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Preface

Non-alcoholic fatty liver disease (NAFLD) is characterized by an excessive and pathological
accumulation of fat in hepatocytes (> 5% of the total weight of the liver). It is characterized
by (i) the presence of hepatic steatosis as determined by imaging or histological diagnosis
and (ii) the absence of secondary cause for accumulation of fat, such as excessive alcohol
consumption (> 20 g/day in men and 10 g/day in women). In addition, with NAFLD, it is
possible to identify a wide spectrum of pathologies including simple steatosis (fat infiltra-
tion), steatohepatitis (involving inflammation), and cirrhosis, with a worldwide prevalence
of 10 to 46%. In this context, NAFLD is considered the hepatic manifestation of the metabol-
ic syndrome, and amonyg its risk factors, obesity, diabetes mellitus type 2 (DM2), insulin re-
sistance, and dyslipidemia are noteworthy. On the other hand, polymorphisms in lipid
metabolism genes, cytokine regulation, fibrotic mediators, and oxidative stress have shown
a possible association with the onset and progression of NAFLD. Lifestyles such as physical
inactivity and unhealthy diet are risk factors for obesity and cardiometabolic disorders,
leading to the development of metabolic syndrome and NAFLD, through the development
of insulin resistance, oxidative stress, and inflammation.

The metabolism of nutrients are altered in subjects with NAFLD, with an increase in the
production of reactive oxygen species, generating oxidative stress, mitochondrial dysfunc-
tion, reticulum stress, and a pro-inflammatory and pro-lipogenic state at the liver level. For
this reason, with the development of NAFLD, diet plays a fundamental role; the Western
diet is characterized by a high intake of energy from cereal, simple carbohydrates (sugar),
fats (mainly saturated and trans-fatty acids), and high-fructose corn syrup (especially in sug-
ary drinks), as well as a low consumption of fruits, vegetables, and fish rich in n-3 fatty
acids, exacerbating the hepatic fat accumulation.

NAFLD is associated with the main factors of metabolic syndrome, such as obesity, charac-
terized by dysfunctional visceral adiposity and a chronic inflammatory state that induces
insulin resistance. In this regard, the insulin resistance observed in both the liver and pe-
ripheral tissues favors an increase in lipolysis. This high mobilization of lipids, specifically
free fatty acids from adipose tissue to the liver, increases hepatic lipogenesis and exacerbates
the deposition of triglycerides in hepatocytes, which leads to an increase in mitochondrial
activity and production of oxygen reactive species and oxidative stress. In this context, the
theory of the “two strokes” of Day and James tries to explain the pathogenesis and progres-
sion of NAFLD. The “first stroke” is the reversible hepatic accumulation of triglycerides,
due to insulin resistance, resulting in metabolic and molecular alterations, increasing the
susceptibility to the “second stroke” represented by the oxidative stress that causes inflam-
mation and tissue injury. In recent years, the theory of “multiple parallel blows” has
emerged, where the insulin resistance is the “central blow,” making the hepatocyte suscepti-
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ble to (i) production of oxygen reactive species by oxidation of free fatty acids, (ii) dysregu-
lation in the production of cytokines, and (iii) mitochondrial dysfunction, leading to the
appearance and progression of NAFLD.

Collectively, this book intends to present a systematic and comprehensive review of
NAFLD, highlighting its epidemiological and molecular aspects, as well as its prevention
and treatment.

Rodrigo Valenzuela, MSc, PhD
Nutritionist

Assistant Professor

Nutrition Department

Faculty of Medicine

University of Chile

Santiago, Chile
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Chapter 1

Non-alcoholic Fatty Liver Disease: What We Learn from
Omics Studies

Seyma Katrinli, Kamil Ozdil,
Gizem Dinler-Doganay and Levent Doganay

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71025

Abstract

Non-alcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic
liver diseases with 10-30% prevalence in western countries. The severity of NAFLD
ranges from simple steatosis to non-alcoholic steatohepatitis (NASH), cirrhosis, and hepa-
tocellular carcinoma (HCC). However, the wide range of clinical staging of the disease
prevents the clear understanding of its pathogenesis. Recently, high-throughput genomic,
transcriptomic, and proteomic studies focus on enlightening the complex mechanisms
responsible for NAFLD and NASH development. All together these Omics studies, in dif-
ferent cohorts once again, proved that NAFLD and NASH are linked with many complex
mechanisms such as accumulation and traffic of various lipids in the liver and activation
of inflammation responses. Moreover, some of these studies may have identified potential
biomarkers and candidate risky or protective alleles that can be a valuable tool for the
assessment of susceptibility and histological severity of NAFLD. Nonetheless, confirma-
tion of these potential biomarkers and candidate genes by multiple Omics tools is required
for their clinical application in the diagnosis and treatment of NASH and NAFLD.

Keywords: non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, liver,
genomics, proteomics, Omics, GWAS, NASH, NAFLD

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a serious hepatic disorder, affecting up to 30%
of the general population of Western countries and approximately 15% in Asian population
[1, 2]. The increased prevalence in developing countries is related with sedentary life style and
lack of exercise. Moreover, the increase in NAFLD prevalence is also related with alterations
in dietary intake caused by urban lifestyle which is represented by a 24% augmented energy

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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intake because of the enhancements in the consumption of flour, cereal products, and added
sugar and fats and/or in total fat and fruit intake [3]. In addition, the use of corn syrup or
high fructose as sweeteners in beverages greatly contributed the prevalence of NAFLD [4].
Hence, various dietary models are being evaluated for prevention of NAFLD. The top studied
dietary interventions include diets restricted in calories and carbohydrates with soy protein
addition, low calorie diet rich in proteins, high protein diet, soft drinks with fructose com-
pared to glucose sodas, and Mediterranean diet [5]. The fact that NAFLD is the second most
common reason for liver transplantation emphasizes the burden of NAFLD to public health
[6]. NAFLD comprises an entire pathological spectrum of diseases with successive stages of
increasing severity, ranging from simple steatosis (SS), non-alcoholic steatohepatitis (NASH),
and cirrhosis to hepatocellular carcinoma (HCC) [7]. The end result, HCC, is the fifth com-
mon cancer among all primary neoplastic diseases and affects one million individuals annu-
ally worldwide. Despite the common fact that hepatitis B or hepatitis C infection-associated
liver cirrhosis or abusive alcohol consumption is the primary cause of HCC, recent studies
reported that HCCs may also affect non-cirrhotic livers, most of them having no associated
risk factors. Consequently, NASH is now evaluated as a significant risk factor due to the high
prevalence of obesity and type 2 diabetes mellitus [8]. Recent reports stated that the risk to
develop HCC in patients with metabolic syndrome is increased by 2.13 (odd ratio), while the
increase rate is 4.4 in patients with NAFLD [9, 10].

NAFLD is closely associated with obesity, combined hyperlipidemia, type II diabetes mel-
litus, high blood pressure, and insulin resistance; it can be regarded as the hepatic manifes-
tation of metabolic syndrome [11]. Insulin resistance, dyslipidemia, and cardiovascular risk
factors are known to arise from abnormalities in fatty acid metabolism and systemic inflam-
mation, but the exact link between metabolic syndrome and the onset and progression of
liver injury is still unclear [12]. Steatosis, characterized by an accumulation of triglycerides in
the liver parenchyma, may develop into NAFLD if the rates of hepatic uptake of circulating
blood free fatty acids (FFA), which originates from excessive adipose tissue lipolysis, and de
novo liver lipogenesis from glucose are greater than the rate of mitochondrial fatty acid oxida-
tion or export as triglycerides within low-density lipoproteins. This phenomenon arises from
abnormalities in glucose, fatty acid, and lipoprotein metabolism accompanied by the develop-
ment of insulin resistance. On the other hand, upcoming evidence now suggest that triglycer-
ide accumulation in the form of lipid droplets could instead be a parameter of excessive fatty
acid trafficking, while non-triglyceride fatty acid metabolites would be the consequence of
lipotoxicity of the NASH pathogenesis [13]. Insulin resistance results in an excessive flow of
fatty acids from the adipose tissue and also hinders peripheral glucose removal. In the liver,
fatty acid disposal causes excessive production of reactive oxygen species, followed by lipid
peroxidation and augmented inflammatory response [14]. Still, the exact mechanism that
explains progression of SS to NASH is not yet fully clear. Currently, liver biopsy is still the
gold standard in diagnosis of NAFLD. The histological indication of NAFLD is determined as
lipid accumulation in the hepatocytes in the absence of pathologies such as viral hepatitis or
alcohol abuse [15]. However, liver biopsy has certain disadvantages. First and most important
of all, it is an invasive procedure. Moreover, since NAFLD does not uniformly affect liver, this
heterogeneity may cause some biases in biopsy results [16, 17]. Hence, there is an urgent need
for non-invasive biomarkers to assess liver diseases such as NAFLD.
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Currently, high-throughput Omics studies engage in to solve the complex mechanisms
responsible for NAFLD and NASH development. The genomic studies focus on genome-
wide association studies (GWAS) that identify biomarkers across whole genomes to determine
genetic variations associated with a disease of interest. The technologies of high-throughput
genotyping are now able to assay the common single nucleotide polymorphism (SNP) and
find the association between SNPs and clinical conditions or measurable traits [18]. As in
many other diseases, besides genetic factors epigenetics and transcriptomic alterations are
involved in the development of NAFLD and NASH. Additionally, identification of specific
proteins, either as novel biomarkers or as over-/under-expressed markers through proteomic
studies, may have a massive effect by increasing the availability of biomarkers for early diag-
nosis and therapy [19].

The development of NAFLD is a complex multifactorial process that involves the disrup-
tion of multiple gene and protein mechanisms. Initially, Day and James suggested a “two-hit
hypothesis” to define the development of NAFLD: The “first hit” corresponds to a primary
hepatic lipid accumulation which is described as steatosis; the “second hit” is an oxidative
stress leading to lipid peroxidation, followed by liver injury and inflammation [20]. Recently,
this traditional “two-hit hypothesis” has been upgraded to “multiple parallel hits hypoth-
esis.” It has been proposed that significant overlaps among insulin resistance, hepatic de novo
lipogenesis, and subsequent hepatocyte injury also come into play in the progression from
SS to NASH [21]. In addition, various candidate gene studies focusing on genetic factors of
NAFLD development have further supported the “multiple parallel hits hypothesis” [22].
This review aims to sum up the current Omics studies such as genomics, transcriptomics, and
proteomics to offer a better understanding of the pathogenesis of NAFLD.

2. Genomics in NAFLD

Accomplishment of Human Genome Project in 2003 greatly accelerates genome-wide associa-
tion studies (GWAS) that enable researchers to identify biomarkers across genomes of popu-
lation that are associated with a given disease. GWAS has a unique hypothesis-free approach
that comes handy for examining genes that otherwise would have not been considered as
candidates because of our limited knowledge of their function and for revealing as well non-
protein coding regions of the genome that involve crucial regulatory alterations [14]. Thus,
there are multiple GWAS conducted to identify genes that are associated with the develop-
ment of NAFLD. According to genomic studies, the associated genes with the pathophysi-
ology of NAFLD belong to hepatic lipid metabolism, ECM balance, cytokines, and insulin
resistance [11] (Table 1).

The first GWA study that was performed by Romeo et al. notably increased the notion that
genetic factors could affect the susceptibility of NAFLD [24]. In their study, Romeo et al.
presented the association between a genome-wide survey of 9229 non-synonymous SNPs
and hepatic fat detected by MR spectroscopy in 1032 African-American, 696 European-
American, and 383 Hispanic adults residing in Dallas County and found that an allele in
human patatin-like phospholipase domain containing 3 gene (PNPLA3) (rs738409, 1148M)
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Candidate genes Cohort (n = Population size) Reference

GGT1 and ABO n =7715; replication in 4704 [23]

PNPLA3 n=11,340 [24-26]

FDFT1 and COL13A1 n=236 [27]

PNPLA3, NCAN, PPP1R3B, CCKR, and LYPLAL1 n = 7126; replication in 592 cases and 1405 [28]
control

PNPLA3, TRIB1, CPN1, loci near HSD17B13, and 61,089 [29]

MAPK10

PNPLA3 and TM6SF2 2736 [30]

GGT1, gamma-glutamyltransferase 1; PNPLA3, patatin-like phospholipase domain containing 3; FDFT1, farnesyl-
diphosphate farnesyltransferase 1, COL13A1, collagen type XIII alpha 1 chain; NCAN, neurocan; PPP1R3B, protein
phosphatase 1 regulatory subunit 3B; CCKR, cholecystokinin receptor; LYPLALI, lysophospholipase-like 1; TRIB1,
tribbles pseudokinase 1; CPN1, carboxypeptidase N subunit 1; HSD17B13, hydroxysteroid 17-beta dehydrogenase 13;
MAPKI10, mitogen-activated protein kinase 10; TM6SF2, transmembrane 6 superfamily member 2.

Table 1. GWA studies of NAFLD.

was strongly contributing increased hepatic lipid levels, alanine aminotransferase levels,
and hepatic inflammation. PNPLA3 gene that encodes adiponutrin is known to have lipase
activity in vitro and has been shown to be involved in glucose and lipid metabolism [24].
Recent reports also supported the importance of this variant in NASH progression owing to
its connection with fibrosis development [25]. The association of this variant in PNPLA3 gene
(rs738409; 1148M) with the susceptibility and histological severity of NAFLD was also con-
firmed by the study of Sookoian and Pirola which included 2937 subjects [26]. Chalasani et al.
have examined 324,623 SNPs from the 22 autosomal chromosomes in 236 non-Hispanic white
women with well-diagnosed NAFLD for their clinical and histological features [27]. They
reported association of SNP rs2645424 on chromosome 8 in farnesyl diphosphate farnesyl
transferase 1 (FDFT1) with NAFLD activity score and SNP rs1227756 on chromosome 10 in a
collagen XIII variant (COL13A1), with lobular inflammation. While they stated association of
several variants with the degree of fibrosis or serum levels of alanine aminotransferase, they
found no significant association between genotypes and steatosis, ballooning degeneration,
portal inflammation, or other features of NAFLD. Transmembrane 6 Superfamily Member 2
(TM6SF2) gene is also found to be associated with NAFLD [30]. Minor allele frequency for the
rs58542926 TM6SF2 polymorphism has been reported as 7% in Europeans, 4% in Hispanics,
and 2% in African Americans [31], which are much lesser than MAF for PNPLA3 rs738409
(I148M) variant which has been reported as 49% in Hispanics, 23% in those of European
ancestry, and 17% in African Americans [32]. Individuals with rs58542926 TM6SF2 poly-
morphism have shown to possess a greater risk of developing NAFLD (OR 2.13 (95% CI:
1.36-3.30)) [33]. Another GWAS conducted by Yuan et al. in three populations (total n =7715)
with replication in three additional cohorts (total n = 4704) analyzed genetic variations affect-
ing plasma liver enzyme levels and reported six loci that have an effect on plasma levels of
liver enzymes as well as confirming previously stated associations between the GGT1 locus
and gamma glutamyl transpeptidase (GGT) levels and between the ABO locus and alkaline
phosphatase levels [23].
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Altogether, this numerous genomic studies propose the association of several genetic factors,
especially those responsible for lipid metabolism, with NAFLD development. Still, further
studies are required to deeply understand the effect of genetic variations on the pathogenesis
of NAFLD to develop specific therapies that prevent the progression of the disease or specific
treatments at each progressive step of the disease.

3. Transcriptomics in NALFD

The development of transcriptomic tools, predominantly real-time quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) and microarrays, accompanied by supporting
informatics and statistical methodologies enables researchers to investigate alterations in global
mRNA levelsin NAFLD. As in many other diseases, besides genetic factors, epigenetic and tran-
scriptomic changes participate the progression of NAFLD. The term epigenetics is described as
heritable alterations in gene expression patterns that are not encoded directly within DNA but
are instead determined by related factors such as DNA methylation or histone modifications.
While these epigenetic changes are heritable, they can also be modified in response to environ-
mental effects [34]. The liver, being the key metabolic organ, is subjected to nutrition-derived
factors that can alter its epigenetic signature. Two essential factors that play a role in epigen-
etic modifications of histones and DNA are acetyl-CoA and S-adenosylmethionine which are
also directly involved in glucose or methionine metabolism, respectively [35]. Consequently,
histone acetylation has been shown to participate to NAFLD development by triggering lip-
ogenic and glycolytic genes, while abnormalities in S-adenosylmethionine levels have been
demonstrated to result in lipogenesis, accumulation of hepatic triglycerides, and NAFLD [35].
In terms of ease in clinical applications, it is better for an epigenetic biomarker to be discovered
in peripheral blood [36]. Hereof, a promising study that examined body mass index loss in
obese adolescents reported significance of altered DNA methylation in Aquaporin-9 (AQP9),
dual specificity protein phosphatase 22 (DUSP22), homeodomain-interacting protein kinase 3
(HIPK3), troponin T1 (TNNT1), and troponin I3 (TNNI3) genes [37].

