promote the
development of pancreatic ductal adenocarci-
noma [22]. Moreover, knockdown of p62/
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SQSTM1I inhibits cell migration and invasion in
glioblastoma stem cells [49]. Autophagy medi-
ates the degradation of the oncogenic
microRNA-224, whose accumulation promotes
HCC cell migration and tumor formation through
silencing its target gene Smad4 [47]. Autophagy
has also reported to mediate the growth-arresting
and cytotoxic effects of interferon-y in HCC
cells [50].

Since autophagy is a major catabolic process,
autophagy could paradoxically function as a pro-
survival mechanism to generate nutrients, espe-
cially in time of nutrient deprivation and cellular
stress. In this connection, autophagy has been
shown to protects cancer cells from the accumu-
lation of damaged organelles or protein aggre-
gates, programmed cell death resulting from
detachment from surrounding extracellular
matrix (i.e. anoikis), and the toxicity of cancer
therapies [3]. In HCC, autophagy inhibition by
pharmacological inhibitors or siRNAs has been
shown to sensitize cancer cells to the multikinase
inhibitor linifanib [51]. MicroRNA-375-mediated
inhibition of autophagy also impaired viability of
HCC cells in response to hypoxia in vitro and in
vivo [52]. Moreover, autophagy could suppress
the expression of major tumor suppressors to pro-
mote the development of HCC [46].

It is generally believed that an optimal level of
autophagy is key to tumor suppression in normal
condition whereas this pathway could be sub-
verted by cancer cells for tumor promotion in the
later stages of hepatocarcinogenesis [3].

10.5.2 Crosstalk with Cancer-Related
Signaling

Autophagy could be induced by Ras-Raf-MEK-
ERK, IKK-nuclear factor (NF)-xB, transform-
ing growth factor-p, platelet-derived growth
factor, pl6/p27/retinoblastoma protein (pRB),
p53-DRAM, Ca**-CaMMKSp, reactive oxygen
species (ROS)-ATM-AMPK signaling as well
as endoplasmic reticulum stress mediators (e.g.
PERK-eIF2a, GRP78/BiP, IRE1-JNK, HDACH).
In contrast, Autophagy is known to be nega-

tively regulated by PI3K-Akt-mTOR signaling,
anti-apoptotic members of Bcl-2 family, cyto-
plasmic p53, FLIP, BRCAI1, Jumpy, Naf-1 and
rubicon [3].

10.5.3 Emerging Evidence
of Involvement of Autophagy
in NAFLD-Related HCC

To date, only sporadic studies have directly
examined the role of autophagy in NAFLD-
related HCC with animal models. Inokuchi-
Shimizu and colleagues reported that
hepatocyte-specific deletion of the MAP kinase
kinase kinase TGF p-activated kinase 1 (TAK1),
a positive regulator of AMPK, increased mTOR
activity and suppressed autophagy, accompanied
by severe hepatosteatosis [44]. The expression of
peroxisome proliferator-activated receptor o
(PPARa) target genes and [-oxidation, which
regulate hepatic lipid degradation, were also
repressed. Interestingly, mice with hepatocyte-
specific knockout of Takl developed spontane-
ous liver cancer, which expressed high levels of
p62/SQSTMI. Inhibition of mTOR activity by
rapamycin restored autophagy and prevented
HCC development, indicating that induction of
autophagy by Takl might inhibit fatty liver-
associated HCC growth [44].

The tumor-suppressive function of autophagy
could also be exemplified by another study
reporting that genetic ablation of protein tyrosine
phosphatase receptor type O (PTPRO), a known
tumor suppressor, produced severe autophagy
deficiency, liver injury, insulin resistance, hepat-
osteatosis and liver tumor formation upon feed-
ing with high-fat diet after diethylnitrosamine
(DEN) injection as compared with wild-type lit-
termates [43]. Immunohistochemical staining
demonstrated that hepatic PTPRO was reduced
while p62/SQSTM1 was increased in NAFLD as
compared with normal liver. These findings sug-
gest that low expression of PTPRO in hepato-
cytes may contribute to the inhibition of
autophagy and progression to NASH and
NAFLD-related HCC [43].
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10.6 Pharmacological Modulation
of Autophagy for Treating
NAFLD or Preventing
NAFLD-Related HCC

Lysosome-dependent degradation of lipid
through the autophagic pathway is growingly
recognized as a crucial mechanism for lipid uti-
lization whereas dysfunctional autophagy may
contribute to NASH and NAFLD-related HCC
development. Investigative efforts have thus
been put forth to identify pharmacological
agents that may restore autophagic functions in
NAFLD and thus help to prevent NAFLD-
related HCC.

10.6.1 Polyunsaturated Fatty Acids

Polyunsaturated fatty acids are fatty acids
(PUFAS) that contain more than one double bond
in their backbone. Shen and colleagues demon-
strated that dietary PUFAs could increase LC3-II
levels and attenuate IL-1p secretion and caspase-
1 cleavage in response to lipopolysaccharides in
cultured hepatocytes or liver tissues. Autophagy-
dependent suppression of nucleotide-binding
oligomerization domain leucine-rich repeat-
containing receptor protein (NLRP3) inflamma-
some activation was proposed to mediate the
beneficial effect of PUFAs [53].

10.6.2 4-Phenyl Butyric Acid

The chemical chaperone 4-phenyl butyric acid
(4-PBA) has been shown to exhibit promising
therapeutic effects in a variety of disease models,
including metabolic syndrome, inflammatory
diseases and cancer. Nissar and colleagues
reported that 4-PBA could rectify the accumula-
tion of p62/SQSTM1 and reduce lipid accumula-
tion and apoptosis caused by palmitate in Huh7
hepatoma cells. Atg7 knockdown or pharmaco-
logical  inhibition of  autophagy  with
3-methyladenine and chloroquine attenuated the
lipid lowering effect of 4-PBA. These findings
suggest that 4-PBA could reduce hepatocellular
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lipid accumulation and lipotoxicity through
induction of autophagy [54].

10.6.3 Peretinoin

Peretinoin is an orally available, acyclic retinoid
with potential antineoplastic and chemopreven-
tive activities, presumably through activation of
nuclear retinoic acid receptors (RAR). In two
NASH-HCC mouse models, peretinoin has been
shown to significantly improve liver histology
and reduce the incidence of liver tumors.
Peretinoin increased co-localized expression of
LC3B-II and LAMP2, and increased autophago-
some formation and autophagy flux in the liver
through activating the promoter of Argl6LI,
whose expression was reduced in the liver of
patients with NASH. Atgl6L1 overexpression
was found to inhibit palmitate-induced NF-kB
activation and IL-6-induced STAT3 activation by
inducing the de-phosphorylation of Gpl30, a
receptor subunit of IL-6 family cytokines [55].
These findings suggest that peretinoin can pre-
vent the development of NASH-HCC through
activating autophagy by increasing Atgl6L1
expression.