MicroRNAs (miRNAs) which are short RNA molecules of about 22 nucleotides that control
mRNA stability and thus transcription levels are crucial transcriptomic factors that can affect
NAFLD development [14]. Studies have inconsistent results for their involvement in steato-
sis, possibly due to the variances of diagnostic methods, staging, and miRNA measurement
[38]. The direct analysis of miRNA in the blood makes them ideal biomarkers for the distinct
stages of steatosis. Recently, specific microarrays, such as muParaflo microRNA microarrays,
greatly contributed to the examination of microRNAs in NAFLD. For instance, the expression
miRNA-122, which constitutes 70% of the total liver miRNAs, has been shown to be aug-
mented in the blood of NAFLD patients [39, 40]. The study of Cermelli et al. that compares
miRNA levels of NALFD patients and healthy controls reported increased miRNA-34a and
miRNA-16 levels in NAFLD patients. Also, they suggested that miRNA-122 and miRNA-34a
might be a useful biomarker for the evaluation of NAFLD and NASH [39]. Besides miRNA-
122, Pirola et al. reported association of miRNA-192 and miRNA-375 with the severity of the
disease [40]. Nonetheless, since there is a dynamic and multifactorial relationship between
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miRNAs and gene regulation, further studies and careful evaluations are required before
miRNAs can be used as biomarkers in the diagnosis and staging of NAFLD.

In addition to epigenetic factors and miRNAs, alterations in gene expression profile also affect
progression to NAFLD. Several cross-sectional studies performed on cohorts with various
histological parameters (alcoholic steatohepatitis and NASH vs. no NASH, NASH vs. no
NASH, control vs. steatosis vs. NASH, control vs. steatosis vs. NASH with steatosis >5% vs.
NASH with steatosis <5%) reported the significant effect of Wnt pathway as a protagonist,
besides genes participated in absorption, distribution, metabolism, and excretion (ADME);
aldose reductase AKR1B10; and keratin family member KRT23 [41-45]. Studies also revealed
that genes involved in cellular proliferation and ECM organization, such as dermatopontin
(DPT), were differentially expressed in the liver transcriptome of NAFLD patients [46-48].
Unfortunately, subtle alterations in individual’s gene expression caused by interindividual
heterogeneity of the disease and the adaptive nature of the pathological response limit clear-
cut identification of patient categories and therefore complicate identification of transcrip-
tomic biomarkers [41, 43, 45, 48].

4. Proteomics in NAFLD

The improvement of novel proteomic tools accelerated researches in NAFLD diagnosis and
discovery of biomarkers. The first study that examined serum protein profiles in NAFLD
by surface-enhanced laser desorption ionization time of flight mass spectrometry (SELDI-
TOF MS) on 98 obese patients, with 91 NAFLD patients (12 steatosis alone, 52 steatosis
with non-specific inflammation, 27 NASH) and 7 patients without NAFLD as obese con-
trol, reported 12 significant protein peaks. However, because of the inherent limitation of
low mass accuracy in SELDI-TOF MS, researchers could only identify fibrinogen y and
proposed a possible association with fibrosis [49]. The study of Bell et al. identified sig-
nificant alterations in 55 proteins between NAFLD and NASH with advanced fibrosis by
performing an ion-intensity-based, label-free quantitative proteomic approach (LFQP) [50].
They also reported significant changes of 15 proteins between early NASH and NASH with
progressed fibrosis. From their data, a 6-protein diagnostic method that includes fibrino-
gen [ chain, retinol-binding protein 4, serum amyloid P component, lumican, transgelin
2, and CD5 antigen-like and a 3-protein diagnostic method consisting of component C7,
insulin-like growth factor acid labile subunit, and transgelin 2 were developed to diagnose
the progressive stages of NAFLD (AUROC ranging from 0.83 to 0.91). Moreover, they also
presented that alanine aminotransferase (ALT) was a low-grade diagnostic protein for the
evaluation of different stages of NAFLD (AUROC = 0.53) [50]. Several other studies were
also consistent with the fact that ALT is not a suitable NAFLD diagnosis biomarker, and no
optimal ALT levels are present to evaluate advanced fibrosis [51]. Even with the inability to
discover unique biomarkers that could distinguish between NAFLD and NASH, the study
of Bell et al. greatly contributed into the understanding of the pathogenesis of NAFLD and
NASH [50]. Generally, most of the proteins identified by several proteomic studies suggest
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Protein categories Protein markers Reference
Protein carrier Apolipoproteins [52]
CD5 molecule-like (CD5L) [53]
Metabolic pathways Carbamoyl phosphate synthetase I (CPS1) [54]
Glucose-regulated protein 78 (GRP78) [54]
Uric acid [55]
Acute phase protein High sensitive C-reactive protein (Hs-CRP) [56]
Hemoglobin [57]
Serum fucosylated haptoglobin (Fuc-Hpt) [58]
Pentraxin 3 (PTX-3) [59]
Anti-inflammatory and Bilirubin [60]
antioxidant
Extracellular matrix Hyaluronic acid [61]
Type IV collagen 7S [62]
Laminin [63]
Lumican [64]
Matrix metallopeptidase 9 (MMP-9) [65, 66]
Immune cells and cytokines C—C motif chemokine ligand 2 (CCL2) and Monocyte [67]

chemotactic protein 1(MCP1)

Retinol-binding protein 4 (RBP4) [50, 68-70]

Table 2. Proteomic studies of NAFLD.

the association of immune system regulation, inflammation, hepatic ECM structure, and
protein carriers in the blood with NAFLD (Table 2). Nonetheless, even proteomics is a great
tool for gaining deep insight on the pathogenesis and progression of the disease; unfortu-
nately, these tools cannot yet offer specific biomarkers with major clinical value to diagnose
NASH or discriminate NASH and steatosis.

5. Conclusions

In conclusion, the Omics studies explained throughout the review supported the fact that
NAFLD is a complex disease caused by several phenomena such as accumulation and traf-
fic of various lipids in the liver and triggered inflammation responses. Altogether genomic,
transcriptomic, and proteomic studies are in accordance with the basic detectable pathogenic
mechanisms of NAFLD which are mitochondrial energetic and structural abnormalities, trig-
gered inflammatory response via multiple targets, and lipotoxicity.

9
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Advances in genomic and transcriptomic tools allow researchers to inspect significant genetic
polymorphisms and epigenetic alterations, along with miRNA levels in different stages of the
NAFLD progression. Noticeably, individuals with unfavorable genetic polymorphisms coupled
with disadvantageous biological environment carry a high risk of developing NAFLD. Moreover,
development of novel proteomic methodologies also supported the biomarker studies in
NAFLD which aim to discover key protein molecules that carry significant clinical importance
in the concourse of the disease. Even though a few candidate serum protein markers achieve to
distinguish NAFLD and NASH, further validation studies of these biomarkers in larger cohorts
are still required before they can be clinically used in the diagnosis and evaluation of the disease
progression. Overall, further advancement of Omics studies is still required to deeply under-
stand the pathophysiology of NAFLD and discover specific biomarkers for clinical use.
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Abstract

Nonalcoholic fatty liver disease (NAFLD) is characterized by a broad spectrum of clinical
and histological presentations, ranging anywhere from simple steatosis to steatohepati-
tis. Of the patients with NAFLD, only a small fraction goes on to develop inflammation
and fibrosis (i.e. NASH). Hence, understanding the underlying molecular mechanisms,
which play part in progression of NAFLD and determine the disease severity, is extremely
important. Almost two decades ago, Day and colleagues first described the “two-hit
hypothesis” to explain progression of NAFLD. However, since then, the advances in
field of molecular research have identified that NAFLD development and progression
involves complex interplay of numerous determinants, including gut-derived signals,
endoplasmic reticulum stress, adipose-derived adipokines, nutritional factors, hormonal
imbalances and components of innate immunity which act in concert on genetically pre-
disposed individuals to induce liver inflammation. This chapter reviews the different
players of this “multiple-hit model”.

Keywords: NAFLD, NASH, molecular basis, “multiple-hit model”, steatohepatitis

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a broad spectrum of clinical and
histo-pathological presentations, ranging from simple steatosis to nonalcoholic steatohepa-
titis (NASH), the latter being characterized by inflammation, macrovesicular steatosis and
apoptosis, with or without fibrosis. NAFLD can further progress to liver fibrosis, cirrhosis and
hepatocellular carcinoma (HCC) [1]. The prevalence of NAFLD in Western countries ranges
from 30-46% [2], whereas in Asian populations, it is about 15% [3]. About 30% of patients
with NAFLD may have NASH [4].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Regarding progression of NASH to cirrhosis, estimated 10% of patients with NASH can prog-
ress to decompensated liver disease over 10 years and about 25% of patients develop cirrhosis
over a span of 9 years [5]. It is very important to understand and uncover the underlying
molecular mechanisms which explain the variable incidence and severity of steatohepatitis
in only few patients with NAFLD, while most patients with steatosis never progress to ste-
atohepatitis [6]. After Day and Colleagues first described “two-hit” model for pathogenesis
of steatohepatitis in 1998, wherein steatosis (“first hit”) progresses to steatohepatitis due to
rampant lipid peroxidation in liver (“second hit”) [7], recent advances in field of molecular
research have identified numerous other culprits, collectively summed up in “multiple-hit”
hypothesis [8]. The “multiple-hit” hypothesis examines multiple insults which act collectively
and in-parallel on genetically predisposed individuals to induce development of NAFLD and
expedite progression to further adverse pathologies. This chapter provides a review of litera-
ture for multiple culprits identified in development of NAFLD and NASH.

2. Development of hepatic steatosis

Several mechanisms are involved in development of hepatic steatosis [9-11], including
increased fatty acid supply due to increased lipogenesis from both visceral and subcutane-
ous adipose tissue, increased dietary intake of fats, increased de novo hepatic lipogenesis,
decreased free fatty acid oxidation, and decreased secretion of VLDL from liver. Increased
free fatty acid delivery to liver and elevated de novo lipogenesis are major contributors to fatty
acid accumulation in NAFLD.

Elevated hepatic de novo lipogenesis may be due to activation by transcription factors such
as SREBP-1(activated by Insulin, regulated via Insulin Receptor Substrate (IRS) and maintains
cellular cholesterol homeostasis), CtREBP (activated by glucose and increased hepatic de novo
lipogenesis) and PPAR-y. Studies have demonstrated that de novo lipogenesis in liver is ele-
vated in insulin-resistant state and NAFLD [12, 13].

2.1. Lipoapoptosis: free fatty acids and cholesterol

Free fatty acid and Cholesterol are considered main players in lipotoxicity. Increased concen-
tration of serum free fatty acids (16 Carbons and more; saturated or unsaturated) are seen in
patients with NAFLD [14]. Apoptosis of hepatocytes, which is morphologic and pathologic
feature of human NASH, is partly due to free fatty acids, as explained below.

Hepatocytes can undergo apoptosis via extrinsic pathway (activated by FAS ligand and tumor
necrosis factor related apoptosis-inducing ligands) or intrinsic pathway (activated by intra-
cellular stress of membrane-bound organelle, such as mitochondria, endoplasmic reticulum
and mitochondria) [15]. Free fatty acids can induce apoptosis via following mechanisms, as
demonstrated in Figure 1:

* Mitochondrial pathway [16] (palmitic acid and stearic acid activate intrinsic apoptotic path-
way via C-jun N-terminal kinase and Bim, leading to Bax activation, mitochondrial per-
meabilization, release of cytochrome c, and activation of Caspase 3 and 7),
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Figure 1. The figure demonstrates different mechanisms by which fatty acids impart lipotoxicity to hepatocytes
(copyright © 2008 Georg Thieme Verlag KG) [15] (permission requested from Thieme publications).

e Induction of Bim expression [17] (palmitic acid and stearic acid can activate transcription fac-
tor FoxO3a, which further induces expression of pro-apoptotic protein Bim),

» Lysosomal pathway [18, 19]: Oleic acid and palmitic acid activate Bax which trans-locates
to lysosomes, increases the permeability of lysosomes and causes release of cathepsin B,
which further increase permeability of mitochondria and activates Caspases. Furthermore,
Lysosomal permeabilization is also associated with activation of NF-«xB, which results in
generation of tumor necrosis factor-a (TNF-a) in hepatocytes,

* Endoplasmic Reticulum [20]:Palmitic acid and stearic acid lead to activation of Endoplasmic
reticulum (ER) stress pathway, which can lead to apoptosis, as explained later,

¢ C-Jun N-Terminal Kinase: JNK belongs to family of intracellular mitogen-activated protein
(MAP). The murine dietary models of obesity were associated with increased activation of
JNK in liver [21]. JNK leads to activation of pro-apoptotic protein Bax [22] while it inacti-
vates anti-apoptotic protein, Bcl-2 [23]

* Death Receptors: Tumor Necrosis Factor Receptors, TNFR-1 and TNFR-2, and Fas are implicated
in pathogenesis of steatohepatitis [24]. Obesity, being a chronic inflammatory state [25], is char-
acterized by infiltration of adipose tissue by macrophages which release of inflammatory me-
diators, including TNF-a [26], with increased levels of TNF-a being observed in obesity. Upon
activation by TNF-a, TNFR-1 activates NF-kB which leads to activation of pro-inflammatory
genes and further apoptosis, if NF-kB mediated survival signals are inhibited. TNF-ot can also
lead to JNK activation, which can also lead to apoptosis if its activation is sustained [15].

Fas is expressed on hepatocytes and upon binding by Fas ligand, it signals apoptotic cell
death [15]. In dietary murine models, such as methionine and choline-deficient diet and
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high sucrose diet, steatosis is accompanied by increased expression of hepatic Fas [27], and
increase in Fas expression confers increased Fas ligand-mediated apoptosis. Also, Mono-
unsaturated fatty acid, oleic acid, under the transcriptional control of JNK, increases the
expression of Fas and TRAIL-R2 on hepatocytes [15]. This is another mechanism by which
fatty acids impart sensitivity to death receptor mediated extrinsic pathway of apoptosis,

* Ceramide: Ceramides are composed of sphingosine and fatty acid, and availability of long
chain fatty acids is a rate limiting step in synthesis of ceramide in ER [28]. In nutritional obe-
sity with associated elevation of palmitic acid and stearic acid, excess synthesis of ceramide
is possible. Palmitic acid and stearic acid-induced de novo ceramide synthesis in hematopoi-
etic precursor cell line is associated with apoptosis. However, more studies are needed to
highlight the exact contribution of ceramide to wide spectrum of NAFLD pathologies [29]

e Toll-Like Receptors: toll-like receptors (TLR) are family of pattern recognition receptors that
respond to microbial pathogens by activating innate arm of immune system [15]. Palmitic
acid activates TLR4, leading to activation of NK-kB. This leads to upregulation of its target
genes- i.e. TNF-a and Interleukin-6 (IL-6)- in macrophages and adipocytes [30]. When a
high-fat diet is fed to mice lacking TLR4, there is a lack of inflammatory gene expression
induction by high-fat diet, pointing towards the role of TLR4 in hepatic inflammation seen
in NASH [31].

* Oxidative Stress: Enhanced mitochondrial and microsomal fatty acid 3 oxidation and cy-
tochrome P450 (CYP2E1) induction can lead to oxidative stress via generation of Reactive
Oxygen species (ROS), as observed in human models of steatohepatitis [15, 32]. 4-hydroxy-
2-noneal (HNE) and Thiobarbituric acid reacting substrate (TBARS), both markers of lipid
peroxidation, are increased in patients with NAFLD and NASH [33, 34]. Thus, oxidative
stress may contribute towards development of steatosis and steatohepatitis.

* Long chain poly unsaturated fatty acids (LCPUFA): Oxidative stress leads to depletion of n-3
LCPUFA (e.g Eicosapentaenoic acid, EPA, and docosahexaenoic Acid, DHA) due to in-
creased peroxidation or defective desaturation processes. Depletion of n-3 LCPUFA leads
to upregulation of lipogenic and glycogenic effects from SREBP-1c and down-regulation
of fatty acid oxidation effects from peroxisome proliferator activated receptor-a (PPAR-at),
ultimately promoting hepatic steatosis [35]. In addition, depletion of LCPUFA can also lead
to insulin resistance due to disturbance in membrane mediated processes such as insulin
signaling [36]. From dietary prospective, a study aimed at assessing the influence of high-
fat diet on A5 and A6 desaturase enzymes involved in LCPUFA formation, found that HFD
lead to enhanced oxidative stress and macrovesicular steatosis, with diminution in desatu-
rase activity and hence, depletion of LCPUFA [37].

The role of cholesterol in lipoapoptosis requires special mention. In an analysis conducted on
human liver samples, subjects with NAFLD and NASH exhibited almost a 2-fold increase in
free cholesterol, as compared to controls [38]. Furthermore, in a study to evaluate the effect of
dietary free cholesterol loading in rodents, rats fed high cholesterol diet developed microve-
sicular steatosis and were sensitized to apoptotic effect of TNF-a, which may explain the
lipoapoptosis due to cholesterol [39].
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2.2, Triglycerides

Triglycerides are the main lipids stored in liver of patients with hepatic steatosis and recent
studies suggest that triglycerides may in fact have protective functions. Diacylglycerol acyl-
transferase 1 and 2 (DGAT) catalyze final step in triglyceride synthesis. In a model of diet-
induced obesity, mice with over-expression of DGAT1 in adipocytes and macrophages were
protected from macrophage activation and accumulation in white adipose tissue, and from
systemic inflammation and insulin resistance [9, 40]. In another study, DGAT2 antisense oli-
gonucleotides lead to inhibition of triglycerides synthesis which improved liver steatosis but
worsened liver damage, further strengthening the notion that liver triglycerides are protec-
tive in nature [41]. Thus, in summary, accumulation of triglycerides in liver might not actually
be a pathology but in fact, an adaptive, beneficial response in situations where hepatocytes
are exposed to toxic triglyceride metabolites and fatty acid excess due to increased caloric
consumption [9, 42].

2.3. Inflammation leads to Steatosis or vice versa: chicken or the egg?

* Treatment with anti-TNF antibody and metformin (an anti-diabetic drug that inhibits he-
patic TNFa expression) in ob/ob mice (the laboratory model of nonalcoholic fatty liver
disease) showed marked improvement in hepatic steatosis [43, 44].

* In patients with alcoholic steatosis, treatment with anti-TNF antibody can improve hepatic
steatosis [45].

* Similarly, loss of Kupffer cells lead to decreased production of anti-inflammatory cytokine
(IL-10), which lead to hepatic steatosis [46].

The above examples support the notion that Inflammation activates stress response in hepa-
tocytes, which leads to lipid accumulation. In fact, hepatic steatosis may be considered a
“bystander phenomenon” following inflammatory attacks. It may be a possibility that inflam-
mation proceeds steatosis in NASH and, benign and non-progressive simple steatosis and
NASH are different disease entities altogether [9].

2.4. Insulin resistance in NAFLD

NAFLD is strongly associated with hepatic and adipose tissue insulin resistance, as well as
reduced whole body insulin sensitivity [47]. Different underlying molecular mechanisms
have been identified which account for insulin resistance [8]:

1. Serine phosphorylation of insulin receptor substrate (IRS) by inflammatory signals, such
as c-jun N-terminal protein kinase 1 (JNK) or inhibitor of nuclear factor-jB kinase-b (IKKb) [48]

2. Activation of nuclear factor kappa B (NF-«B) and Suppressors of cytokine signaling (SOCS) [49]

Insulin Resistance would mean that ability of Insulin to suppress lipolysis has been supressed,
leading to increased delivery of free fatty acids to liver [50]. The free fatty acid can further

21



22

Non-Alcoholic Fatty Liver Disease - Molecular Bases, Prevention and Treatment

exacerbate hepatic insulin resistance by causing translocation of PKC-vy isoform from cytosol
to the membrane where it impairs hepatic insulin receptor substrate (IRS)-associated phospha-
tidylinositol activity [51].

2.4.1. Oxidative stress and insulin resistance

Prolonged excess oxidative load in steatosis, due to carbohydrates and lipids, leads to redox
disequilibrium characterized by lower than normal hepatic anti-oxidative potential, for exam-
ple, decreased hepatic glutathione (GSH) and reduced superoxide dismutase (SOD) activ-
ity, which further triggers insulin resistance (IR) [52]. This is validated by a data from study
where increased reactive oxygen species (ROS) in 3T3-L1 cultured pre-adipocytes preceded
the onset of Insulin resistance [53], by molecular mechanisms listed above. The insulin resis-
tance due to exacerbated hepatic oxidative stress can in turn lead to upregulation of pro-
oxidative CYP2E1 expression, the response which is normally attenuated by repressive effects
of Insulin on CYP2E1 expression [54]. Thus, there is increasing evidence for positive reinforce-
ment and interdependency between oxidative stress and insulin resistance in patients with
Hepatic steatosis [52].

Thus, due to impairment in IRS activity and further down-regulation of IRS due to insulin
resistance, SREBP is unregulated and over-expressed, leading to increased hepatic de novo
lipogenesis [55]. Insulin Resistance, due to its ability to induce lipotoxicity, oxidative stress
and inflammatory cascade, may be one of the “multiple hit” in pathogenesis of NAFLD and
progression towards NASH [8, 56].

3. The gut-derived factors

The gut microbiota is implicated in the pathogenesis and progression of NAFLD, through so-
called gut-liver axis [8]. A study aimed at analyzing human gut microbiome recognized dif-
ferent “enterotypes” [57] and “obese microbiome”, which has an ability to harvest increased
amount of energy from diet, has been demonstrated in obese mice [58]. In fact, colonization
of germ-free mice with “obese microbiome” leads to greater increase in total body fat as com-
pared to colonization with “lean microbiome” [58]. The Figure 2 summarizes the role of gut-
liver axis and adipose tissue in pathogenesis of NAFLD.

The liver receives more than 50% of its blood supply from splanchnic circulation [8], and hence,
itis always exposed to gut-derived toxins. The ability of gut-derived factors like lipopolysaccha-
ride (LPS) to flow in portal vein requires intestinal permeability, which in NAFLD is due to dis-
rupted intercellular tight junctions in the intestine [59]. In Murine models of NAFLD, intestinal
mucosa has bacterial overgrowth with increased intestinal permeability and concurrent reduc-
tion in expression of tight junction proteins [60]. Consequentially, plasma endotoxin levels are
significantly high in patients with NAFLD and NASH [61], and high-fat diet is associated with
2-3 fold increase in plasma LPS levels [62]. LPS may act as a ligand for TLR with consequent
activation of inflammatory cascade, including stress- and mitogen-activated protein kinases-
JNK (explained later), p38, Interferon regulatory factors 3 and nuclear factor-jB — each having
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Figure 2. “The multiple parallel hits model. Lipotoxicity: (1) a liver loaded with lipids consisting primarily of trigylcerides
might reflect a benign process because triglycerides might exert mostly protective effects. Furthermore, hyperleptinemia
leads to oxidation of hepatic lipids, thereby also protecting this organ from lipotoxicity. When the capacity of peripheral
and central organs of detoxifying “aggressive lipids” fails, lipotoxic attack of the liver might begin. Inflammation may
precede steatosis in NASH. Gut-derived signals: Many signals beyond endotoxin might affect hepatic steatosis and
inflammation. Several pathways have been identified how the gut microbiota might influence host energy metabolism:
(2) Absence of the microbiota in germ-free mice correlates with increased activity of phosphorylated AMPK in the liver
and the muscle (not shown). (3) Some of the breakdown products of polysaccharides are metabolized to SCFAs. SCFAs
such as propionate and acetate are ligands for the G protein-coupled receptors Gpr4l and Gpr43. Shortage of SCFAs
might allow the evolution of systemic inflammatory events. Such mechanisms elegantly combine diet, microbiota, and
the epithelial cell as “nutrient sensor.” (4) The microbiota decreases epithelial expression of fasting-induced adipocyte
factor (Fiaf), which functions as a circulating lipoprotein lipase (LPL) inhibitor and therefore is an important regulator
of peripheral fat storage. (5) Several TLRs, such as TLR5 or TLR9, are not only able to affect microbiota but also to
regulate metabolism, systemic inflammation, and insulin resistance, thus highlighting the role of the innate immune
system in metabolic inflammation as observed in NASH. (6) Various nutrients such as trans fatty acids (TFAs), fructose
or aryl hydrocarbon receptor (AhR) ligands such as 2,3,7,8-tetrachlorodibenzodioxin (TCDD) may directly lead to
steatosis/liver inflammation. Adipose tissue-derived signals: Signals derived from the adipose tissue beyond toxic
lipids might play a central role in NAFLD/NASH. (7) here, adipocytokines such as adiponectin and leptin, certain pro-
inflammatory cytokines such as TNFa or IL-6, and others (the death receptor Fas, PPARY) are of key relevance. The
cytokine/adipocytokine milieu might be critical because ob/ob-adiponectin tg mice, although becoming severely obese,
are not insulin-resistant. This suggests that in the hierarchy of processes soluble mediators play the central role. Adipose-
derived mediators might indeed affect target organs such as the liver, because JNK1 adipose-deficient mice are protected
from diet-induced obesity, and experiments have demonstrated that this effect is mediated mainly by IL-6 (a cytokine),
which is of key importance in human obesity.” [9] (figure and associated caption used after permission from “John Wiley
and Sons” [9]).
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significant contribution towards insulin resistance, hepatic fat accumulation, obesity and NASH
development and progression [63, 64]. Evidently, a continuous infusion of LPS for 4 weeks in
mice mimicked high-fat diet phenotype, with noticeable increase in insulin resistance, increased
liver triglyceride content and adipose tissue inflammation [62]. Similarly, the use of antibiotics
reduced the intensity of inflammation in high-fat diet and ob/ob mice [65].

Another mechanism for gut microbiota to influence the host immune system is via their
capacity to digest dietary fibers, such as resistant starch and nonstarch polysaccharide, to short
chain fatty acids (SCFAs, mainly propionate, butyrate and acetate), which are absorbed by
intestinal epithelium [66]. SCFAs, via their interactions with G protein-coupled receptor
43 (Gpr43), have anti-inflammatory function in various models of human ulcerative colitis
[67, 68].

Enteric bacteria also suppress the synthesis of fasting-induced adipocyte factor (Fiaf), result-
ing in increased lipoprotein lipase activity and increased triglyceride accumulation in the
liver [8, 9]. Gut microbiota also produce enzymes which cause the conversion of dietary cho-
line to toxic compounds, particularly methylamines which, in the liver, are transformed to
trimethylamine-N-oxide and induce inflammation and liver fibrosis [69]. Intestinal microbi-
ome is a major source for production of hepatotoxic compounds such as alcohol, phenols and
ammonia which are delivered to the liver by portal circulation. These compounds activate
kupffer cells and stimulate the production of nitric oxide and other inflammatory cytokines
[70]. Patients with NASH show abundance of alcohol-producing bacteria as compared to
healthy children and children with simple steatosis [71]. This endogenous production of alco-
hol has a well-established role in generation of ROS and liver inflammation [72].

Furthermore, NLRP6 and NLRP3 inflammasomes, through their production of IL-18, play an
important role in modulation of gut microbiota. In different mouse models, inflammasomes
deficiency is associated with modifications in configuration of gut microbiota, and exacerba-
tion of hepatic steatosis and inflammation. This is due to increased influx of TLR4 and TLR9
ligands into the portal circulation, leading to enhanced tumor necrosis factor-a (TNF-«) pro-
duction in liver which leads to NASH progression [73].

3.1. Bile acids

The primary bile acids cholic acid and chenodeoxycholic acid are conjugated to glycine and
taken up in distal ileum for transport to the liver [74]. By binding to cellular receptor farne-
soid X receptor (FXR) in various organs of the body, bile acids act as signaling molecules to
control overall metabolism of the host [75]. Upon activation of FXR by primary bile acids,
downstream signals are generated which lead to inhibition of hepatic de novo lipogenesis,
increased insulin sensitivity and protection of hepatocytes from bile acid-induced cytotox-
icity [76]. However, the gut microbiota in distal ileum can deconjugate the bile acids and
can further metabolize them to secondary bile acids, and thus, contribute towards obesity
by altering lipid metabolism, through changes in bile acid pools and modulation of FXR
signaling [74].
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3.2. Dietary factors

The recent decades saw a dramatic increase in consumption of trans-fatty acids, and as evi-
dent from studies on mice, trans-fatty acids consumption leads to larger liver with NASH-
like lesions and Insulin resistance [77]. Similarly, Fructose is a lipogenic, pro-inflammatory
dietary factor associated with oxidative stress and upregulation of TNF-a [78], and daily
fructose consumption is associated with liver inflammation and fibrosis [79]. Fructose diet
can induce oxidative stress and hepatocellular damage by different mechanisms, including
induction of protein fructosylation which activates SREBP and generates reactive oxygen spe-
cies (ROS) [80]. Also fructose phosphorylation leads to depletion of ATP, which stimulates
increased uric acid synthesis which in turn stimulates production of ROS [81]. Lastly fruc-
tose can induce mitochondrial disturbance which lead to disequilibrium between De novo
Lipogenesis and VLDL, which promotes alteration of respiratory chain and uncoupling of oxi-
dative phosphorylation with excess ROS production [82, 83].

Another receptor, aryl hydrocarbon receptor (AhR), is a ligand activated transcription factor which
is activated by many constituents of our diet such as indolo-(3,2-b)-carbazole and 3,3'-diindolyl-
methane (metabolized from indole 2-carbinol), or flavonoids, and this pathway plays an impor-
tant role in inflammation [84]. This is evident in transgenic mice with constitutively activated AhR
as they develop spontaneous hepatic steatosis and increased hepatic oxidative stress [85].

Studies show that Low-Calorie, Low-carbohydrate soy-containing diet and Mediterranean
diet rich in antioxidants and polyunsaturated fatty acids of n-3 series are known to be protec-
tive in reducing hepatic steatosis [86].

4. Adipose tissue-derived signal

Adipose tissue, with its ability to generate cytokines and adipocytokines, can be classified as
a complex endocrine and immune organ which mediates different metabolic, immunological
and inflammatory responses.

4.1. Adiponectin

Adiponectin is an anti-inflammatory cytokine with anti-lipogenic effects which protect non-
adipocyte tissue, such as liver, from lipid accumulation [87]. Reduced levels of adiponec-
tin are seen in conditions associated with development of NAFLD, namely obesity [88] and
insulin resistance [89]. Hence, adiponectin levels are inversely related to visceral obesity and
insulin resistance, and weight loss is an inducer of adiponectin synthesis [90]. The levels of
adiponectin are significantly reduced in patients with NASH as compared to simple steatosis
[91]. Thus adiponectin protects the liver against steatosis.

By activating cyclic-AMP dependent protein kinase (AMPK), adiponectin opposes fatty acid
synthesis and promotes mitochondrial (-oxidation [92]. The anti-inflammatory effects of
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adiponectin are due to its ability to block activation of NF-kB which inhibits the release of pro-
inflammatory cytokines such as TNFa and IL-6 [93]. The anti-inflammatory and hepatic lipid
modulating effects of adiponectin may also be due to activation of peroxisome proliferator
activated receptor-a (PPAR-a), as pharmacological treatment with PPAR-a agonist reverses
experimental steatohepatitis [94]. Furthermore, PPAR-y agonist, such as thiazolidinedione,
stimulate adiponectin synthesis, and latter activates PPAR-a [95].

4.2. Leptin

Leptin is a gene product of ob gene and is produced by visceral adipocytes [96]. The levels
of leptin directly correlate with body fat mass and adipocyte size [97]. Leptin has a potential
dual action on NAFLD experimental models, exerting anti-steatotic, and pro-inflammatory/
pro-fibrogenic actions [98]. In non-adipose tissue, such as liver, it prevents lipid accumulation
by decreasing the expression of SREBP-1. Leptin exerts pro-fibrogenic effects by activating
stellate cell in liver through hedgehock [99], mTOR [100] or kupffer cell-mediated TGF-f31
secretion which then activates stellate cell [101]. In mice models of NASH, gut-derived endo-
toxins can induce hyper-responsiveness to leptin, with subsequent upregulation of CD14 and
accelerated fibrosis [102]. Experimental studies have demonstrated that leptin deficiency in
mice may lead to hepatic steatosis which can be reversed by leptin replacement. On the other
hand, excess leptin contributes towards hepatic inflammation and fibrosis [98]. It may be a
possibility that anti-steatosis effects of leptin may predominate in initial stages of NAFLD
while pro-inflammatory and pro-fibrotic effects might take over during disease progres-
sion phase [103]. However, the exact magnitude of contribution by Leptin towards NAFLD
remains to be elucidated.

4.3.1L-6 and TNF«

In severe obesity, adipocytes are major source of IL-6 production, as evident by a study
results where IL-6 expression was 100-fold elevated in adipose tissue as compared to
liver in obese patients [9]. Similarly, elevated TNF-a production has been observed in
cultures of peripheral blood cells collected from obese patients with NASH [104]. These
two important pro-inflammatory cytokines are found to be elevated in obese patients
and weight loss is associated with dramatic decrease in serum levels of these cytokines
[105, 106].