10.6.4 Carbon Monoxide

Carbon monoxide (CO), a reaction product of
heme oxygenase activity, has been shown to pro-
tect against hepatic steatosis in mice. Subsequent
mechanistic investigation demonstrated that car-
bon monoxide activated the PERK-elF2a-ATF4
pathway to induce sestrin-2, which contributed to
autophagy induction through activation of AMPK
and inhibition of mMTOR complex 1 [56].

10.6.5 Ginsenoside Rb2

Panax ginseng, a traditional Chinese medicine,
has been widely used to treat a variety of meta-
bolic diseases including hyperglycemia, hyper-
lipidemia, and hepatosteatosis. However, the
active ingredient and molecular mechanisms
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underlying such effects remain largely unknown.
Huang and colleagues found that ginsenoside
Rb2, a major ginsenoside in Panax ginseng, can
restore autophagy and prevent hepatic lipid accu-
mulation in vivo and in vitro via induction of
Sirt] and activation of AMPK [57].

10.6.6 Thyroid Hormones

Todothyronines are potential pharmacological
compounds to treat NAFLD. Two iodothyro-
nines, T, and T3, both have shown efficacy in
reducing the severity of NAFLD in cultured
hepatocytes and animal models of NAFLD. Using
a targeted metabolomics approach, Iannucci and
colleagues found that both T, and T; could
strongly induce hepatic autophagy and decrease
hepatic fat content. However, only T, was able to
rescue the impairment in AKT and MAPK/ERK
pathways caused by short-term high-fat diet [58],
indicating their differential effects.

10.6.7 Nicotinamide

Nicotinamide, the amide form of nicotinic acid
(vitamin B3), could upregulate Sirt1 via the cAMP/
PKA/CREB pathway to induce autophagy hepato-
cytes and thereby attenuating palmitate-induced
ER stress and cytotoxicity [59]. These findings
suggest that nicotinamide supplementation may
represent a therapeutic choice for NAFLD.

10.6.8 Pectic Bee Pollen
Polysaccharide

Bee pollen has been used as a nutraceutical
against diabetes and obesity. Using high glucose
and fatty acid-treated hepatocytes and high fat
diet-fed mice, Li and colleagues found that pectic
bee pollen polysaccharide from Rosa rugosa
could alleviates hepatic steatosis and insulin
resistance by promoting autophagy via an
AMPK/mTOR-mediated signaling pathway [60],
suggesting that this natural compound could be a
novel therapeutic agent used for NAFLD.

10.6.9 Caffeine

Caffeine, a psychoactive component in coffee,
tea and cola, is the world’s most widely con-
sumed drug. Through genetic, pharmacological,
and metabolomic approaches, Sinha and col-
leagues demonstrated that caffeine could reduce
intrahepatic  lipid content and stimulate
B-oxidation in hepatocytes via concomitantly
increasing autophagy and lipid uptake in lyso-
somes. This beneficial effect was probably medi-
ated through inhibition of mTOR signaling and
paralleled with alterations in hepatic amino acids
and sphingolipid levels [61].

10.6.10 Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is a major poly-
phenol in green tea with anti-inflammatory, anti-
cancer, and anti-steatotic properties. EGCG has
been shown to reduce hepatosteatosis and con-
comitantly increase autophagy in mice fed with
high-fat diet. In this connection, EGCG increased
phosphorylation of AMPK, whose knockdown
abrogated autophagy induced by EGCG [62].
These findings suggest that AMPK-dependent
induction of hepatic autophagy by EGCG might
contribute to its beneficial effects in
hepatosteatosis.

10.7 Concluding Remarks
and Future Perspectives

NASH has become a dominant cause of HCC
and its incidence is on the rise. Autophagy, a
self-cannibalistic process, is a major pathway for
lipid catabolism. Optimal and timely activation
of autophagy also protects hepatocytes from
injury and cell death as well as suppresses
inflammation. In NAFLD, lipid accumulation,
hyper-insulinemia, ER stress and deregulated
cytokine expression have been shown to contrib-
ute to hepatic autophagy  deficiency.
Unfortunately, autophagic impairment further
promotes these metabolic and molecular abnor-
malities, thereby creating a detrimental vicious
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circle. Defective autophagy is causally linked to
NAFLD-related HCC, probably through accu-
mulation of p62/SQSTMI1, which induces and
sustains the oncogenic NF-kB activity, and reten-
tion of damaged mitochondria, which produce
reactive  oxidative  species to  damage
DNA. Nevertheless, it is noteworthy that autoph-
agy could be subverted by HCC cells for oppos-
ing tumor suppression or as a pro-survival
mechanism in response to therapies in the later
stages of cancer development.

Pertinent to clinical practice, several pharma-
cological agents have been identified for their
capacity to restore autophagic flux in
NAFLD. These agents might also be promising
prophylactics for preventing NALFD-related
HCC if hepatocarcinogenesis has not yet been
initiated. Nevertheless, the clinical utilization of
these agents still awaits further validation in
large-cohort human studies. Aside from therapy,
recent discovery of circulating p62/SQSTMI as
serological marker [31] may open up a novel
avenue for the use of autophagic markers for
NAFLD diagnosis.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is
a spectrum of diseases, which include simple
liver steatosis, non-alcoholic steatohepatitis
(NASH), cirrhosis and hepatocellular carci-
noma (HCC). It is a burgeoning health prob-
lem worldwide in line with the trend towards
unhealthy diet and increased prevalence of
obesity and type 2 diabetes mellitus (T2DM).
Many animal models that illustrate both the
histology and pathology of human NAFLD
have been established. It is important to
choose an animal model that best conforms to
the aim of the study. This chapter presents a
critical analysis of the histopathology and
pathogenesis of NAFLD and the most com-

monly used and recently developed animal
models of hepatic steatosis, NASH and NAFLD-
induced hepatocellular carcinoma (NAFLD-
HCC). The main mechanisms involved in the
experimental pathogenesis of NAFLD in vari-
ous animal models were also discussed. This
chapter also includes a brief summary of recent
therapeutic targets found using animal mod-
els.Although current animal models provide
important guidance in understanding the patho-
genesis and development of NAFLD, future
study is essential to developmore precise mod-
els that better mimic the disease spectrum for
both improved mechanistic understanding and
identification of novel therapeutic options.
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[1]. NAFLD can progresses from simple liver ste-
atosis to non-alcoholic steatohepatitis (NASH),
and even to liver fibrosis and cirrhosis. Fibrosing
NASH leads to liver fibrosis and ultimately cir-
rhosis [2], increases risks for hepatocellular carci-
noma (HCC) development [3]. Different stage of
the NAFLD disease spectrum has distinctive his-
topathology features. Simple liver steatosis con-
tains lipid accumulation in hepatocytes [4].
Hepatocellular injury, ballooning, and inflamma-
tion were present in NASH.

Excessive import or reduced export or oxida-
tion of free fatty acids (FFAs) can induce hepatic
steatosis. Lipid accumulation occurs when the
rate of import or synthesis of FFAs by hepato-
cytes surpasses rate of export or catabolism [5].
Either of the following 4 can lead to triglyceride
accumulation: [1] increased uptake of FFAs into
hepatocytes due to excess lipolysis from adipose
tissue stores or dietary intake, [2] increased de
novo lipogenesis, [3] failure of FFA export
through VLDL synthesis, and [4] failure of FFA
elimination due to impaired B-oxidation. NAFLD
occur where fat droplets accumulate in at least
over 5% of hepatocytes [6]. The accumulation of
fat droplets is usually macrovesicular, in which
one large fat droplet or small well-defined drop-
lets displace the nucleus from the cell center into
the periphery. Microvesicular hepatic steatosis,
though less common, may also occur concur-
rently in which very small fat droplets fill the
hepatocytes without displacing the nucleus from
the center of the cells. Pure microvesicular ste-
atosis is a rare feature of NAFLD.

NASH is the resultant inflammatory response
that is stimulated by various additional hits [2]. 1/3
of NAFLD patients could progress to NASH [7].
Liver steatosis, inflammatory cell infiltration and
hepatocellular ballooning with or without fibrosis
are the histopathology of NASH. The inflamma-
tion in NASH include lobular inflammation, which
showed the infiltration of innate immune cells [8]
and portal inflammation, which is usual and mild
[9]. “Multiple-hit” hypothesis was reported
recently for the pathogenesis of NASH, which
include oxidative stress, inflammation, hyperinsu-
linemia, hyperleptinemia, and hypoadiponec-
tinemia [10]. Of all these factors, oxidative stress
and inflammation are two mechanisms pivotal to

NASH genesis. The degree of oxidative stress is
closely related with the severity of NASH [11, 12].
The imbalance of ROS generated by oxidative
could induce lipid peroxidation and hepatocyte
cellular damage. These damages affect plasmatic
membranes, intracellular organelles, mitochon-
drial DNA, and respiratory chain-related proteins.
Another consequence of increased ROS is that it
may induce Fas ligand expression as it contains a
binding site for nuclear factor-kB (NF-xB) and
promote paracrine-induced apoptotic hepatocyte
death. Excess FFA also leads to peroxisome prolif-
erator-activated receptor alpha (PPAR-o)-medi-
ated activation of the synthesis of enzymes
responsible for extra-mitochondrial f-oxidation
and w-oxidation pathway. Chronic hepatic inflam-
mation is closely related with NASH. The produc-
tion of pro-inflammatory cytokines including
TNF-a and interleukin-6 (IL-6) could affect adipo-
kine levels, which induce perpetuation of the loop
of chronic inflammation [13]. TNF-a increases
FFA levels by inducing insulin resistance (IR),
induces ROS formation by uncoupling mitochon-
drial respiration, and induces hepatocyte apoptosis
and necrosis. Other reported pro-inflammatory
cytokines that are elevated in NASH include
IL-1a, IL-1p, and IL-18.

Nevertheless, the exact mechanism of NAFLD
progression is still unclear. Further research for
pathogenesis and therapeutic options are pivotal
considering the increased incidence of NAFLD.
Animal models that mirror the pathophysiology of
each stage of human NAFLD progression provide
important guidance in understanding the disease
pathogenesis and progression. This chapter will
summarize the current and most commonly used
animal models. Moreover, it will briefly outline
possible therapeutic options that have recently been
identified using animal models.

11.2 Dietary Animal Models
of NAFLD

11.2.1 High Fat Diet (HFD) Animal
Model

The relationship between NAFLD and obesity
induce the establishment of a high-fat diet that is
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similar with Western diets. In HFD animal mod-
els, 45—75% of the animals’ total calorie intake is
resulted from fat.

The traditional reported HFD comprised of
71% ftat, 18% protein and 11% carbohydrates for
3 weeks, whereas a standard Lieber-DeCarli diet
included 35% fat, 47% carbohydrates and 18%
protein. Although no weight change in rats fed
with control or HFD, insulin resistance was
developed as indicated by increased plasma insu-
lin levels [14].

Mice fed with HFD comprised of 45% fat,
35% carbohydrates and 20% protein showed
hepatic steatosis as indicated by increased lipid
accumulation, hepatocyte ballooning and Mallory
bodies (Fig. 11.1a). HFD could result in a higher
percentage of cells enriched in lipid. For example,
Wistar male rats were fed diets with same quan-
tity (15 g/rat/day) for 16 weeks but with different
composition including high-fat, moderate-fat,
high-sucrose, and high-fructose groups. The HF
group had the highest body and liver weight and
highest percentage of liver steatosis (40%) [15].

The advantage of HFD-fed animal model is
that it mimic both the histopathology and patho-
genesis of human NAFLD as they induce hall-
mark features observed in human NAFLD

HFD12w

A Control 12w

Fig. 11.1 Histopathological features of NAFLD in
dietary and genetic animal models. Representative
H&E staining from liver sections of (a) C57 BL/6 mice
fed with control or high fat diet (HFD) for 12 weeks; (b)
C57 BL/6 mice fed with control or methionine and

including metabolic syndrome. However, the
degree of hepatic steatosis seems to depend upon
various factors including rodent strain.

11.2.2 Methionine and Choline-
deficient ( MCD) Dietary Model

Feeding mice a lipogenic MCD diet is a fre-
quently used and very reproducible nutritional
model of NASH. The diet is deficient in methio-
nine and choline with moderately fat. Choline is
an essential nutrient that is stored and metabo-
lized chiefly in the liver. Choline deficient impairs
hepatic VLDL secretion and results in hepatoste-
atosis, oxidative stress, liver cell death, and the
alteration of cytokines and adipocytokines [16],
but only causes mild hepatic inflammation and
fibrosis. In contrast, mice fed a diet lacking both
choline and amino acid methionine develop
severe hepatic inflammation at 2 weeks of MCD
diet feeding [5, 17] (Fig. 11.1b). Alongside with
ballooning degeneration of hepatocytes, serum
alanine aminotransferase (ALT) levels also
increase [18]. Recent studies suggest that the pro-
gression of steatosis to steatohepatitis in MCD
mice models involve significant downregulation

B Control 2w

choline-deficient (MCD) diet for 2 weeks; (¢) C57 BL/6
mice fed with control or choline deficient high fat diet
(CD-HFD) for 12 weeks; (d) db/db and dbm control mice
fed with normal chow for 6 weeks
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in expressions of proteins involved in Met metab-
olism and oxidative stress [19].

Compared with other dietary models, MCD
mouse models better mimicked pathological
findings of severe human NASH. The typical fea-
tures of NAFLD include inflammation, fibrosis,
and hepatocyte apoptosis were much more
quickly and severely than mice fed HFD or
Western diets. The diet also better models the
mechanisms implicated in the pathogenesis of
human NASH. Endoplasmic reticulum stress,
oxidative stress, and autophagocytic stress are all
substantially more active in MCD models than
other dietary models [20]. Thus, this model is
ideal for studying histologically advanced NASH
and the mechanisms of inflammation and fibrosis
in NASH. It must be noted that studies have
shown that different mouse strains respond dif-
ferently towards the MCD diet.