The liver is the target organ for adipose tissue-derived 1 L-6 and TNFa. It is known that
high-fat diet, also called “inflammatory diet”, stimulates JNK1 (mitogen-activated protein
kinase, associated with apoptosis) signaling in adipocytes, which leads to IL-6 secretion by
adipocytes. IL-6 further acts on hepatic cell, leading to hepatic steatosis and hepatic insulin
resistance [48]. Continuous exposure to elevated levels of IL-6/TNF-a leads to many of the
histological features of NASH such as hepatocyte necrosis and apoptosis, neutrophil che-
motaxis and activation of hepatic stellate cells [107]. Also, they caused insulin resistance by
upregulating hepatic suppressor of cytokine signaling 3 (SOCS3) [108].
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Transcription factor nuclear factor-jB kinase b (NF-«B) and its IKK2 subunits is also important
mediators of chronic inflammatory states. Persistent activation of NF-kB has been shown in
animal models of NAFLD [109] and NASH [110].

4.4. Inflammasomes

Inflammasomes are large caspase-1 —activating multiprotein complexes that sense both endog-
enous and exogenous danger signals via intracellular NOD-like receptors (NLRs) [111]. Among
the three prototypes of inflammasomes, NALP3 is associated with NAFLD and responds to
danger signals by activating Caspase 1. Active Caspase-1 promotes cleavage and maturation
of pro-inflammatory cytokines, such as IL-1{3, IL-18, IL-33, which further promote inflamma-
tion [111]. Gut-derived endotoxin and free fatty acid may act as danger associated molecular
pattern (DAMP) which may lead to activation of inflammasomes [112].

To validate the role of inflammasomes in NASH, it was seen that there was increased gene
expression of inflammasomes in livers of patients with NASH as compared to liver of healthy
controls [113]. Furthermore, LPS and saturated fatty acids amplify the expression and activa-
tion of inflammasomes, and free fatty acids sensitize the hepatocytes to LPS-induced IL-13
secretion [112]. It was seen observed that saturated fatty acids also directly induce hepatocyte
apoptosis and activation of Caspase 8, which triggers the release of danger molecules from
hepatocytes [112].

IL-1p induces the suppression of peroxisome proliferator activated receptor-a (PPAR-a), acti-
vates the stellate cells to promote fibrosis and promotes TNF-a-induced cell death [114].

5. Toll-like receptors and innate immunity

Toll-like receptors are sensors of microbial and endogenous danger signals which are expressed
in innate immune cells and liver parenchyma and contribute towards progression of NASH
[90]. Upon activation by gut microbiota-released pathogen- or damage- associated molecular
pattern (PAMP and DAMP), downstream signals are activated which lead to progression of
NASH. TLR2, TLR4 and TLR9 are most commonly associated with NASH [90].

The gut-derived bacterial endotoxin is brought to liver via portal circulation where they acti-
vate the kupffer cell by way of TLR4 receptor complex. This interaction leads to activation of
nuclear transcription factors, leading to release of pro-inflammatory mediators such as TNFa
which can induce liver injury and fibrosis [115]. The role of TLR4 in pathogenesis of NASH
is further supported by study where TLR4-deficient mice, which were fed high fructose
diet,were protected from formation of reactive oxygen species, induction of TNFa expression
in liver and insulin resistance [116].

TLRO is located on endoplasmic reticulum and is activated by unmethylated CpG DNA par-
ticles that are released from bacteria [90]. It is known that TLR9 is involved in steatohepatitis
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as TLR9-deficient mice are protected from liver inflammation [114]. In CDAA diet-(Choline-
deficient amino acid defined diet) induced NASH, translocated bacterial DNA from gut
binds to TLR9 receptor on kupffer cell to produce IL-13 which activate hepatic stellate cells
to induce liver fibrosis, and also stimulate hepatocytes for lipid accumulation and cell death
[114]. The induction of hepatic steatosis is independent of TLR2, however, functional TLR2
receptors are found on kupffer cells which mediate liver inflammation and fibrosis in CDAA
diet-induced NASH [117].

Recently, another data that implicated TLR5 in pathogenesis of metabolic syndrome was
presented. It was reported that mice deficient in TLR5 developed all features of metabolic
syndrome including, hyperphagia, obesity, insulin resistance, pancreatic inflammation and
hepatic steatosis. It was proposed that TLR5 altered the gut microbiota and the finding were
reproducible when microbiota from TLR5 -/~ mice was transferred to healthy mice [118].
However, another study did not find any such results in TLR5-deficient mice [119]. Indeed,
more studies are needed to elicit role of TLR5 in steatohepatitis.

6. Endoplasmic reticulum (ER) stress

Endoplasmic reticulum (ER) is an important intracellular organelle involved in production,
folding, post-translational modification and trafficking of secretory and membrane proteins.
Also present in the ER is endoplasmic reticulum-associated degradation (ERAD) machinery
that ensures that misfolded proteins are re-translocated back to cytoplasm for degradation by
proteasomes [120]. Thus, ER serves as a quality control checkpoint, allowing only properly
folded proteins to be transported to Golgi apparatus [121, 122] (Figure 3).

Any event that disturbs ER protein folding capacity- be it due to excessive protein synthesis,
accumulation of misfolded proteins, depletion of calcium in ER, disturbance in redox regula-
tion, glucose depletion, viral infection or high-fat diet (saturated fatty acid such as palmitic
acid and stearic acid) [123] - leads to induction of evolutionarily conserved ER stress response,
known as Unfolded protein response (UPR). The role of sensing ER stress and activating UPR
is performed by three ER transmembrane proteins, mentioned as following:

1. RNA-dependent Protein kinase-like ER eukaryotic initiation factor-2a Kinase (PERK)
2. Inositol-requiring ER-to-nucleus signaling proteinl (IRE1) and,
3. Transcription factor 6 (ATF6)

Each of these transmembrane proteins has an ER luminal domain to sense unfolded protein, a
transfolded domain for targeting to the ER membrane, and a cytosolic domain to transmit sig-
nals to the transcriptional and/or translational apparatus [124]. In an unstressed cell, these ER
proteins are maintained in an inactive state via their association with the ER chaperon protein,
glucose-regulated protein 78 (GRP78)/Bip [125] and upon ER stress, unfolded/ misfolded pro-
teins accumulation enhances the release of GRP78 from these stress-sensing proteins, leading
to respective activation of PERK, ATF6 and IRE1 [126].
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Figure 3.The figure demonstrating the three different pathways of unfolded protein response [135] (https:/doi.
org/10.1016/j.jhep.2010.11.005) (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Upon activation, PERK, IREla and ATF6 induce signal transduction events that attenuate the
accumulation of misfolded proteins in the ER by increasing expression of ER chaperons, inhib-
iting protein load on ER by decreasing mRNA translation, and stimulating retrograde trans-
port of misfolded proteins from ER into cytosol for ubiquination and destruction by a process
named ERAD [127]. However, under conditions where ER stress is chronically prolonged and
the cell fails to restore homeostatsis in ER, the UPR will initiate cell apoptosis [126].

6.1. Protein kinase RNA-like endoplasmic reticulum kinase (PERK)

Activation of PERK leads to phosphorylation of a-subunit of eukaryotic Initiation Factor
2a (elF-2a), leading to its inactivation and hence, attenuation of mRNA translation and
decreased protein load on the ER [128]. The phosphorylated elF-2a also causes preferen-
tial translation of UPR-dependent genes, such as activation transcription factor 4 (ATF 4).
Further, ATF4 induces expression of several genes, including amino acid transporter, chap-
erons and CHOP [129] (“C/EBP homologous protein”, also known as ‘growth arrest and DNA
damage (GADD 15)).
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CHOP is an ER-derived transcription factor which is an important mediator of ER stress-
induced apoptosis, as evident from studies where deletion of CHOP lead to attenuation of
hepatocellular apoptosis in alcohol- and cholestasis-induced liver disease [130]. Apoptosis-
relevant targets of the CHOP transcription factor include:

1. GADD34 [131]: promotes dephosphorylation of elF2a,thus reversing translation inhibi-
tion. This leads to accumulation of unfolded proteins in ER compartment, and, simultane-
ously, permits translation of mRNA encoding pro-apoptotic genes,

2. DRb5: a caspase activating cell-surface death receptor, and

3. Ero 1 a (Endoplasmic Reticulum Oxidoreductase-1): hyperoxdises the ER and also acti-
vates the inositol triphosphate receptor (IP,R), causing excessive transport of Calcium
from ER to the mitochondria and thus causing cell death) [132].

CHOP also induces apoptosis via direct inhibition of Bcl-2 transcription [133] and induction of
Bim expression [134]. Bcl-2 proteins are localized within the ER membrane and are protective
(anti-apoptotic) against ER stress. This cytoprotective function is mainly due to the ability of
Bcl-2 to lower steady-state levels of ER Ca* via IP,Rs. The protective role of Bcl-2 in regulating
ER Ca* can be inhibited by JNK-mediated phosphorylation of Bcl-2. The Phosphorylated Bcl-2
loses its anti-apoptotic function by being unable to bind pro-apoptotic “BH,-only” members of
Bcl-2 family (i.e. Bim), leading to increasing calcium release from ER, which is associated
with mitochondrial calcium uptake. This leads to increased mitochondrial permeabilization,
release of cytochrome C, and hence apoptosis [127]. Calcium release from ER can also activate
Caplains, which may further proteolytically activate Caspase-12 to induce apoptosis [135].

6.2. Inositol-requiring ER-to-nucleus signaling protein1 (IRE1)

Accumulation of unfolded proteins in ER leads to activation of IRE1, which further processes
an intron from X-box binding protein-1 (XBP-1) mRNA and permits synthesis of XBP-1 protein.
XBP-1 binds to promoters of genes involved in UPR (encoding ER chaperons) and ERAD to
restore homeostasis and prevent cellular toxicity [127]. Apart from cytoprotective effects, IRE1
can also recruits inflammatory factors (JNK and NF-«xB) which induce inflammatory response
signaling [136], and apoptotic signal kinase-1 (ASK1) which causes downstream activation of
stress kinases Jun-N-terminal Kinase (JNK) and p38 MAPK, that promotes apoptosis [137].

Activated JNK translocate to mitochondria and causes activation of Bim and Inhibition of
Bcl-2. Activated JNK also induces the expression of pro-inflammatory genes by phosphorylat-
ing transcription factor activating protein-1(AP-1) [138] Activated p38 MAPK phosphorylates
and activates CHOP [127] to causes apoptosis.

6.3. Transcription factor 6 (ATF6)

ATF6 belongs to CREB family of transcription factors. Activation of ATF6 leads to its release
from ER membrane, processing in the Golgi and entry into the nucleus. It trans-activates ER
stress related genes such as ER chaperones, XBP-1, foldases and CHOP [124].
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6.4. Endoplasmic reticulum stress and Steatosis

Hepatocytes, being rich in both smooth and rough EPR, perform diverse metabolic functions,
including lipoprotein and very-low-density lipoprotein (VLDL) assembly and secretion, cho-
lesterol biosynthesis and xenobiotic metabolism [121]. The Sterol regulatory element-binding
protein (SREBPs) are key regulators of lipid homoeostasis and play crucial role in de novo
lipogenesis [139], where SREBP-1 regulates fatty acid and triglycerides (TG) metabolism and
SREBP-2 controls cholesterol metabolism and low density lipoprotein (LDL) receptor expres-
sion [140]. SREBP are transcription factors bound to ER membrane in inactive form and their
activity is controlled within ER by interaction of SREBP-Cleavage Activating Protein (SCAP)
and Insulin regqulated proteins (Insigs). Insigs cause SREBP-SCAP complex to be retained within
the ER and prevents SREBP-1 activation [141]. Under conditions of low sterols, Insigs are dis-
sociated with SCAP, leading to migration of SREBP-SCAP complex to Golgi apparatus, where
SREBP is processed to its active form by S1P and S2P [142]. Activated SREBP translocate to
nucleus and regulates the various genes involved in lipid metabolism.

However, under ER Stress, rapid activation of precursor form of SREBP-1c and SREBP-1c
target genes takes place, even in absence of Insulin [143]. Furthermore, ER stress induces
proteolytic activation of SREBPs by increasing turnover of Insigs [142]. Hence, the recent data
suggests that ER stress leads to hepatic steatosis by increasing de novo lipogenesis and upreg-
ulating the transcription of genes encoding for key lipogenic trans-activators and enzymes
[121, 144].

Due to its high capacity for protein synthesis, ER stress plays an important part in mediating
pathological changes in various liver diseases [135]. The signaling pathway activated by ER
stress are implicated in lipotoxicity, Insulin Resistance, Inflammation and apoptotic cell death
which are common to both NAFLD and NASH [123]. The presence of ER stress and activa-
tion of UPR in chronic disease (such as NAFLD) suggests that ability to resolve ER stress has
been compromised. Inducing ER stress in individuals with genetically ablated elF2q, IRE1a
or ATF6a leads to hepatic steatosis [145], suggesting that steatosis results from impairment
in the capacity to oxidize fatty acids and augmented by impaired lipoprotein secretion. Thus,
initially UPR aims to prevent steatosis and re-establish ER homeostasis after ER stress but selec-
tive impairment to the UPR that reduce the ability of UPR to resolve ER stress leads to devel-
opment and exacerbation of hepatic steatosis. However, further work is needed to investigate
this Homeostatic Model hypothesis.

It is now well-established that various arms of UPR and its downstream signaling molecules
play role in regulation of lipid metabolism and induction of various hepatic pathologies.

6.4.1. PERK-eIF2a-ATF4 pathway

The PERK-elF2a-ATF4 pathway is reported to regulate lipogenesis and hepatic steatosis.
PERK-dependent signaling has been crucial to sustained expression of lipogenic enzymes
such as fatty acid synthase (FAS), ATP-citrate Lyase, and stearoyl-CoA Desaturase-1(SCD1)
[146]. Phosphorylated elF2a (activated form) is associated with enhanced expression of adipo-
genic nuclear receptor peroxisome proliferator activated receptor y (PPAR y) and its upstream
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regulators, and dephosphorylation of elF2a using GADD34 leads to diminished hepatoste-
atosis in animals fed high-fat diet [147]. Furthermore, activated ATF4 increases expression of
lipogenic genes, such as PPAR v, sterol regulatory element-binding protein-1c (SREBP-1c), ace-
tyl-CoA carboxylase (ACC), and FAS, in liver and white adipose tissue. Similarly, ATF4 knock-
out mice are protected from diet-induced hepatic steatosis [148, 149]. Thus, the current evidence
suggests that PERK-elF2a-ATF4 pathway plays an important role in promoting lipogenesis.

6.4.2. IRE1a-XBP1 pathway

The IRE1a-XBP1 pathway plays an important part in maintenance of hepatic lipid homeo-
statsis under ER stress and regulation of hepatic VLDL assembly and secretion [150]. IRElx
is also required for efficient synthesis of ApoB-containing lipoproteins [151]. Mice with hepa-
tocyte specific deletion of IREla show increased hepatic steatosis and reduced plasma lipids
under ER stress condition due to altered expression of key metabolic players (such as PPARy
and C/EBPp) and of enzymes involved in Triglycerides biosynthesis [151]. Thus, these results
indicate IREla represses lipid accumulation in liver, especially under ER stress condition.
However, the deletion of IREla leads to loss of this protective role of IREla, resulting in
unresolved ER stress and hence, hepatic steatosis.

The role of XBP1 in lipogenesis is emphasized in a study where conditional disruption of
XBP-1 in the liver of mice lead to reduced plasma level of triglycerides, cholesterol and
free fatty acids, possibly due to decreased de novo lipogenesis [152]. XBP1 regulates lipo-
genesis in hepatocytes by directly binding to promotors of lipogenic genes such as SCD1
(Stearoyl-CoA Desaturase 1), DGAT2 (Diacylglycerol Transferase 2) and ACC2 (Acetyl-CoA
carboxylase),thereby activating their transcription [152]. Thus under appropriate conditions,
XBP1 promotes lipogenesis and contributes to hepatic lipogenesis.

6.4.3. Transcription factor 6 (ATF6)

ATF6 and SREBP are both ER membrane bound transcription factors, and nuclear ATF6 inter-
acts with nuclear SREBP 2, antagonizing the SREBP2- regulated transcription of lipogenic
genes and preventing lipid accumulation in cultures of liver cell [153]. Moreover, ATF2a-
knockout mice develop hepatic steatosis in response to ER stress, due to reduced fatty acid
oxidation and decreased VLDL secretion [154].