The disadvantage of MCD model is obvious.
Instead of being obese, mice fed an MCD diet
exhibit significant weight loss, cachexia, without
metabolic profile of human NASH, and low
serum insulin, fasting glucose, leptin and triglyc-
eride levels [21]. Hence, MCD diets are often fed
to db/db or ob/ob mice in order to better mimic
human NASH. MCD diet fed db/db mice are
obese and showed marked hepatic inflammation
and fibrosis [22].

11.2.3 High Cholesterol Diet Model

Dietary cholesterol is an important factor in the
progression of steatohepatitis and hepatic inflam-
mation in both animal models [23-25] and
humans [26]. Mice fed a high-cholesterol diet
(HCD) (1%) alone show striking increases in
serum insulin levels but only slight increases in
liver weight, triglyceride, FFAs, and serum ALT
[26]. However, when high-cholesterol is given in
conjunction with high-fat or high-cholate, fea-
tures of NASH are much more pronounced. Mice
fed a high-fat (15%), high-cholesterol (1%) diet
(HFHC) showed greater weight gain, greater
hepatic lipid accumulation, elevated serum ALT
level, decreased adiponectin, adipose tissue
inflammation, and fibrosis, the features of which

were much more severe in HFHC mice than HFD
or HCD mice [26]. Similarly, mice fed a high-
cholesterol (1.25%), high-cholate (0.5%) diet
also showed greater steatosis, inflammation,
hepatocellular ballooning and fibrosis [23, 27].
Mice fed with 23% fat, 424 g/Kg sucrose
and1.9 g/kg cholesterol diet or choline-deficient
high fat diet (CD-HFD) for 3 months developed
pronounced steatohepatitis (Fig. 11.1c). Several
studies suggest dietary cholesterol reduces VLDL
synthesis and B-oxidation of fatty acids and
increases apoptosis and hepatic oxidative stress
[25, 26].

11.2.4 High Fructose Diet Model

Epidemiologic data suggests that humans con-
sume a significant number of calories from fruc-
tose rich foods and this has been paralleled with
the development of obesity and NASH in humans
[28]. C57BL/6 mice a HFD or high-fat high-
fructose (HFHF) diet showed similar fructose
consumption [28]. In a study from our group,
CXCR3-knockout and C57BL/6 wild-type mice
were fed a similar HFHF diet comprising of a
HFHC diet supplemented with 23 g/L of fructose
in drinking water. Results showed that CXCR3-
knockout mice had improved liver histology, sig-
nificantly lower necroinflammation, and reduced
lipid peroxidation. This suggests that CXCR3
plays a pivotal role in NASH development in
HFHF mouse models [29].

11.3 Genetic Animal Models
of NAFLD

11.3.1 db/db and ob/ob Genetic
Animal Model

db/db mice are homozygous for the autosomal
recessive diabetic gene (db). The db gene encodes
for a point mutation of the leptin receptor (Ob-
Rb), which leads to defective signaling of leptin
hormone [30]. Thus, db/db mice have normal or
elevated levels of leptin but are resistant to its
effects. Leptin is responsible for regulating
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feeding behaviour by promoting satiety. These
mice have persistent hyperphagia and are obese
and diabetic [31]. They show severe hyperglycae-
mia, hyperinsulinemia, elevated serum leptin,
and develop macrovesicular hepatic steatosis [5,
22, 32] (Fig. 11.1d). Prolonged calorie overcon-
sumption (>1 month) may lead to slightly aggra-
vated hepatic inflammation [30]. Nevertheless,
db/db mice when fed a control diet rarely display
features of NASH. Thus, db/db mice alone are
good models of NAFLD but not of NASH.

Unlike db/db mice, ob/ob mice have func-
tional leptin receptors but have truncated and
non-functional leptin. Similarly, these mice are
grossly overweight, hyperphagic, hyperinsuli-
menic, hyperglycemic, and resistant to insulin,
and develop spontaneous marked liver steatosis
[30] but not steatohepatitis. Secondary insults are
also required to trigger steatohepatitis. This may
be provided through exposure to MCD diet,
HFD, small doses of lipopolysaccharide endo-
toxin [31], ethanol or hepatic ischaemia-reperfu-
sion challenge [5]. ob/ob mice are essentially
resistant to fibrosis because leptin is essential for
hepatic fibrosis [32].

Unlike dietary models, db/db and ob/ob mouse
models exhibit features of human metabolic syn-
drome. When fed a standard diet without an addi-
tional hit, these mice are useful models of
NAFLD as they develop pronounced hepatic ste-
atosis. With the addition of a second-hit like
MCD diet, db/db mice can also be used to study
the progression of steatosis to NASH. However,
congenital leptin deficiency and leptin resistance
caused by gene mutation in obese humans are
extremely rare [33], so db/db and ob/ob mice
models are limited in reflecting the aetiology of
human obesity, insulin resistance and hepatic
steatosis.

11.3.2 foz/foz Genetic Model

foz/foz mice have a mutated Almsl which have a
possible role in intracellular transport and appe-
tite regulation [34]. foz/foz mice are morbidly
obese, hyperphagic, and develop IR, significantly
reduced adiponectin levels, increased cholesterol

levels, and steatosis. A HFD promotes the transi-
tion of steatosis to NASH with severe fibrosis in
these mice by attenuating metabolic complica-
tions, resulting in further decreased adiponectin
levels and elevated cholesterol levels. However,
the severity of diet-induced NASH in foz/foz
mice depends on the strain. When foz/foz BALB/c
and C57BL6/J mice were fed a HFD, weight gain
was equivalent, suggesting that the appetite
defect in foz/foz mice is independent of strain,
however NAFLD was much more severe in foz/
Sfoz C57BL6/] mice than in foz/foz BALB/c mice.
IR, hyperinsulinaemia, obesity, and substantial
NAFLD-related liver fibrosis were exhibited in
foz/foz CSTBL6/J mice but not in foz/foz BALB/c
mice. These findings suggest that although obe-
sity in foz/foz mice is equal, the responses to obe-
sity including features of NASH are dependent
on strain [35].

11.3.3 db/db Genetic Supplemented
Dietary NASH Model

In addition to MCD diet, a recent study found
that iron overload in db/db mice can also cause
progression of NAFLD to NASH and fibrosis.
Unlike db/db mice fed a normal chow diet, db/db
mice fed a chow diet supplemented with high
iron showed hepatocellular ballooning, fibrogen-
esis increased hepatic oxidative stress, inflamma-
some activation, hepatic inflammatory immune
cell activation and impaired hepatic mitochon-
drial fatty acid p-oxidation [36].

11.4 Animal Models of NAFLD-
Induced HCC

HCC is the third most common cause of cancer-
related death worldwide. There is a weighty con-
nection between NASH and HCC. Liver cirrhosis
is the most important risk factor for HCC
although HCC could occur in non-cirrhotic
NASH [8]. Increased fat uptake, hepatic steato-
sis, and NASH are all incremental risk factors for
HCC. 4-27% of patients with NASH-related cir-
rhosis ultimately progress to HCC [3]. Long-term
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follow up studies reveal that the prevalence of
HCC in NASH patients is 0-2.8% [3, 37, 38].