Thus, taken together, all three proximal UPR sensors including PERK, IREla and ATF6a,
regulate lipid stores in liver but the degree to which the UPR contributes to hepatic steatosis
may depend on activation of three proximal UPR sensors relative to each other, coupled with
appropriate downstream protein-protein and/or protein-DNA interaction [120].

6.5. Endoplasmic reticulum stress and progression towards NASH

Multiple factors, including but not limited to, insulin action, oxidative stress, cytokine medi-
ated signaling, inflammation, bacterial endotoxin, and excess fatty acids function in concert
and interact with UPR to provoke disease progression of NAFLD towards NASH.
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6.5.1. ER stress and hepatic inflammation

Several Signaling pathways connect ER stress to hepatic inflammation:

* Reactive oxygen species (ROS)

Protein folding in ER is intimately linked to generation of ROS, such that each disulfide
bond formation during oxidative protein folding leads to production of 1 ROS [155]. An
elevated protein folding load, as in ER stress, leads to accumulation of ROS, which may
lead to inflammation. In turn, the oxidative stress from ROS can disrupt ER homeostasis
and induce ER stress [156].

However, in an unsurprising adaptive pathway, UPR activates an antioxidant program
via transcription factor Nrf2 (nuclear factor erythroid-derived 2-related factor 2) to prevent
accumulation of ROS [157]. Nrf2 is activated after phosphorylation by PERK pathway of
UPR and it regulates the inducible expression of anti-oxidant response element-containing
genes [157]. Importantly, Nrf2 deletion results in rapid onset and progression of steato-
hepatitis in mice provided a methionine choline-deficient (MCD) diet [158]. ATF4, one of
the other terminal player of PERK pathway, has also been an important transcription factor
in maintenance of adequate Glutathione levels in cells [159]. Thus, PERK arm of UPR and
its downstream players are directly related to regulation of anti-oxidant effects. In a re-
cent study, IRE1a-XBP1 branch of UPR was also found linked to anti-oxidant effect, where
XBP1 deficiency leads to reduced catalase expression [160].

¢ NF-kB and JNK

In response to ER stress, IREla binds to adaptor protein tumor-necrosis factor a (TNF-a)
receptor-associated factor 2 (TRAF2). IRE1a-TRAF2 complex activates NF-kB and JNK,
both of which induce production of Pro-inflammatory cytokines, such as C-reactive protein
(CRP), amyloid P-component, fibrinogen, and interleukin-6 (IL-6) [161].

The UPR-mediated signaling can lead to activation of NF-kB not only via IREla but also
via PERK [162] and/or ATF6 pathway [163]. Activation of NF-kB has been detected in ste-
atohepatitis induced by MCD diet, however, the exact mechanism about how ER stress-
induced signaling involving NK-kB and JNK might regulate inflammation, cell survival
and apoptosis in NAFLD is still unknown.

¢ PKR (double-stranded RNA-activated Protein Kinase)

PKR is an interferon-induced Serine/threonine protein kinase, activated by dsRNA, and is ca-
pable of activating NF-kB and elF2a in response to dsRNA and oxidative stress, respectively
[164]. PKR activity is increased in adipose tissue and liver of murine model of obesity [165].
With its ability to respond to pathogens, nutrients and organelle stress, PKR appears to be core
component of inflammatory and immune pathways. However, depending on which key factor
is activated downstream, that is, either NF-«xB (pro-apoptotic) or elF2« (anti-apoptotic), PKR
may “serve as molecular clock to time the sequential events of survival and death” [166]. In
summary, PKR affirms the complexity of UPR signaling and its downstream outcomes [120].
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e CREBH

CREBH is a transcription factor belonging to CREB/ATF family of transcription factor and
is required for liver synthesis of Amyloid P-component and CRP [167]. CREBH is activated
via RIP process (Regulated Intramembrane Proteolysis: release and transport of ER resi-
dent protein from the ER membrane to Golgi for processing) upon ER stress. Other than
ER stress, TNFa, Interleukin 6 (IL6) and lipoprotein LPS also induce expression of CREBH
[168]. This makes room for another revelation: ER stress in the liver may be linked to sys-
temic inflammation via the RIP- mediated mobilization of CREBH [120].

6.5.2. ER stress and apoptosis

Apoptosis is an important component of disease progression in NAFLD [169] and is posi-
tively correlated with disease severity in NASH [24]. The failure of UPR in mitigating the ER
stress leads to cell death via several mechanisms (Figure 4).

CHOP is one of the best characterized UPR-regulated pro-apoptotic protein [120]. CHOP is
an ER-derived transcription factor activated downstream from PKR- and ATF6-pathway of
UPR. Significance of CHOP in inducing apoptosis can be emphasized from results of study
where silencing CHOP lead to decreased hepatocyte apoptosis in alcohol-induced liver dis-
ease [130] and attenuated cholestasis-induced liver fibrosis [170]. However, the role of CHOP
is paradoxical in NAFLD, as demonstrated in study where CHOP deletion can reduce palmi-
tate-induced apoptosis in hepatocyte cell line, whereas MCD diet-induced apoptosis was not
reduced in CHOP knockout mice [171, 172].

CHOP has been described as an unstable protein compared to other protein chaperons like
GRP78 [120]. Above described paradoxical role of CHOP in NAFLD makes way for observa-
tion: role of CHOP as a pro-apoptotic protein may be dependent on level of CHOP expres-
sion, the presence of factors which increase stability and/or protein—-protein interactions
that direct cell specific effects [173, 174]. Hence, future studies regarding role of CHOP in
mice model are needed to elicit exact contributions of CHOP towards disease progression in
NAFLD and NASH.

Furthermore, The IRE1 branch of the UPR, via its activation of JNK and Caspase 12 [175],
and its interaction with Bax and Bak (two pro-apoptotic Bcl2 family members) [176], can also
activate path towards apoptosis.

Additionally, another mechanism proposed for hepatic cell apoptosis is dysregulation in ER
calcium flux. The ER calcium flux is regulated by ER stress, ER-localized protein and BCL-2
proteins interacting with other ER-localized proteins [177, 178]. The EROla-mediated activa-
tion of IP, as mentioned earlier, can lead to disruption of ER calcium homeostasis [132]. This
disruption inhibits sarco-endoplasmic reticulum Ca*-ATPase uptake pump, decreasing the
folding capacity of ER, and hence, can induce ER stress and apoptosis [179]. Truncated vari-
ants of sarco-endoplasmic reticulum Ca*-ATPase have also been implicated in dysregulation
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Figure 4. Different mechanisms for ER stress-induced apoptosis [135] (https://doi.org/10.1016/j.jhep.2010.11.005) (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

of Calcium flux [180]. Subsequently, the release of ER calcium and its uptake in mitochon-
dria leads to mitochondrial membrane permeabilization, and activation of intrinsic apoptotic
pathway. Recent studies also suggest that Smooth and Rough ER may be physically and func-
tionally interacting with mitochondria via tethers and reduction in lengths of these tethers in
response to pro-apoptotic agents might be one mechanism for apoptosis [181, 182].

7. Genetic factors

A possible explanation for observed inter-individual variability in susceptibility to NAFLD
and progressive NASH is provided by genetics. Patatin-like phospholipase domain-containing
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3 (PNPLAB3), also called adiponutrin, is a protein expressed on endoplasmic reticulum, and
on lipid droplets in hepatocytes and adipocytes [183]. It is activated after feeding and is the
master regulator of lipogenesis by SREBP-1c. The 148 M variant of PNPLAS3 is associated with
increased expression of lipogenic transcription factor SREBP1c and alters the lipid catabolism
[184]. The 148 M variant is associated with increased severity of NAFLD. In another study,
patients with 148 M variant in genotype developed increased steatosis, with augmented lobu-
lar inflammation, hepatocellular ballooning and NASH [185].

7.1. Epigenetic modifications

Epigenetic modifications, mainly including microRNA, DNA methylation, histone modifica-
tion and ubiquination, refers to phenotypic changes irrespective of changes to underlying
DNA. “miRNA” are small single stranded RNA molecules regulating mRNA degradation
or translation inhibition, subsequently altering protein expression of target genes [186]. The
miR-122, which accounts for 70% of all miRNA in the liver, is significantly under-expressed
in NASH subjects compared to normal subjects [187]. Inhibition of miR-122 via antisense oli-
gonucleotide in diet-induced obesity mouse models resulted in decreased mRNA expression
of acetyl-CoA carboxylase-2, fatty acid synthase, SREBP1c, Stearoyl-CoA desaturase, all of
which are key lipogenic factors in human NASH, and the histology showed marked improve-
ment in liver steatosis [188]. In another study in mice, the plasma cholesterol level, hepatic
fatty acid and cholesterol synthesis rate as well as HMG CoA reductase level were all signifi-
cantly reduced after silencing miR-122 [189]. These findings strongly suggest the significance
miR-122 in the regulation of lipid metabolism. Besides miR-122, miR-34a and miR-146b were
shown to be significantly over-expressed in human NASH [187].

Similarly, aberrant methylation patterns of genomic DNA have been linked to NAFLD. A
recent study found positive correlation between NAFLD and hepatic DNA methylation of
GpC in PPAR-d and mitochondrial transcription factor A (TFAM), with methylation being
higher in NAFLD liver as compared to control [190]. In conclusion, genetic and epigenetic
factors interact with other determinants to produce NAFLD phenotype and determine the
rate of its progression [187].

8. Conclusion

The above laborious and detailed discussion on complex molecular mechanisms associated
with disease progression in NAFLD does point towards the fact: The pathogenesis and pro-
gression of disease in NAFLD is complex interplay of different hormonal, immunological,
metabolic, genetic and environmental components. Each component can act on its own or act
in concert with other culprits to causes augmented damage to liver. However, more studies
are needed to uncover the still unknown players, and to understand the interactions between
the different players of multiple-hit model.
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ACC
AhR
AMPK
AP-1
ASK1
ATF6
CDAA diet
CHOP
ChREBP
CREB
DAMP
DGAT
DR5
elF-2a
ER
Erola
Fiaf
FXR
GADD
HNE
IKKDb
Insigs
IRE1
IRS
JNK
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acetyl-CoA carboxylase

aryl hydrocarbon receptor

cyclin AMP dependent protein kinase

activating protein-1

apoptotic signal kinase-1

activating transcription factor 6

choline-deficient, amino acid defined diet
CCAAT-enhancer-binding protein homologous protein
carbohydrate response element-binding protein
cAMP response element-binding protein

danger associated molecular pattern
diacylglycerol transferase

death receptor 5

eukaryotic initiation factor-2a

endoplasmic reticulum

endoplasmic reticulum oxidoreductase 1
fasting-induced adipocyte factor

farnesoid X receptor

growth arrest and DNA damage
4-hydroxy-2-noneal

Inhibitor of nuclear factor kappa-B kinase subunit beta
insulin regulated proteins

inositol-requiring ER-to-nucleus signaling proteinl
insulin receptor substrate

Jun N-terminal Kinase
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LPS
MAP

MAPK
mTOR
NAFLD
NALP
NF-«xB
NLR
NLRP
Nrf2
PERK
PKC-y
PKR
PNPLA3
PPAR
ROS
SCAP
SCD1
SCFA
SOCS
SREBP
TBARS
TFAM
TGF-p1
TLR

TNF

lipopolysaccharide

mitogen-activated protein

mitogen-activated protein kinase

mechanistic target of rapamycin

nonalcoholic fatty liver disease

NACHT, LRR and PYD domains-containing protein 3
nuclear factor x beta

nod-like receptor

NLR family, pyrin domain-containing 3 inflammasomes
nuclear factor-erythroid-derived 2-related factor 2
protein kinase RNA- like endoplasmic reticulum kinase
protein kinase C-gamma

RNA activated protein kinase

patatin-like phospholipase domain-containing 3
peroxisome proliferator activated receptor

reactive oxygen species

SREBP-cleavage activating proteins

stearoyl-CoA desaturase-1

short chain fatty acid

suppressor of cytokine signaling

sterol regulatory element-binding protein
thiobarbituric acid reacting substrate

mitochondrial transcription factor A

transforming growth factor-$1

toll-like receptor

tumor necrosis factor
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TNFR tumor necrosis factor receptor

TRAIL TNEF-related apoptosis-inducing ligand
UPR unfolded protein response

XBP1 X-box binding protein-1
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Abstract

NAFLD is diagnosed, when the liver fat exceeds more than 5% of liver weight. Inside
of hepatocytes, these fats are stored in cytosolic lipid droplets. The lipid droplets can
be formed from a bud, vesicles of the lipid bilayer, which lines at a vicinity of the
endoplasmic reticulum (ER). On the surface of droplets, there are several structural/
functional proteins such as lipid droplet proteins, lipogenic enzymes, and lipases.
Interestingly, the lipid droplet proteins seem to have great impact on a development of
NAFLD. Some proteins can interact with transcriptional factors such as SREBP1c and
PPAR-alpha/gamma, and some proteins strongly impact a mitochondrial structure. As
a result, the lipid droplet proteins highly influence lipid handling and fatty acid oxida-
tion in hepatocytes. This chapter will elucidate our recent understanding of the role
of each lipid droplet protein in fatty liver formation and in hepatic insulin resistance.
Existing information on genetically modified animals as well as on human NAFLD
was reviewed on Perilipin families, CIDE proteins, Seipin, and PNPLAs. Finally, the
chapter will discuss how the lipid droplet proteins could potentially lead/protect from
hepatic insulin resistance via abnormal accumulation of ceramides and diacylglycerols,
autophagy, ER stress, and oxidative stress.

Keywords: perilipin, CIDE proteins, insulin sensitivity, mitochondrial oxidation,
autophagy, ER stress

1. Introduction

Liver can store a certain amount of excess glucose as a form of glycogen. A part of the stored
glycogen can then be retransformed into glucose (so-called gluconeogenesis) during a fast-
ing condition to leave the liver. Contrary to the glucose, an excess lipid is not normally
stored in the liver. However, in a pathological case, excess lipid storage can be observed
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in hepatocytes, which is called hepatic steatosis. Hepatic steatosis could be diagnosed in
different grades according to histological observation (Grade 1: 5-33% lipid invasion in
hepatocytes, Grade 2: 33-66%, and Grade 3: >66%). Up to 90% of obese patients could have
the hepatic steatosis, and the presence is linked to several metabolic dysfunctions such as
insulin resistance, oxidative stress, endoplasmic reticulum (ER) stress, and mitochondrial
dysfunctions [1-3]. As a result, hepatic steatosis often leads to abnormal gluconeogenesis,
which is a typical phenotype of type 2 diabetes. To better prevent such metabolic dysfunc-
tions, scientists have been actively investigating mechanisms by which hepatic lipids impact
metabolic functions.

2. Lipid droplet structure

When excess fat is present in a liver, these fats are stored intracellularly in cytosolic
lipid droplet compartment. Today, an origin of a lipid droplet biosynthesis has not been
understood completely. Walther and Farese suggested different models of the lipid drop-
let biosynthesis [4]. Most accepted lipid droplet biosynthesis model is that triglyceride
(TG) accumulated at the ER membranes forms a bud, a vesicle of the lipid bilayer [5].
On ER membranes, phospholipids are added onto the surface of growing lipid drop-
lets. Secondary, lipid droplets could increase their size via lipid droplet fusion. Finally, a
matured lipid droplet is formed consisting TG and cholesterol esters in a core, coated by
a membrane monolayer of phospholipids and sphingomyelin (Figure 1A). On the surface
and/or vicinity of droplets, there are several structural/functional proteins such as lipid
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Figure 1. Lipid droplet formation. (A) Formation of nascent lipid droplet (LD) with lipid droplet proteins (LDPs),
(B) lipid droplet biology.
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droplet proteins, lipogenic enzymes, and lipases (Figure 1B). Enzymes required for lipid
droplet synthesis are also located in the ER. This strategic enzyme location helps to form,
stabilize, and degrade lipid droplets when necessary. Hydrolysis of lipid is highly regu-
lated by different enzymes such as adipose triglyceride lipase (ATGL), hormone-sensitive
lipase (HSL), and monoglyceride lipase (MGL). ATGL is responsible for the hydrolysis of
triglyceride, followed by HSL, which cleaves one molecule of fatty acid from diacylglyc-
erol, and finally hydrolysis is completed by MGL. In hepatocytes, ATGL interacts both
lipid droplet protein, perilipin 5 (PLIN5) and comparative gene identification-58 (CGI-58).
When ATGL interacts with PLINS, this decreases lipolysis; however, if ATGL interacts with
CGI-58, this increases lipolysis [6]. Therefore, lipid droplet proteins play a key role regulat-

ing a fate of cellular lipid storage (Table 1).