Current mouse models of NAFLD and NASH
do not replicate pathological process from fatty
liver, NASH, and fibrosis to HCC. Various exper-
imental mouse models for HCC are present but
only a few of them represent NAFLD-induced
HCC [39].

11.4.1 Diet NAFLD-Induced HCC
Model

Models fed with only one type of diet have dis-
tinctive limitations. C57BL/6 mice fed MCD or
CD diets is lean without insulin resistance. HFD-
fed mice do not exhibit NASH-like pathology
whereas mice fed a MCD or CD diet do. To solve
this problem, Wolf et al. proposed a mixed diet
model combining choline deficient diet and HFD
for the investigation of NAFLD-induced HCC
development. Liver steatosis, features of meta-
bolic syndrome and liver damage reflected by
elevated serum ALT and AST levels were present
concurrently in this novel model. Features of
liver damage were reminiscent of human NASH
including oxidative stress, hepatocyte balloon-
ing, immune cell infiltration, glycogeneated
nuclei, and MDB. Liver analysis of HFD versus
CD-HFD mice found that tumor incidence in
HFD mice is only 2.5% while incidence in
CD-HFD mice is 25% [40].

In another diet model, C57BL/6 mice are fed a
choline-deficient L-amino-acid-defined-diet
(CDAA). The mice develop liver injury that
mimic NASH features that lead to HCC. Treatment
of mice with CDAA induced insulin resistance,
increase in hepatic steatosis, modifications of
enzymes of carbohydrate and lipid metabolism,
liver damage, and fibrosis. HCC developed after
9 months of feeding [41].

Asgharpour et al. recently reported a diet-
induced animal model that recapitulates the key
human NASH-HCC features. They generated an
isogenic mouse strain B6/129 by repeating
brother-sister mating of the C57BL/6 J and
129S1/SvimK mice for over 4-years. B6/129
mice fed with high fat high carbohydrate diet will
sequentially develop steatosis in 4-8 weeks,

NASH in 16-24 weeks and HCC at week 52,
which may be an ideal preclinical model of
NASH-HCC investigation [42].

11.4.2 Combined Chemical & Dietary
NAFLD- Induced HCC Model

CDAA diet C57BL/6 mice subjected to low dose
intraperitoneal injections of Carbon Tetrachloride
(CCl,) have more marked features of NASH and
HCC. Mice had greater steatosis, lobular inflam-
mation, and fibrogenesis when compared with
CDAA diet alone. In addition, CDAA C57BL/6
mice showed presence of HCC only in 35% of
cases but CDAA + CCl, group showed presence
of HCC in all mice and with a significantly higher
average tumour diameter. Thus the CDAA+CCl,
model better represents NASH and its progres-
sion to HCC than CDAA diet alone model [41].
In another combined chemical and dietary
model, Mice fed a HFD and treated with
Streptozotocin (STZ), a glucosamine-nitrosourea
compound, is toxic towards pancreatic  cells and
induces hypoinsulinemia, hyperglycaemia, and
diabetes in mice. STZ-primed mice stimulated
with HFD induced histological changes includ-
ing steatosis, lobular inflammation, fibrosis and,
at 20 weeks, tumor protrusion. Male STZ-HFD
mice developed significant proliferation of hepa-
tocytes at 16 weeks and eventually HCC. The
model provides insight into the mechanism link-
ing metabolic disorder, NASH and HCC [43].

11.4.3 Genetic NAFLD-Induced HCC
Model

Phosphatase and tensin homolog (PTEN) is a
tumor suppressor gene through its lipid phospha-
tase activity and is mutated in many human can-
cers [44]. PTEN is a putative tumor suppressor in
liver and PTEN loss could promote cell prolifera-
tion, inhibit apoptosis and induce tumor forma-
tion. Mice with PTEN loss in hepatocytes develop
features similar to human NASH and NASH-
induced HCC [45]. Hepatocarcinogenesis is evi-
dent in PTEN-deficient mice as liver tumors were
present in 66% of male and 30% of female
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PTEN-deficient mice at 40-44 weeks and patho-
logical examinations showed that HCC was pres-
ent in 83% of male and 50% of females at
74-78 weeks [45]. Thus, this model is useful for
not only the understanding of pathogenesis of
NASH but also the progression to HCC.

11.4.4 Combined Genetic
and Chemical NAFLD-Induced
HCC Model

Shen et al. found that genetic obesity in db/db
mice is a direct promoter of NASH-HCC devel-
opment. Compared to wild-type lean mice, db/db
mice treated with carcinogen diethylnitrosamine
(DEN) had higher body weight, higher liver
weight, hepatic steatosis, higher HCC incidence,
and tumor nodules significantly higher in number
and larger in size. Results also found that these
mice had genetic alterations in inflammation-
related pathways and mutations in Cel, which
leads to endoplasmic reticulum (ER) stress and
cell proliferation. Findings from this mouse
model suggest that obesity and NASH increases
susceptibility of HCC development [46].

11.5 Usage of Animal Models

Animal models are crucial in elucidating the
mechanisms and pathways involved in the patho-
genesis of the NAFLD progression. Often studies
using the aforementioned animal models may
provide encouraging results for future treatments
for NAFLD and NASH.

Using HFD mice models, Jin et al. reported
that Cyclin D3-cyclin-dependent kinase 4
(CDK4) activation is a crucial event in NAFLD
progression [47]. C/EBPa and C/EBPJ are mem-
bers of the C/EBP protein family, which control
multiple functions in different tissues and are
involved in the development of NAFLD. C/EBPa
is a strong inhibitor of liver proliferation. Its
functions and biological activities on the liver are
controlled by post-translational modification at
the Ser193 amino acid site. Cyclin D3-cyclin-
dependent kinase 4 (cdk4) phosphorylates C/

EBPa on Ser193 causing it to form a complex
with chromatin remodeling protein p300. C/
EBPa-p300 causes C/EBPa-dependent growth
arrest. HFD activates cdk4 in wild-type mice,
leading to an increase in C/EBPa-p300 com-
plexes. Similarly, HFD-mediated steatosis, fibro-
sis, and liver injury are inhibited in Cdk-4
resistant C/EBPa-S193A mice. These findings
suggest that elevation of cdk4 is a key event in the
development of NAFLD and cdk4 inhibition can
be considered as a possible treatment for
NAFLD. Using db/db mice model, Li et al. dem-
onstrated that Carboxylesterase 2 (CES2) is a
novel triglyceride hydrolase in lipid regulation
and NAFLD [48]. Glucagon-like peptide-1
(GLP-1) is a neuropeptide that induces pancre-
atic p-cells to release insulin in response to glu-
cose, restores glucose sensitivity of f-cells, and
promotes p-cells proliferation. Exendin-4 is a
GLP-1 analogue that is resistant to such inactiva-
tion and is hence a target for the treatment of type
2 diabetes mellitus. Using MCD-fed db/db mice
model, Yamamoto et al. showed that exendin-4
treatment prevented MCD-induced steatohepati-
tis with decreased lipid accumulation and FFA
content. Results found that exendin-4 exerted
such effects via three mechanisms. Firstly, exen-
din-4 could suppress SREBP-1c-related hepatic
de novo lipogenesis. Secondly, it was observed
that exendin-4 attenuated the MCD-diet induced
decrease in levels of peroxisomal acyl-coenzyme
A oxidase 1 (ACOX1) mRNA. This suggests that
exendin-4 induces lipid oxidation, as ACOX1 is
an enzyme involved in hepatic f-oxidation.
Lastly, fatty acid transport protein 4 (FATP4)
plays an important role in hepatic fatty acid
uptake and exendin-4 administration attenuated
the MCD-diet induced increase in liver FATP4
mRNA, thus suggesting a decrease in hepatic
FFA influx. With regards to hepatic inflamma-
tion, exendin-4 reduced hepatic inflammation
score, levels of a hepatic ROS marker namely
MDA, and levels of pro-inflammatory cytokines
and chemokines such as TNF-a and monocyte
chemoattractant protein-1 (MCP-1). These data
found using a MCD mice model shed light on the
possible use of exendin-4 for the treatment of
non-obese patients with NASH [49].
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11.6 Conclusion