LD protein

Expression cites

Observed functions

Reported interactions with
other genes/proteins

PLINI (perilipin A)

PLIN2 (ADRP,
adipophilin)

PLIN3 (TIP47)

PLIN4 (53-12)

PLINS5 (OXPAT,
LSDP5, MLDP)

PLPNA3

(Adiponutrin)

PLPNA2 (ATGL)

CIDEA

CIDEB

CIDEC (FSP27)

SEIPIN (BCSL)

WAT, cardiac muscle
liposarcoma, BAT

Liver, WAT, mammary gland,

macrophages, sebocytes,
ubiquitous expression

Ubiquitous expression,
skeletal muscle, neutrophils,
sebocytes

WAT, skeletal muscle

Skeletal muscle, BAT, heart,
liver, beta-cells

WAT, liver, skeletal muscle,

Ppancreas

Adipose tissue

Adipose tissue, liver

Adipose tissue

Adipose tissue, liver

Adipose tissue, liver, brain,
testis

LD stability, control of
hormone-induced lipolysis

LD stability, adipocytes
differentiation, VLDL
lipidation

LD stability, PGE, production,
intracellular trafficking

LD stability, adipocytes
differentiation

LD stability, fat oxidation,
mitochondrial recruitment
Triglyceride and retinyl
palmitate esterase activity

Lipolysis

Lipogenesis
Contributes to lipogenesis,
lipidation of VLDL, hepatitis

virus assembly

LD stability, LF fusion, lipid
transfer

Maturation of LD, lipolysis

ATGL, CGI58, [97, 98],
SREBPIc [19], CIDEC [15]

PPAR alpha, gamma [21,
99, 100], delta [101]
hepatic von Hippel-
Lindau protein [102]
Mannose-6-phosphate
receptor [9]

PLIN5 [32]

PPARalpha [60], delta
[103], CIG58, ATGL [6],
ABHDS5 [104]

SREBP1c [105]

SIRT1 [106], PLINS5 [6],
PLINT1 [33, 97]
SREBP1c [41, 42]

HCV NS58 protein [107]

PPAR alpha, gamma
[42, 45]

Table 1. Lipid droplet proteins.
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3. Lipid droplet protein families

Lipid droplet proteins were discovered in the 1990s in phospholipid monolayer of lipid drop-
let [7-9]. At that time, each lipid droplet proteins had a different nomenclature. In 2010, it was
suggested to uniform their names as the “perilipin family protein: PAT protein” [10]. PAT
was named after the three proteins: PLIN1 (Perilipin), PLIN2 (Adipose differentiation-related
protein; ADRP), and PLIN3 (Tail-interacting protein of 47 kDa; TIP47). All PLIN families con-
tain a conserved domain called PAT domain [11] with an exception of PLIN4 that only con-
tains long 11-mer repeat motifs [12]. The expression of these proteins and their functions are
slightly different, and their exact roles for each cell type have not been yet completely under-
stood. Interestingly, their expression depends on a size of lipid droplets (small lipid droplets:
PLIN3, PLIN4, PLIN5; medium lipid droplets: PLIN2; and large lipid droplet: PLIN1).

3.1. PLIN1

PLIN1 was one of the first lipid droplet protein identified in adipocytes [13, 14], and its
expression is mainly observed in matured adipocytes. During a differentiation of premature
adipocytes, PLIN2 plays a major role to lipidate small lipid droplets. Once lipid droplet gains
enough size, PLIN1 replaces PLIN2 to stabilize large lipid-rich lipid droplets and helps to
mature adipocytes. PLIN1 also interacts with cell-death-inducing DNA-fragmentation-factor
45-like effector (CIDE)-C for a lipid droplets fusion process [15]. Among different reported
functions of PLIN1 in adipocytes, the most well-characterized role of PLIN1 is a control of
lipolysis. PLIN1 co-localizes with ATGL and CGI-58 on a surface of lipid droplets at a basal
condition. Upon a lipolytic stimulation, PLIN1 is phosphorylated and CGI-58 is released and
activates ATGL for a lipolysis. In hepatocytes, PLIN1 is not expressed in normal healthy liver,
but its expression is observed in steatotic hepatocytes [16-18]. During a formation of hepatic
steatosis, the expression of PLINI is synchronized with sterol regulatory element-binding
protein (SREBP)-1c, a key regulator of de novo lipogenesis [19]. As a result, both genes could
strongly contribute to accelerate the pathogenesis of hepatic steatosis [20].

3.2. PLIN2

PLIN2 was originally named as adipose differentiation-related protein due to its high expres-
sion during an adipocyte differentiation [8]. PLIN2 is ubiquitously expressed and its expres-
sion in the liver is high among other lipid droplet proteins [21]. Chronic alcohol consumption
stimulates de novo lipogenesis and induces hepatic steatosis together with an upregulation of
PLIN2 [22]. Hepatocellular ballooning and oxidative injury were also observed under such
condition [18]. Magne et al. observed in human NAFLD patients that PLIN2 polymorphism
(ser1Pro) was linked to a decreased VLDL levels [23].

A recent study demonstrated that the PLIN2 and PLIN3 double-knockout in hepatocytes
induced insulin resistance [24]. In addition, the overexpression of PLIN2 in rat skeletal muscle
resulted in an accumulation of TG in muscle without insulin resistance [25]. However, general
deletion of PLIN2 in mice also showed a protective role against hepatic steatosis and insulin
resistance (discussed in a later paragraph, Table 2). The exact impacts of PLIN2 modification
on insulin resistance have not yet been fully elucidated.
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LD proteins  Up or downregulation Outcomes
PLIN1 Downregulation Body fatl, fat oxidationt
KO mice [61] Lipolysist, cardiac steatosis?, cardiac
KO mice [62] hypertrophy
PLIN2 Downregulation Hepatic steatosis| (ceramide-, DAG]), IR |
ASO [63, 64] Hepatic steatosis| (ceramidel), IR |, glucose
KO—alcohol diet [66] tolerance-
KO—high fat diet [65] Hepatic steatosis|, body fat|, adipose
Liver specific KO—methionine-choline deficient inflammation|
diet [95] Hepatic steatosis|, hepatic inflammation|,
Lep (ob/ob)/Plin2 double KO mice [108] fibrosis|
KO-high fat diet [109] VLDL secretion 1
Hepatic steatosis |, IR] (liver, muscle)
Hepatic steatosis | VLDL -
PLIN3 Downregulation Hepatic steatosis |
ASO [67] IR}
PLIN4 Downregulation Cardiac steatosis]
KO [32]
PLIN5 Downregulation Lack of lipid droplet in heart, ROS?, heart mal
KO [38] function,
KO [40] Hepatic steatosis |, mitochondrial oxidative
Upregulation capacity?, lipotoxic injury
Adenovirus [68] Hepatic steatosis 1
IR-
PLPNA3 Downregulation Hepatic steatosis -
KO [55, 56] Hepatic steatosis 1
Upregulation
G allele knock-in Ref. [57]
PLPNA2 Downregulation Steatosis in different organst, IR|
KO [69] Hepatic steatosis 1 (DAG/), IR -
Liver-specific KO [70]
CIDEC Downregulation Hepatic steatosis |, IR}
KO [47, 110] Hepatic steatosis |, IR]
KO in ob/ob by shRNA [46] Hepatic steatosis |, body fat|, IR}
ASO [111] Hepatic steatosis?
Upregulation
Adenovirus [46]
SEIPIN Downregulation Hepatic steatosist, IR1, adipocyte hypertrophy
Adipose-specific KO [112] and progressive lipodystrophy
KO [49] Hepatic steatosist, IRT
Upregulation Hepatic steatosis?, IRT, white adipose tissue |,

Transgenic mice overexpressing a short isoform of
human BSCL2 in adipose [113]

lipolysis t

Abbreviations: KO; knockout, ASO; antisense oligonucleotide, IR; insulin resistance.

Table 2. Experimental modification of lipid droplet protein and the effect on steatosis.

3.3. PLIN3

PLIN3 was originally named tail-interacting protein of 47 kDa and ubiquitously expressed
among tissues. PLIN3 is localized at the cytosol and lipid droplet [9, 26]. It is also implicated
in intracellular trafficking of lysosomal enzymes [9]. Four-helix bundle in PLIN3 has been
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suggested to contribute to fatty acid binding and lipid droplet recruitment [9]. PLIN2 and
PLIN3 share similar functions, and both proteins cannot bind CGI-58 and, therefore, influ-
ence lipolysis [27]. Co-expression of PLIN2 and PLIN3 has been reported in many tissues;
however, a distinct role of PLIN3 has not been clearly identified. Interestingly, PLIN3 expres-
sion was also observed in stellate cells in the liver [17]. Lipopolysaccharide treatment also
predominantly stimulated PLIN3 expression in HL-60-derived neutrophils [28]. Knockdown
of PLIN3 via siRNA decreased a lipid droplet formation as well as PGE, secretion. This obser-
vation was unique to PLIN3, and PLIN2 was not detected under such conditions. This implies
that PLIN3 might be implicated in a lipid droplet formation related to conditions with cel-
lular stresses.

Another unique observation to PLIN3 was that mice lacking mTORC2 (mammalian target
of rapamycin complex) activity in skeletal muscle showed increased fat mass and PLIN3
[29]. This was due to an increased AMPK activity. mTORC plays an important role in insu-
lin signaling. However, the implication of PLIN3 in insulin resistance has not yet been
addressed.

3.4. PLIN4

PLIN4 was originally called S3-12 and is the only PAT protein that does not contain the PAT
domain. Its molecular weight is three times higher than other PAT proteins. The protein has
been shown to present at cytosol and lipid droplets [30]. Its expression was induced dur-
ing adipogenesis [31]. PLIN4-KO mice present no phenotypic changes in adipose tissues,
whereas TG content in heart tissues was significantly reduced [32]. PLIN5 expression was
also decreased under such condition. Given close location of PLIN4 and PLIN5 in chromo-
some 19 in human, it was suggested a potential transcriptional interference between two
genes. PLIN4 remains the least studied PAT protein, and further investigations are required
to understand PLIN4 roles in lipid droplet physiology.

3.5. PLIN5

PLINS was discovered by different researchers simultaneously and named as myocardial
lipid droplet protein (MDLP), OXPAT, or lipid storage droplet protein 5 (LSDP5) [33, 34]. This
was due to a high expression of PLIN5 in heart and other oxidative tissues such as skeletal
muscle and liver. PLIN5 expression is also reported in pancreatic beta cells and hepatic stel-
late cells [35, 36]. A unique feature with PLINS is that mitochondria are physically recruited
to lipid droplets expressing high PLIN5 (Figure 2) [37, 38]. Its expression is regulated by
PPAR-alpha, and most importantly, PLIN5 plays roles in regulating cellular fat oxidation.
PLINS stabilizes lipid droplets by sequestrating fatty acids, and because PLIN5 can recruit
mitochondria to lipid droplet surface, it facilitates to release fatty acids to mitochondria for
the oxidation [39]. Given its gatekeeper roles on the lipid oxidation, it has been suggested that
PLINS could protect cardiac myocytes and hepatocytes from oxidative stress [38, 40]. PLIN5
leads several modifications on the lipid metabolism as well as insulin sensitivity, and details
are discussed in a separate paragraph.
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AMLI2 cells

Control PLINS Overexpression

Figure 2. Electron microscopy image of hepatocyte overexpressing PLIN5. When PLINS is overexpressed, mitochondria
(closed triangle) is highly recruited toward lipid droplets (LD). N: nucleus.

3.6. CIDE proteins

Cell-death-inducing DNA fragmentation-factor 45-like effector (CIDE) proteins have also
been found on a lipid droplet surface. CIDEA expression is controlled by SREBP-1c and found
in a fatty liver [41, 42]. CIDEB is constitutively expressed in a liver and plays a role in VLDL
production [43, 44]. Interestingly, it has been reported that CIDEB and PLIN2 exert opposite
functions for a control of VLDL lipidation [44]. CIDEC, is also named as fat-specific protein
27 (FSP27), found as a cofactor of PLIN1 for lipid droplet fusion in adipocytes [15]. CIDEC
is regulated by PPAR-alpha/gamma [42, 45]. Like CIDEA, hepatic CIDEC was induced in
leptin-deficient ob/ob mice. It has also been demonstrated that CIDEC overexpression induces
steatosis, whereas knockdown of CIDEC alleviates hepatic fat accumulation in ob/ob mice
lacking hepatic PPARY [46]. Effect of CIDEC on mitochondrial activity and insulin sensitivity
is an active research field of today [15, 47, 48]. Toy et al. demonstrated that white adipocytes
from CIDEC KO mice had accelerated mitochondrial activities and increased proteins and
size, leading to brown adipocyte characteristics.

3.7. SEIPIN

SEIPIN is highly expressed in brain, testis, and adipose tissue. Mutations in SEIPIN are known
as Berardinelli-Seip congenital lipodystrophy (BSCL), a rare recessive disorder characterized by
near absence of adipose tissue accompanied by a severe insulin resistance [49]. Several studies
convincingly demonstrated that SEIPIN plays a crucial role in adipogenesis, lipid droplet homeo-
stasis and lipolysis. It is also well known that human BSCL patients and mice lacking SEIPIN
develop diabetes and severe hepatic steatosis. Interestingly, our previous studies demonstrated
that SEIPIN expression seems to be dependent on lipid droplet size (Figure 3), and the low
SEIPIN expresser had an impaired gluconeogenesis in NAFLD patients (personal observation).
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Figure 3. Liver histology from NAFLD patients.

3.8. PNPLA3 and PNPLA2

Patatin-like phospholipase domain-containing protein 3 (PNPLA3), also called adiponutrin,
was consistently associated with NAFLD in GWAS observations [50, 51]. The single nucleo-
tide polymorphism (SNP) in PNPLA3 was identified as a major determinant of hepatic fat
content from exome-wide association studies. This is the rs738409 C > G SNP encoding for
the isoleucine to methionine substitution [50]. PNPLA3 is expressed in the retina, hepatic
stellate cells, and hepatocytes and localized in the endoplasmic reticulum and at a surface
of lipid droplets. A mechanism by which PNPLA3 leads the hepatic steatosis phenotype has
not been clearly understood. PNPLA3 has a triglyceride and retinylpalmitate esterase activity
[52-54], suggesting a possible link to hepatic fat accumulation. However, PNPLA3 knockout
mice did not develop hepatic steatosis [55, 56]. Mice having Pnpla3i148m knock-in recently
showed increased hepatic steatosis [57]. The role of PNPLA3 in the development of NAFLD
still remains elusive.

PNPLAZ2 is known as adipose triglyceride transfer protein (ATGL) and is expressed on lipid
droplet surface at a basal condition. Its activity is strongly influenced by PLINs [25]. As shown
in Figure 1, ATGL is the first enzyme hydrolyzing neutral lipids.

4. Expression of lipid droplet proteins in human NAFLD

Lipid droplet proteins are highly expressed in human NAFLD. PLIN1, PLIN2, and PLIN3 were
upregulated in NAFLD [18, 58, 59]. And the distribution of PLINs seems to depend on the lipid
droplet size [17, 18]. PLIN2 was also observed in stellate cells [18, 59]. We have compared the
expression of different lipid droplet proteins in human NAFLD. The steatosis was judged by a
histological assessment showing four different grades (S0 < S1 <52 < S3). Despite a similar BMI
among different groups, the gene expression of lipid droplet proteins increased depending on
the degree of steatosis (Figure 4A). When compared the livers from patients with or without type
2 diabetes who had a similar degree of hepatic steatosis (S3), the expressions of lipid droplet pro-
teins were significantly lower in diabetic patients than in nondiabetic individuals (Figure 4B).
This result implies possible link between lipid droplet proteins and hepatic insulin signaling.



8.0

6.0
5.0
4.0
3.0

Relative expression

1.0

0.0 -+

1.4 -

1.2

Relative expression

0.2

0.0 -

2.0 -

1.0 -
0.8 -
0.6 -
04 -

Role of Lipid Droplet Proteins in the Development of NAFLD and Hepatic Insulin Resistance
http://dx.doi.org/10.5772/intechopen.71572

—_— ®
—_— ¥

]

PLINI

PLINI

[T

PLIN2

PLIN2

ATGL

O Control
51
52

mSs3

SEIPIN

oS3
m 53 diabetic

SEIPIN

Figure 4. Expression of lipid droplet proteins in human NAFLD. NAFLD patients were separated into 5 groups
depending on their degree of fatty liver. Gene expression of lipid droplets genes were analysed and compared among
groups. (A) NALFD non diabetic, (B) Comparison of S3 NAFLD patients with or without type 2 diabetes.

5. Experimental modification of lipid droplet proteins and TG
accumulation in hepatocytes

It has been shown that modifications on the lipid droplet proteins have striking impacts on
lipid droplet biology. Hepatic cell line AML-12 is used to study the effect of downregulation
of SEIPIN gene. Downregulation of the gene markedly altered lipid droplets size distribu-
tions and increased smaller droplets size, suggesting a default in lipid droplet maturation
(Figure 5). When PLIN5 was knocked down in hepatocytes, the TG content dramatically
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Figure 5. Lipid droplet morphology when SEIPIN was downregulated. Downregulation of SEIPIN by siRNA resulted
in a fractionation of lipid droplets.

decreased due to accelerated lipolysis and beta-oxidation [60]. PPAR-alpha was required
for the PLIN5-induced beta-oxidation. On the contrary, the overexpression of PLIN5 leads
a significant increase in cellular TG. Therefore, modifications on lipid droplets proteins
govern intracellular TG content in hepatocytes, although the mechanisms and phenotypes
(lipid droplet size and/or localization) might be depending on a type of lipid droplet proteins
involved.

6. Experimental modification of lipid droplet proteins in mice

Table 2 displays animals with genetic modifications in lipid droplet proteins and their effect
on steatosis and metabolism (Table 2). PLIN1 KO mice present reduced body fat as well as fat
oxidation judged by respiratory quotient [61]. Another research group also studied the PLIN1
KO mice and found increased lipolysis and cardiac hypertrophy [62]. PLIN2 null mice stud-
ied by different scientific groups consistently demonstrated a protection against diet-induced
obesity, fatty liver, and alcohol-induced fatty accompanied by an improved insulin sensitivity
[63-66]. Similar results were obtained in mice treated by PLIN2 antisense oligonucleotide,
demonstrating improved insulin sensitivity [64]. PLIN3 downregulation was studied by using
antisense oligonucleotide (ASO) in C57BL/6 ] mice fed high fat diet. The reduction in PLIN3
significantly decreased hepatic fat content and improved glucose tolerance as well as insulin
sensitivity in liver, adipose, and skeletal muscle [67]. Chen et al. generated PLIN4 KO mice
[32], which showed no major modification in body weight and fat mass. Interestingly, only
cardiac TG content was significantly reduced. The KO mice did not alter any gene expression
involved in glucose and lipid metabolism. PLIN5 KO mice also developed cardiac dysfunc-
tion. The PLIN5 KO animal displayed reduced hepatic steatosis with increased mitochondrial
proliferation, lipotoxic injury in the hepatocytes [40]. Interestingly, overexpression of PLIN5
by use of adenovirus technology demonstrated a development of severe hepatic steatosis
without a sign of hepatic insulin resistance [68].

Although a strong link between PNPLA3 and hepatic steatosis has been demonstrated
in GWAS studies [50], absence of PNPLA3 gene did not influence TG hydrolysis, nor did
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hepatic steatosis [55, 56]. One of a pioneer study on the lipid droplet biology and insulin
resistance was the PNPLA2/ATGL KO mice published in 2006 [69]. Mice with global ATGL
deletion induced TG accumulation in all tissues [69]. Surprisingly, despite the severe ste-
atosis, the mice exhibit enhanced glucose tolerance and insulin sensitivity. Later on, Wu
et al. studied the effect of liver-specific deletion of ATGL [70]. The liver-specific KO mice
progressively developed a severe form of hepatic steatosis; however, the hepatic DAG con-
tent was 50-fold lower and had comparable plasma glucose, TG, and cholesterol levels to
those of controls.

CIDEC/FSP27 downregulation was studied in Fsp27-/— and ob/ob x Fsp27—/— mice [46, 47],
demonstrating decreased hepatic steatosis and insulin resistance. These animals are resistant
to diet-induced obesity, dyslipidemia. Deletion of SEIPIN, as seen in BSCL patients, leads to
severe form of hepatic steatosis accompanied by insulin resistance [49].

7. NAFLD and insulin resistance, implication of lipid droplet
proteins

It has been widely accepted that increased TG content in ectopic organs, especially in the liver
and skeletal muscle, induces insulin resistance [71-73]. Despite strong evidences demonstrat-
ing the link, there are also a few studies to show that hepatic steatosis can be dissociated from
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Figure 6. Different events leading hepatic insulin resistance in NAFLD. In human NAFLD, increased diacylglycerols
(DAG) and ceramides are often observed. Under such conditions, autophagy is frequently decreased, leading to a
disturbed lipid handling as well as increased ER stress and oxidative stress. These factors are known to induce insulin
resistance.
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Figure 7. Dysregulated factors during steatosis and NASH development. Hepatic steatosis has many dysregulation in
lipid metabolism, leading to insulin resistance. As a result of accelerated cellular damages due to oxidative stress and ER
stress, inflammation is installed and NASH development starts.

insulin resistance such as liver-specific microsomal TG transfer protein (MTP) knockout mice
[74]. While it is not physiological context at all, it may help to understand the contribution of
each gene to the development of hepatic steatosis and insulin resistance at a molecular level.
In a steatotic liver from the MTP knockout mice, we had identified upregulations of differ-
ent lipid droplet proteins such as PLIN5, PLIN2, and SEIPIN. We then hypothesized that the
upregulation of these genes was not deleterious in terms of hepatic insulin sensitivity. Indeed,
the overexpression of these lipid droplet proteins always induced TG accumulation in hepa-
tocytes; however, none of these in vitro models developed apparent insulin resistance. If true,
what mechanisms possibly explain the development of hepatic insulin resistance in NAFLD?
Different theories are briefly introduced below (Figures 6 and 7).

8. Ceramide/Diacylglycerol theory

In a steatotic liver, different lipid species are accumulated such as diacylglycerol (DAG) and
ceramide. It was postulated that the accumulation of DAG and/or ceramide induced insulin resis-
tance [75]. However, some of the models of NAFLD present increased hepatic DAG and ceramide
without insulin resistance. Interestingly, a recent study demonstrated that the abnormal compart-
mentalization of these lipid intermediates, rather than total lipid content, is what might truly inter-
fere with the insulin sensitivity [76]. This might support some inconsistent results from various
mouse models studied by modulating PLINs (Table 2). DAG induces PKC epsilon translocation
to the plasma membrane, inhibiting the intracellular kinase domain of the insulin receptor [77,
78]. In the case of PLIN5 overexpressed liver that was dissociated from hepatic insulin resistance,
we did not observe the PKC epsilon translocation to the plasma membrane despite significant
increase in DAG (personal observation). Accumulation of ceramides in the plasma membrane has
also been demonstrated to disturb insulin signaling [79], and we have only observed significant
increase in some of ceramides. As the PLIN-induced hepatic steatosis might depend on the type
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of PLIN proteins, each phenotype of hepatic steatosis needs to be finely studied. Therefore, the
link between DAG/ceramide and hepatic insulin resistance in NAFLD requires more scientific
investigations on each specific PLIN protein modification.

9. Autophagy theory

Selective autophagy process for a degradation of intracellular lipids is called lipophagy.
The lipophagy is an additional mechanism that contributes to lipid droplet breakdown, and
PLIN2 has been shown to play a role in this process [80, 81]. Autophagy is also involved in
delivering fatty acids to lipid droplets for a lipolysis and mitochondrial oxidation [82, 83].
Inhibition of autophagy has been shown to accelerate lipid accumulation and impair beta-oxi-
dation in the liver [84, 85]. Interestingly, atg7 inhibition via sShRNA in a mouse liver resulted
in an impairment of autophagy system together with an impaired insulin signaling and an
induced ER stress [85]. These effects were completely reversed when a downstream target
atg5 was blocked. This strongly supports an idea that autophagy plays one of a key role in
insulin signaling pathway. How the lipophagy and lipid droplet proteins are involved in the
insulin resistance are still open questions.

10. ER stress theory

Hepatic ER deals with redox regulation, glucose deprivation, protein synthesis, VLDL
assembly and secretion, and cholesterol biosynthesis. It has been suggested that ER stress
is implicated in insulin resistance, inflammation, and lipotoxicity, which are frequently
observed in NAFLD patients [86]. Recently, Akoumi et al. tested a hypothesis that palmi-
tate might induce ER stress by disturbing lipid droplet formation in cytosol and lead to an
abnormal accumulation of lipid in an ER compartment. They found in cardiomyoblast cell
line that palmitate-induced ER stress was associated with an abnormal storage of DAGs
located in the ER. Concomitantly, significant degradation of PLIN2 but not PLIN3 or PLIN5
was observed, suggesting a potential scenario of PLIN2 as a protector/regulator of ER stress.
Pharmacological ER stress also demonstrated a role of PLIN2 in ER stress-induced lipogen-
esis [87]. Author suggested that the presence (or induction) of PLIN2 during the ER stress
might protect hepatocytes by storing lipids in a cytosolic compartment. It was a very tenta-
tive hypothesis; however, it was not supported at least in Saccharomyces cerevisiae that an
absence of lipid droplet formation did not affect cell viability during ER stress [88]. There
are still many remaining questions to be answered in the field of ER stress and the role of
lipid droplet proteins. Their implication on metabolic disease such as NAFLD is one of a key
aspect to be further investigated.

11. Oxidative stress theory

Reactive oxygen species (ROS) is produced in a highly regulated manner in multiple organ-
elles such as the ER and mitochondria. ROS is produced as a result of oxidative protein
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folding and mitochondrial respiration. NAFLD, especially NASH (nonalcoholic steatohep-
atitis), has been strongly linked with the biomarkers of oxidative stress [89, 90]. In a case
of NAFLD development, beta-oxidation can be abnormally stimulated due to an excess
fat accumulation, which surcharges mitochondrial system for the oxidation. As a result,
abnormal ROS production at complex I of the mitochondrial electron-transport chain is
induced, leading to the mitochondrial oxidative damage. Under such condition, the redox
imbalance, lower antioxidant potential, and an enhanced free-radical activity lead to a sig-
nificant reduction in systemic antioxidant capacity of plasma [91]. These conditions are
indeed considered as a trigger of “second hit,” which then induces NASH. Cytochrome
P450 E12 (CYP2E1), a member of the cytochrome P450 mixed-function oxidase system, has
been found as a marker of NASH, which distinguishes NASH from hepatic steatosis [92].
The induction of liver microsomal CYP2E1 contributes as a major free-radical source that
aggravates oxidative stress in NASH. In addition to ROS production, cytokine is produced
progressing a fatty liver to NASH. A depletion of n-3 long-chain polyunsaturated fatty
acids (LCPUFA) was also found in NAFLD/NASH. n-3 LCPUFA has been shown to highly
influence signaling pathway in a liver and contributes to NAFLD development [93, 94]. The
n-3 LCPUFA downregulates sterol regulatory element-binding protein-1 (SRBBP-1), there-
fore inhibiting de novo lipogenesis. It could also act as a ligand activators of PPAR-alpha,
therefore stimulating fatty acid oxidation. The decreased n-3 LCPUFA and increased ratio
of n-6/n-3 LCPUFA were reported in NAFLD/NASH patients. These conditions acceler-
ate high oxidative stress and hepatocellular injury. Interestingly, Fujii et al. demonstrated
in NAFLD/NASH patients that PLIN2 seemed preferentially expressed in droplets of bal-
looned hepatocytes. The presence of PLIN2-positive ballooned hepatocytes was indeed
correlated with inflammation [18]. Indeed, liver-specific knockout of PLIN2 in mice had
reduced hepatic inflammation [95]. The role of PLIN2 on hepatic inflammation in NAFLD/
NASH needs further investigation.

As indicated previously, PLIN5 has strong interactions with mitochondrial functions. Zheng
et al. studied myocardium from PLIN5-deficient mice and found that the ROS production
and malondialdehyde levels, a marker for oxidative stress, were significantly increased [96].
In this model, the phosphorylation of PI3K and Akt, which was induced by ischemia/reperfu-
sion injury, was greatly reduced by PLIN5 deletion in the myocardium. It remains an open
question whether the PLIN5 may have an impact on NASH development by interfering with
the ROS production.

12. Conclusion

Research on lipid droplet proteins and lipid droplet biology has gained strong insights dur-
ing the last decades. Most of the lipid droplet proteins are induced in NAFLD and required
for a normal adipogenesis. Given specific expression patterns and roles of lipid droplet
proteins, the phenotypes lead by experimental modifications of the lipid droplets proteins
displayed diverse patterns. Further research is required to clarify their roles in NAFLD, spe-
cially by focusing on interactions of different lipid droplet proteins and other functional
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proteins, lipid droplet localization, interaction with mitochondria as well as fatty acid com-
positions in the droplets. Their roles in mitochondrial physiology are a particular importance
to understand how lipid droplet protein could influence hepatic energy metabolism and
insulin signaling.
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Abstract

This review is to know the magnitude of nonalcoholic fatty liver disease (NAFLD) among
general population and risk group populations of the South Asian countries. A thorough
search of evidence-based literature was conducted using the PubMed database with key
words. Databases searched from inception to February 2017. Systematic search of the
literature was conducted for studies pertaining. Prevalence of NAFLD in South Asia var-
ies from 13 to 34%. The Highest rate is in Bangladesh (34.34%) and lowest in Pakistan
(13.5%). Prevalence of NAFLD is 15-80% among obese people, 25-60% with dyslipid-
emia and 33-55% in pre diabetics and diabetics. Nonalcoholic steatohepatitis (NASH)
is present in about 50% of the NAFLD cases that can lead to fibrosis, cirrhosis or even
hepatocellular carcinoma (HCC). NAFLD is not the disease for only obese people, but
it is also common in nonobese in this region. About 11.11% hepatocellular carcinoma
developed from NASH. Incidence rate of diabetes and coronary artery disease is high
among NAFLD patients. NAFLD is becoming a future challenge for South Asia region.
Prevalence and severity has been remarkably increasing for last few years. The health
system should get ready to confront burden of NAFLD in future for South Asia.

Keywords: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, South Asia

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a characterized by excessive accumulation of
fat (defined as the presence of lipid in >5% of hepatocytes or a lipid content >5% of liver
weight) [1] in the liver, who consume little (<20 g of alcohol/d) or no alcohol [1, 2]. It is the
most common cause of chronic liver injury [3]. Worldwide millions of people are affected
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by the NAFLD and it is prophesied to be the following universal epidemic [4]. Universally
its prevalence rate is 25.24 with highest in the Middle East and South America and lowest
in Africa [5]. The NAFLD with necroinflammation, defined as nonalcoholic steatohepatitis
(NASH) [2]. According to Younossi ZM, universally overall mortality for NAFLD is 1.05; and
incidence of hepatocellular carcinoma (HCC) and liver-specific mortality among NAFLD is
0.44 and 0.77 per 1000 person-years respectively. About 30% NAFLD progress to NASH, it
can be lead to fibrosis, cirrhosis or even hepatocellular carcinoma [6]. HCC is one of the most
common cancers worldwide and its burden is highest in the South-East Asia [7]. Countries
with higher economic status tend to present a higher prevalence of NAFLD [8]. But it is not
uncommon in low economic countries like countries of South Asia. The prevalence of NAFLD
has increased remarkably over the years in South Asia and South-East Asia affecting 5-34%
of general population [9, 10]. Metabolic syndrome common in people from South Asia is an
important risk factor for NAFLD and Bangladeshi ethnicity is an important independent risk
factor for NAFLD [3]. It is commonly described as hepatic manifestation of metabolic syn-
drome and insulin resistance. Though prevalence of NAFLD markedly increased in obese
population, presence of NAFLD is further more challenging to diagnose and manage in lean
population. In this study we aimed to know the prevalence NAFLD among general popula-
tion and risk group populations of the South Asian countries. We also explored the prevalence
of NASH and its associated conditions.

2. Materials and methods

We performed a systematic PubMed/MEDLINE literature search with the following key
words: “Non-alcoholic Fatty Liver Disease/epidemiology”[Mesh], “Non-alcoholic steatohepa-
titis” [Text word] AND “Liver Transplantation/etiology”[Mesh], “Obesity”[Mesh], “Diabetes
Mellitus”[Mesh], “Global,” “Afghanistan,” “Pakistan,” “India,” “Sri Lanka,” “Maldives,”
“Nepal,” “Bangladesh,” and “Bhutan.” Databases searched from inception to February 2017.
Exclusions included data on alcohol consumption or other liver diseases. Relevant full article,
abstract, review, mini review, editorial and conference proceeding are included in this review.