The animal models aforementioned in this chap-
ter are useful tools in studying the pathogenesis
of NAFLD and the identification of possible ther-
apeutic options. However, they are not perfect to
characterize all the features of NAFLD. Some
replicate the histopathology of NAFLD remark-
ably but not the physiological properties, and
others vice versa. Therefore, more accurate ani-
mal models that better mimic the disease spec-
trum are still essential and need further study.
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Abstract

Non-alcoholic fatty liver disease (NAFLD)
is now the most common chronic liver dis-
ease worldwide and the second leading indi-
cation for liver transplantation and the third
leading cause of hepatocellular carcinoma
(HCC) in the United States. This chapter
focuses on the prevention and management
of NAFLD. Healthy lifestyle is the corner-
stone for the prevention and management of
NAFLD and should be recommended to
every patient at risk or having established
NAFLD. Despite the high prevalence of
NAFLD, it should be recognized that the
majority of patients will not develop liver-
related complications; cardiovascular dis-
ease remains the leading cause of death in
NAFLD patients. Until further data are
available, pharmacological treatment should
be restricted to selected patients with con-
firmed non-alcoholic steatohepatitis. As
some agents with primarily anti-fibrotic
effect are currently being tested in NAFLD
patients, significant fibrosis and cirrhosis
may become additional indications for treat-
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ment in the future. Because of the surgical
morbidity, currently bariatric surgery should
only be performed in patients with morbid
obesity, although the long-term impact of
bariatric surgery on the histology of NAFLD
is favorable.
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12.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is
now the most common chronic liver disease
worldwide [1, 2], and the second leading indica-
tion for liver transplantation and the third lead-
ing cause of hepatocellular carcinoma (HCC) in
the United States [3, 4]. Its epidemiology and
pathogenesis have been discussed in previous
chapters. This chapter focuses on the prevention
and management of NAFLD. Healthy lifestyle
is the cornerstone for the prevention and man-
agement of NAFLD and should be recom-
mended to every patient at risk or having
established NAFLD. Despite the high preva-
lence of NAFLD, it should be recognized that
the majority of patients will not develop liver-
related complications; cardiovascular disease
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remains the leading cause of death in NAFLD
patients [5]. Until further data are available,
pharmacological treatment should be restricted
to selected patients with confirmed non-alco-
holic steatohepatitis (NASH). As some agents
with primarily anti-fibrotic effect are currently
being tested in NAFLD patients, significant
fibrosis and cirrhosis may become additional
indications for treatment in the future. Because
of the surgical morbidity, currently bariatric sur-
gery should only be performed in patients with
morbid obesity, although the long-term impact
of bariatric surgery on the histology of NAFLD
is favorable.

While more than a dozen pharmacological
agents are now being evaluated, this chapter
focuses on existing agents and drugs in phase
2/3 development. It should be highlighted that
the existing agents discussed in this chapter
have not been specifically registered for the
treatment of NASH [6]. Besides, because
liver-related complications take years if not
decades to develop, biochemical, radiological
and histological endpoints have been used to
evaluate NASH treatments. In other words, the
impact of the treatments on clinical outcomes
and survival is highly uncertain. This impor-
tant question must be clarified in future long-
term studies.

12.2 Lifestyle Changes

Lifestyle management is currently the only
acceptable method to prevent NAFLD/
NASH. Body weight and metabolic parameters
are closely associated with NAFLD in epide-
miological studies [7, 8]. Lifestyle manage-
mentis also the cornerstone for the management
of NAFLD/NASH. The degree of weight
reduction is pivotal to the control of NAFLD/
NASH. In a randomized controlled trial testing
a l-year lifestyle modification program versus
usual care in 154 community NAFLD subjects,
97% of those who lost more than 10% of the
baseline body weight had complete resolution
of NAFLD as determined by proton-magnetic

resonance spectroscopy and transient elastog-
raphy, compared with 13% who lost <3% of
the baseline body weight and 41-60% of those
losing 3-10% (Fig. 12.1) [9]. In another pro-
spective cohort study of 293 NAFLD patients
from Cuba using paired liver biopsy, resolution
of NASH was achieved in a substantial propor-
tion of patients who lost more than 7% of the
baseline body weight, whereas fibrosis regres-
sion was only apparent in those having >10%
weight reduction [10]. While encouraging, it
should be noted that significant weight reduc-
tion is not commonly achieved. In both studies,
fewer than half of the patients lost >5% body
weight (Fig. 12.1).

The optimal diet for the prevention and
treatment of NAFLD/NASH has not been well
defined. Low-carbohydrate, low-fat, low-
glycemic-index and Mediterranean diets have
all been shown to improve NAFLD in small
studies of relatively short duration of follow-
up. For example, although a low-carbohydrate
diet reduces intrahepatic triglyceride content
more promptly than a low-fat, high-carbohy-
drate diet at 48 h, the difference is no longer
apparent in 2-3 months [11]. Caloric restric-
tion and diet adherence according to personal
preference are likely to be more important in
the long run [12].

On the other hand, fructose consumption has
been more consistently associated with NAFLD
[13] and its histological severity [14]. Unlike glu-
cose, fructose is not controlled by insulin and has
a strong first-pass effect in the liver. It serves as
the substrate for de novo lipogenesis and contrib-
utes to the development of insulin resistance [15].
The source of excessive fructose is usually from
high fructose corn syrup, which is found in soft
drinks and sweetened beverages.

An ongoing debate is whether modest alcohol
consumption is protective. Data from the Third
National Health and Nutrition Examination
Survey suggest that modest wine drinking, but
not other types of alcohol, reduces the risk of
NAFLD inferred by elevated alanine aminotrans-
ferase level [16]. Among adult patients with
biopsy-proven NAFLD in the NASH Clinical



Current Prevention and Treatment Options for NAFLD

151

m Resolution of NAFLD (Wong et al.)
m Resolution of NASH (Vilar-Gomez et al.)
» Fibrosis regression (Vilar-Gomez et al.)

97

100
90

70
60
50

30 -
20 | 43 16
10 - l

0

<3% 3-4.9%

90

64
60

50
45

5-6.9% 7-9.9% 210%

Weight loss in 1 year

47% 14%

70%

%of Wong
patients Vilar-Gomez

Fig. 12.1 Relationship between weight reduction in
1 year and improvement in NAFLD. In the study by
Wong et al. [9], 154 community NAFLD patients were
randomized to a lifestyle intervention program (n = 77) or
usual care (n = 77). Resolution of NAFLD was defined as

Research Network, modest drinking was also less
likely to have NASH and liver fibrosis [17]. In
another community cohort, modest drinkers had
lower blood levels of endotoxin, which was in
turn linked to NAFLD and liver injury [18]. It
should be noted that the protective effect of mod-
est alcohol consumption has not been consis-
tently shown across studies. The assessment of
alcohol consumption is subject to recall bias, and
the association may be confounded by other life-
style factors.

Regular exercise is another integral compo-
nent of healthy lifestyle. Both aerobic exercise
and resistance training have been shown to reduce
liver fat [19]. The time spent in exercise corre-
lates with metabolic improvements [20]. In a
recent meta-analysis, at least 60 min of moderate
intensity physical activity per day is needed to
eliminate the increased risk of death associated
with high sitting time [21].

6% 13%
12% 9%

19%
10%

an intrahepatic triglyceride content of <5% by proton-
magnetic resonance spectroscopy at 1 year. In the study
by Vilar-Gomez et al. [10], 293 NAFLD patients received
lifestyle advice and underwent liver biopsy at baseline and
1 year. Patients in the first category in Vilar-Gomez’s
study had weight reduction <5%

12.3 Pharmacological Treatment

The main challenge to lifestyle modification is
long-term maintenance of weight loss, which is
possible but only achieved by few [22]. Therefore,
pharmacological treatment is still needed in some
patients with confirmed NASH. For practical
purpose, we classify potential agents based on
their phase of development.

12.3.1 Existing Agents

12.3.1.1 VitaminE

Vitamin E is an anti-oxidant that has been recom-
mended as an acceptable treatment for NASH by
the American and European guidelines (EASL)
[23, 24]. In the Pioglitazone versus Vitamin E
versus Placebo for the Treatment of Nondiabetic
Patients with Nonalcoholic ~ Steatohepatitis
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(PIVENS) trial, 43% of the patients treated with
vitamin E at a daily dose of 800 IU for 96 weeks
had histological improvement (improvement by
>1 point in the hepatocellular ballooning score;
no increase in fibrosis score; either a decrease in
the NAFLD activity score to <3 points or a
decrease of >2 points, with >1 point decrease in
either the lobular inflammation or steatosis
score), compared with 19% of those receiving
placebo (P = 0.001) [25]. Significant more
patients had improvements in steatosis, lobular
inflammation, hepatocellular ballooning and the
total NAFLD activity score. Resolution of defi-
nite NASH was seen in 36% in the vitamin E
group and 21% in the placebo group (P = 0.05).
However, vitamin E did not lead to a greater
improvement in liver fibrosis. Patients on vitamin
E had greater reductions in aminotransferases. As
expected, vitamin E had no impact on body
weight, insulin sensitivity and the lipid profile.

The Treatment of NAFLD in Children
(TONIC) study was conducted in children and
adolescents aged 8-17 years [26]. Unlike the
PIVENS study, recruitment of patients in the
TONIC study was based on elevated alanine ami-
notransferase but not a diagnosis of NASH on
histology. The primary outcome, sustained reduc-
tion in alanine aminotransferase to 50% or less of
the baseline level or 40 U/L or less from
48-96 weeks of treatment, was achieved in 26%
in the vitamin E group and 17% in the placebo
group (P =0.26). However, patients on vitamin E
had greater reduction in the hepatocellular bal-
looning score and the NAFLD activity score.
Resolution of NASH occurred in 58% in the vita-
min E group and 28% in the placebo group
(P = 0.006). Again, there was no significant dif-
ference in the change in fibrosis score. Similar
results were observed in a meta-analysis of 5 ran-
domized controlled trials including the PIVENS
and TONIC studies [27].

Some studies, however, suggest that high dose
vitamin E may increase all-cause mortality,
although the results have been inconsistent [28].
Because liver fibrosis is one of the most impor-
tant risk factors of HCC and adverse clinical out-
comes in NAFLD patients, the risk-to-benefit

ratio of a drug that has no impact on fibrosis is
uncertain [29, 30].

12.3.1.2 Pioglitazone

Pioglitazone is a thiazolidinedione that activates
peroxisome  proliferator-activated  receptor
(PPAR)-gamma, which in turn increases the stor-
age of fatty acids in adipocytes and thereby
reduces circulating fatty acids. This is another
treatment for NASH accepted by the American
and European guidelines [23, 24]. Again, piogli-
tazone has been tested against placebo in the
PIVENS study [25]. The primary histological
outcome (described under the section on vitamin
E) was achieved in 34% of NASH patients receiv-
ing pioglitazone at a dose of 30 mg daily and
19% of those receiving placebo (P = 0.04) [25].
Nevertheless, because the PIVENS study is a
3-arm study including pioglitazone, vitamin E
and placebo, a P value of 0.04 for the primary
outcome was considered insignificant after
adjusting for dual comparisons. Compared with
placebo, pioglitazone led to greater improve-
ments in steatosis, lobular inflammation, hepato-
cellular ballooning and the total NAFLD activity
score, but not fibrosis. Besides, when judged by
the pathologist’s global assessment, resolution of
definite NASH was actually achieved in 47% in
the pioglitazone group, 36% in the vitamin E
group, and 21% in the placebo group. Pioglitazone
also improved the transaminases level. As
expected, insulin sensitivity improved with
pioglitazone.

Four meta-analyses evaluated the effective-
ness of thiazolidinediones in NASH [31-34].
Consistently, all included studies showed that
thiazolidinediones can improve hepatic steatosis,
lobular inflammation and hepatocellular balloon-
ing. One of the meta-analyses included a sub-
analysis and showed that pioglitazone might
improve fibrosis, but that analysis included only
137 patients treated with pioglitazone [32].

Thiazolidinediones commonly cause weight
gain and may result in fluid retention and conges-
tive heart failure [35]. Rosiglitazone, but not pio-
glitazone, also increases the risk of myocardial
infarction and cardiovascular death [36, 37].
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Pioglitazone may also increase the risk of blad-
der cancer [38].

12.3.1.3 Liraglutide

Liraglutide is a glucagon-like peptide-1 (GLP-
1) agonist registered for the treatment of type 2
diabetes (at a dose of 1.2—-1.8 mg daily) and
obesity (at 3 mg daily). GLP-1 is an incretin
secreted by the intestinal L cells in response to
nutrients and exerts endocrine, gastrointestinal
and central effects. It increases insulin and
reduces glucagon secretion. It also delays gas-
tric emptying and reduces the appetite, which
together leads to reduced food intake and
weight reduction.

In the Liraglutide Efficacy and Action in
NASH (LEAN) study, 52 overweight NASH
patients were randomized to receive liraglutide
(1.8 mg daily) or placebo for 48 weeks [39]. The
primary outcome of resolution of NASH with
no worsening in fibrosis from baseline to week
48 was achieved in 9 of 23 (39%) patients in the
liraglutide group and 2 of 22 (9%) patients in
the placebo group. When the histological fea-
tures were analyzed individually, more patients
in the liraglutide group had improvement in ste-
atosis and hepatocellular ballooning. Although
liraglutide was not associated with improve-
ment in fibrosis, fewer patients in the liraglutide
group had worsening of fibrosis. Liraglutide
improves insulin sensitivity in the liver and adi-
pose tissue [40].

Liraglutide requires subcutaneous injection.
Due to its mechanism of action, gastrointestinal
side effects are common. It is therefore necessary
to start liraglutide at 0.6 mg daily and slowly
titrate to the target dose.

12.3.2 Agentsin Phase 3
Development

12.3.2.1 Obeticholic Acid

Obeticholic acid is a potent farnesoid X receptor
(FXR) agonist. Chenodeoxycholic acid is the
natural ligand of FXR with the highest affinity,
and obeticholic acid is 100 times more potent

than chenodeoxycholic acid [41]. FXR is a
nuclear receptor highly expressed in the liver,
small intestines and kidneys. While its primary
function is bile acid metabolism, it inhibits the
expression of sterol regulatory element-binding
protein lc (SREBP-1c) and reduces hepatic lipo-
genesis [42]. It also modulates various lipopro-
teins and increases triglyceride clearance from
the liver [43].

In the Farnesoid X nuclear receptor ligand
obesticholic acid for non-cirrhotic, non-alcoholic
steatohepatitis (FLINT) study, the primary out-
come of a decrease in NAFLD activity score by
>2 points with no worsening of fibrosis from
baseline to week 72 was achieved in 45% of the
patients receiving obeticholic acid and 21% of
those receiving placebo [44]. Improvement in
fibrosis was observed in 35% in the obeticholic
acid group and 19% in the placebo group.
However, obeticholic acid was associated with
pruritus, increase in total and low density lipo-
protein (LDL)-cholesterol, and decrease in high
density lipoprotein (HDL)-cholesterol. Since
dyslipidemia and ischemic heart disease are com-
mon in NASH patients [5], the long-term cardio-
vascular safety must be evaluated carefully.
Currently, obeticholic acid is registered for the
treatment of primary biliary cholangitis [45], and
is currently evaluated in the phase 3
REGENERATE study.

Because FXR is expressed in different tissues,
there has been interest in organ-specific FXR
agonists. Recently, the effect of the non-steroidal,
intestine-selective FXR agonist GS-9674 has
been tested in cynomolgus monkeys fed with a
high-fat, high-cholesterol diet [46]. GS-9674
upregulates the FXR targets Shp and FgfI9.
Unlike obeticholic acid, GS-9674 reduces total
cholesterol, LDL-cholesterol and serum apolipo-
protein B, and increases hepatic expression of the
LDL receptor. Its effect on NASH remains to be
seen.

12.3.2.2 Elafibranor

Elafibranor is a dual agonist of peroxisome
proliferator-activated receptors alpha and delta.
In preclinical studies, activation of these
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nuclear receptors leads to favorable metabolic
and anti-inflammatory effects [47, 48]. In the
GOLDEN-505 study, NASH resolution without
worsening of fibrosis occurred in 19% of
patients taking elafibranor 120 mg daily for
1 year and 12% of those taking placebo [49].
Elafibranor also results in improved lipid pro-
file and insulin sensitivity. A phase 3 trial is
underway (NCT02704403).

12.3.2.3 Cenicriviroc

Cenicriviroc is a dual antagonist of chemokine
receptor types 2 and 5 (CCR2/CCRS). The
receptors are found on Kupffer cells and
hepatic stellate cells, and preclinical studies
suggest its anti-inflammatory and anti-fibrotic
activity [50, 51]. In the phase 2b CENTAUR
study, cenicriviroc treatment for 1 year failed
to achieve the primary outcome of a decrease
in NAFLD activity score by >2 points with no
worsening of fibrosis [52]. Nonetheless, one of
the key secondary outcomes, improvement in
liver fibrosis without worsening of NASH, was
achieved in 20% in the treatment group, com-
pared with 10% in the placebo group. Besides,
cenicriviroc reduced the serum levels interleu-
kin-6, C-reactive protein and fibrinogen, sug-
gesting its action on inflammation that may not
be reflected by crude histological assessment.
A phase 3 study is planned.

12.3.2.4 GS-4997

GS-4997 is an inhibitor of apoptosis signal-
regulating kinase 1 (ASK1). ASK1 is a member
of the mitogen-activated protein kinase kinase
kinase family and is involved in endoplasmic
reticulum stress and apoptosis [53-55]. In a
phase 2 study, GS-4997 reversed liver fibrosis in
NASH patients after only 24 weeks of treatment
[56]. Importantly, the finding was consistently
demonstrated using hepatic collagen content by
morphometry as well as liver stiffness measure-
ment by magnetic resonance elastography. A
phase 3 study is planned.

12.4 Bariatric Surgery

Bariatric surgery is currently the most effective
weight reduction treatment in patients with mor-
bid obesity. Because of the close link between
NASH and obesity, it comes as no surprise that
NASH can improve after bariatric surgery. In a
prospective study from France, the majority of
patients had histological improvements 1 year
after bariatric surgery; 85% had resolution of
NASH and 46% had improvement in fibrosis [57].
In a murine model of NASH, roux-en-Y bypass
surgery improved hepatic mitochondrial function
[58]. Bariatric surgery is also cost-effective in
NASH patients with different fibrosis stages [59].

12.5 NAFLD-Associated HCC

Despite numerous new developments in NASH
treatment, it should be emphasized that the treat-
ments have been evaluated using biochemical,
radiological or histological assessments. At the end
of the day, what we want to achieve is to prevent
cirrhosis, HCC and liver-related deaths. Currently,
none of the new agents have been shown to prevent
these outcomes. Although the latest phase 3 studies
are designed to study liver-related outcomes, the
composite endpoint will likely be largely driven by
progression to cirrhosis, whereas the prevention of
HCC and liver-related deaths will unlikely be shown
based on the sample size and duration of assess-
ment. Nonetheless, weight reduction and physical
activity are associated with a lower HCC risk both
in animal models and observational studies [60, 61].
Metformin and statin, both being important meta-
bolic treatments in patients with NAFLD, also
appear to prevent HCC, though a causal relationship
cannot be firmly established based on observational
data [62-65]. While it is unlikely that metformin
and statin will be tested as chemopreventive agents
in randomized controlled trials, their safety in
patients with compensated liver disease is well
established; the drugs should be used liberally in
patients with metabolic indications.
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