3. Global epidemiology

Nonalcoholic fatty liver disease (NAFLD) is the commonest liver disease with global prev-
alence of approximately 25.24% of the general population [5]. Nonalcoholic steatohepatitis
(NASH) and NAFLD are not only a Western disease. NAFLD and NASH have increasingly
been diagnosed in all regions of Asia [11]. A study using the National Health and Nutrition
Examination Survey (NHANES) found a 30% prevalence of NAFLD in the United States
between 2011 and 2012 [12]. NAFLD is the most common cause of chronic liver disease in
Western countries. It affects about 1 billion individuals worldwide [13]. Increasing prevalence
of NASH is closely associated with prevalence diabetes and obesity, which may defined as epi-
demic worldwide. At least 1.46 billion obese adult is persisting in the world. Approximately
6 million individuals in the USA are in the risk of developing NASH and about 0.6 million
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Region Population studied Prevalence of NAFLD in these populations (%)
USA Pediatric population 13-14
General population 27-34
Europe Pediatric population 2.6-10
General population 20-30
Middle East General population 20-30
Far East General population 15
South Asia General population 5-30

Table 1. Estimated prevalence of NAFLD and NASH among different areas of the word.

to develop NASH-related cirrhosis [14]. Table 1 shows estimated prevalence of NAFLD and
NASH. Reports on the prevalence of NAFLD and NASH vary substantially due to varying
definitions, differences in the populations studied, and the diagnostic methods used [14].

4. Delineation of South Asia and its population diversity

According to the United Nations geographic region ordering, South Asia comprised with
Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri Lanka (Figure 1).
Topographically, it is dominated by the Indian Plate; the terms “Indian subcontinent” and
“South Asia” are sometimes used interchangeably [15]. South Asia is the most populated
region in the world [16]. Socially it is very mixed, consisting of many language groups and
religions, and social practices in one region that are vastly different from those in another [17].

South Asia
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Figure 1. Geographical position and area of South Asia [16].

81



82

Non-Alcoholic Fatty Liver Disease - Molecular Bases, Prevention and Treatment

5. Prevalence of NAFLD among South Asian people

Recent socioeconomic changes have resulted in an emerging epidemic of non-communi-
cable diseases such as type 2 diabetes and nonalcoholic fatty liver disease. The prevalence
of nonalcoholic fatty liver disease in Asian Pacific countries now approximates and even
overrides levels encountered in Western countries in some studies [18]. NAFLD is the
emerging challenge for public health issue in Asia [19]. This has a potential burden not
only on liver disease but also on metabolic syndrome related morbidity: obesity, diabetes,
and atherosclerotic cardiovascular disease [19]. Largest population of the world inhabiting
in Asia are passing through an economic growth and shift of focus from a dominant physi-
cal activity to knowledge, capital and physical inactivity. An increasing GDP is paralleled
by a rising body mass index (BMI) in an almost linear fashion [19]. Countries with higher
economic status tend to present a higher prevalence of NAFLD [8]. It is believed to provide
a distinctive epidemiologic perspective to global situation of NAFLD. Especially for South
Asia, according to increasing with their economy the prevalence of NAFLD is increasing
day by day.

Most of the available epidemiological studies in NAFLD from Asia are ultrasound based
and hence detect prevalence of hepatic steatosis alone initially, correlating it with anthro-
pometric, biochemical, and demographic features of the population (Table 2). The com-
munity prevalence of NAFLD in South Asia and South-East Asia ranges from 5 to 30% [9,
10]. Recently a hospital based study in Pakistan had shown a frequency of approximately
14%. In India, it varies from 5 to 28% in general population, especially those who are
undergoing health check-ups. Indians have increased propensity for visceral fat accumu-
lation which may present from birth [9]. Prevalence of NAFLD in general population of
Bangladesh has been estimated to vary from 4 to 34.34% [20, 21], which exceeds previ-
ous reports and it jumps up to 49.8% in diabetic patients [22, 23]. And in Sri Lanka the
prevalence rate was found 32.6 in an urban based study [24]. So it is seen that, among
South Asian countries the highest magnitude of NAFLD is in Bangladesh and lowest is in
Pakistan (Figure 2).

Country Population and place Sample size (1) Prevalence of NAFL
India Selected population Mumbai 1168 16.6%
General population West Bengal (rural) 1911 167 (8.7%)
General population Chennai (urban) 541 173 (32%)
Bangladesh General population Nation wide 2621 900 (34.34%)
Selected Population Camilla (rural) 665 219 (33%)
Sri Lanka General population (urban) 2985 974 (32.6%)
Pakistan Tertiary care hospital, Karachi 952 129 (13.5%)

Table 2. Prevalence of NAFLD among the Indian, Sri Lanka and Pakistani people.
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Figure 2. Prevalence of NAFLD in different countries of South Asia.

From the study of Alazawi et al. the prevalence of recorded NAFLD varied considerably by
ethnic group. This study identified that Bangladeshi ethnicity as an independent risk factor for
NAFLD. Diagnosed NAFLD was significantly more prevalent among people of Bangladesh
ethnicity (1.8% of the adult population) than other ethnic group, including other South Asian
groups. Among Bangladeshis, there are higher rates of type 2 diabetes and cardiovascular
disease that may have a genetic basis. Transaminase were measured on 218,032 patients, of
whom 31,627 had elevated serum transaminases. In a multivariate analysis, independent risk
factors for NAFLD included Bangladeshi ethnicity, diabetes, raised BMI, hypertension, and
hypercholesterolaemia. As expected, the prevalence of NAFLD was significantly lower in the
African and Caribbean ethnic groups [19]. Female are predominant sufferers of NAFLD in
Bangladesh [25]. So the prevalence of NAFLD in South Asia has been increased from previous
reports and now it ranges from 14 to 34.34% in general population. In systematic searching
in PubMed/MEDLINE database, we found research articles on epidemiology of NAFLD of
India, Bangladesh, Sri Lanka and Pakistan. But we did not get any article relevant to the epi-
demiology of NAFLD of Afghanistan, Maldives, Nepal and Bhutan.

6. Prevalence of NASH and its progression

The active form of NAFLD is non-alcoholic steatohepatitis (NASH), which is characterized
by hepatocyte injury with liver inflammation, and progression of fibrosis [26]. And it has
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emerged as one of the most important causes of liver failure and hepatocellular carcinoma.
Up to 20% of cases NASH may progress to cirrhosis [27]. According to Alam et al. “Patients
with NASH are at risk for progressive liver disease (which can progress to cirrhosis, hepato-
cellular carcinoma, and death from chronic liver disease), as well as cardiovascular mortality
and type-2 diabetes” [25].

NASH is present in 42.4-53.1% cases of Bangladeshi NAFLD patients [25]. Diabetic is the prin-
ciple cause to develop NASH. A study in Indian Diabetic Mellitus (DM) patient; it reported that
severe NASH is present among 9.35% Indian DM patients [28]. Ultrasound based Indian study
showed the prevalence of NAFLD to be 16.6%, while a study based on liver biopsy showed
the presence of NASH was 53% [29, 30]. And in Sri Lanka a liver biopsy based study were per-
formed on 296 patients and 100 (35.1%) were diagnosed as having NASH [31]. In another Asian
study proven NASH at presentation was found in 32.6% patients of NAFLD [32].

Study from the West found that disease progression from NAFLD to NASH is 44% patients [33].
Multiple factors like obesity, insulin resistance, genetic factor, immune response and lipotoxic-
ity are involved in the progression of NAFLD to NASH [34]. In patients with cirrhotic NASH,
HCC and liver failure are the main causes of morbidity and mortality. A prospective Japanese
study elucidated the progression from NASH to HCC is 11.3% [35]. The prevalence of NASH
(9.35-59%) among NAFLD patients is much higher in South Asian countries than that of Western
countries. Severity of NAFLD in the form of NASH is also highest in Bangladesh among the
South Asian countries as evidenced by recent studies from tertiary level hospitals of the country.

7. Depiction of the magnitude among different risk group

According to Alam, one fourth of the Bangladeshi NAFLD patients are nonobese; among
them 53.1% cases present NASH. Male are largely dominating in nonobese group, where
female are in obese group [36]. High BMI, central obesity, triglyceridemia and age are impor-
tant risk factors for Bangladeshi people, and risk factors contributed about 29% risk for the
occurrence of NASH [37]. After adjusting the risk factors (BMI and TG) female gender is the
independent risk for Bangladeshi [38]. Although insulin resistance (IR) is strongly associated
with NAFLD, But IR is not the sole predictor in the pathogenesis of NAFLD [38—40].

In India the prevalence of NAFLD is 15-80% among obese people, 25-60% in patients with
dyslipidemia and 33-55% in pre-diabetics and diabetics” Indian people [41]. Most of the non-
diabetic NAFLD patients are overweight/obese with higher insulin resistance, dyslipidemia,
and subclinical inflammation [42]. Among 65.7% Morbidly Obese South Indian Patients has
NAFLD. Among them 33.6% were of NASH, 31.3% shows fibrosis and 14.1% shows advanced
fibrosis [43]. The polymorphism T-455C in APOC3 gene and elevated serum triglycerides
are associated with Indian NAFLD patients [44]. In another series, 56.5% T2DM patients
have NAFLD, and the prevalence is higher in females (60%) than males T2DM patients [45].
NAFLD is the commonest liver disease in Indian psoriatic patients also [46]. Coronary artery
disease (CAD) is more prevalent in the NAFLD compared to non-NAFLD; It is a surrogate
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and fairly reliable marker of risk for CAD among type 2 diabetic patients [47]. According
to Duseja NAFLD is the commonest cause of unexplained elevation of SGPT and crypto-
genic cirrhosis and hepatocellular carcinoma in Indian patients. Insulin resistance and full
blown metabolic syndrome are highly prevalent in Indian patients with NAFLD [48]; 51.4%
of patients of NAFLD have metabolic syndrome [49]. And it is really threatening news that 3%
of 5-12 years Indian children have NAFLD [50].

In Sri Lanka Incidence rate of diabetes are 64.2 per 1000 person-years among NAFLD persons [51].
NAFLD is an independent predictor of developing diabetes mellitus [51]. Increased age and pres-
ence of NAFLD conferred a higher mortality risk from ACS as predicted by GRACE score [52].

As like developed countries obesity, insulin resistance, diabetes, dyslipidemia are the major
risk factors for development of NAFLD. But the paradox is that it could develop in nonobese
population also and one fourth of NAFLD of South Asia is from nonobese people.

8. Global and South Asian publication trend on NAFLD

According to Zhang et al. study, with the globally increasing prevalence, nonalcoholic fatty
liver disease (NAFLD) becomes the predominant cause of chronic liver disease. The global
scientific research articles relevant to NAFLD revealed 6356 articles were published in 994
different journals during 1986-2013. Starting from the late 1980s, the publication on NAFLD
grew slowly and entered into a highly developing period in the 21st century, especially in
the last decade (Figure 3). Bibliometric results suggest that the obviously rapid growth of the
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Figure 3. Trend of number of publication on NAFLD of South Asia (published in PubMed).
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Figure 4. Article on NAFLD publication in South Asia Trend in PubMed from inception-2016.

articles in recent years appears to be associated with the accelerating incidence of NAFLD
and its cofactors such as metabolic syndrome. In this study we found that, from inception
to 2012 only 16 Indian research articles have been published in PubMed. Where from 2013
to 2016 total 85 research articles of India, Bangladesh, Sri Lanka and Pakistan has been pub-
lished in PubMed (Figure 4). This phenomenon indicate that, how NAFLD is growing in
South Asia.

9. Conclusion

The increase in NAFLD will continue to burden the health care system, especially because of
its association with obesity, IR and metabolic syndrome. Along with globalization the prev-
alence of NAFLD is increasing alarmingly. The prevalence of NAFLD has been increasing
remarkably for the last 12 years. Currently it is not only a disease of the Western countries
but also becoming a major challenge for South Asia region. NAFLD is not the disease for only
obese people, but it is also common in nonobese. And if the condition remains untreated it
can turn into cirrhosis and hepatocellular carcinoma. It is really a great threat for us that,
NAFLD is being seeing among our subcontinent’s children also. The burden of NAFLD and
its severity projects that obviously it will be the biggest frontier of Hepatology in South Asia
in near future.
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Abstract

An increasingly common cause of chronic liver disease in adults and children is nonal-
coholic fatty liver disease (NAFLD). The diagnosis of NAFLD was traditionally based
on the histopathological changes of the liver, evaluated by needle liver biopsy, an inva-
sive method, with potential adverse effects and great inter and intraobserver variability.
The noninvasive methods for the assessment of both fibrosis and steatosis in patients
with NAFLD have increasingly been studied lately. Of these noninvasive methods, in
this chapter, we will focus on the methods assessing the stiffness of liver parenchyma,
i.e. elastographic methods, of which, the most widely used are ultrasound elastogra-
phy techniques. We will discuss the principal elastographic methods of some utility in
NAFLD, i.e. shear wdave elastography (SWE) (quantitative elastography), and especially
transient elastography, point SWE (acoustic radiation force impulse elastography, ARFI)
and two-dimensional real-time SWE (Supersonic). For each method usable in NAFLD
cases, we will review the method principle, examination technique and performance in
NAFLD evaluation.

Keywords: nonalcoholic fatty liver disease, fibrosis, steatosis, noninvasive, elastography

1. Introduction

An increasingly common cause of chronic liver disease in adults and children is nonalcoholic
fatty liver disease (NAFLD) [1]. In adults, the prevalence of NAFLD ranges from 17% to 33%
[2], whereas in children, from 2.6% to 9.6%; in obese children, the prevalence is significantly
higher: 22.5%—44% [3]. NAFLD may present in various ways: as simple steatosis, nonalcoholic
steatohepeatitis, liver cirrhosis or even hepatocellular carcinoma (HCC) [2-5].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The diagnosis of NAFLD was traditionally based on the histopathological changes of the
liver, evaluated by needle liver biopsy (LB). Unfortunately, this is an invasive method, with
potential adverse effects and great inter and intraobserver variability [6-8]. In addition, the
interpretation may be erroneous, because of the inhomogeneous distribution of fibrosis. In
patients with HCV infection, for instance, differences of at least 1 stage between the right
and left lobe in 33% of cases [7] or between 2 samples taken from the same area in even up to
45% of cases have been reported in literature [9]. In patients with nonalcoholic steatohepatitis
(NASH), the inhomogeneous distribution of fibrosis appears to be even more pronounced
than in HCV patients [10]. Some studies [8] showed that, when taking 2 samples from the
right hepatic lobe in each NASH patient, agreement in fibrosis stage was found in only 47%
of patients, while differences of at least 1 stage were found in 41% of cases, or 2 stages, in 12%
of cases, respectively.

Lately, patients with NASH are increasingly evaluated using rapid, noninvasive methods of
assessment of both fibrosis and steatosis. The diagnosis of liver steatosis has several implica-
tions in chronic liver diseases [11]. Indeed, in HCV patients, for instance, liver steatosis is
associated with fibrosis progression and a decreased rate of sustained viral response [11-13].
Steatosis (which is the primary lesion in nonalcoholic fatty liver disease) may associate graft
failure 1 year after liver transplantation, with increased risk of complications after liver resec-
tion and, last but not least, increased risk of death [11, 14-16].

The fibrosis may be assessed noninvasively using serum biomarkers (not liver-specific, but
proven to correlate with fibrosis), as well as by measuring certain intrinsic physical properties
of the liver parenchyma, such as liver stiffness (LS) or shear wave velocity (SWV) within the
liver [17]. Of these noninvasive methods, in this chapter, we will focus on the methods assess-
ing the stiffness of liver parenchyma, i.e. elastographic methods, of which, the most widely
used are ultrasound (US) elastography techniques.

2. Classification of US-based elastography techniques

Elastography may be considered “a type of remote palpation that allows measurement and
display of biomechanical properties associated with the elastic restoring forces in the tissue
that act against shear deformation” [18].

In accordance to the European Federation of Societies for Ultrasound in Medicine and Biology
(EFSUMB) Guidelines [19, 20], the ultrasound elastographic techniques are either quantitative
(shear wave elastography, SWE) or qualitative (strain elastography, real-time elastography).
The quantitative techniques are as follows:

* Transient elastography (TE), the only method nonintegrated into a standard ultrasound
system.

¢ Point SWE: Acoustic radiation force impulse elastography (ARFI) or ElastPQ technique.

¢ Real time SWE: Two-dimensional SWE (2D-SWE) or three-dimensional SWE (3D-SWE)
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In the following sections, we will focus on the main quantitative ultrasound elastography
techniques, which can help in the noninvasive assessment of nonalcoholic fatty liver disease.

3. Transient elastography (TE)

3.1. Principle

Transient elastography is performed using the Fibroscan® device (Echosens, Paris). The trans-
ducer of the device is placed in an intercostal space, above the right lobe, in a point of maximal
hepatic dullness (typically the 9-11th intercostal space, on the midaxillary line). A mechanical
vibrator is mounted on the axis of the transducer; the vibrator generates a painless vibration,
inducing a train of elastic waves, which propagate through the skin and subcutaneous tissue to
the liver. In parallel to the vibration, the transducer performs ultrasound acquisitions, at a fre-
quency of 4 kHz. By comparing the ultrasonographic signals thus obtained, tissue deformation
records, induced by the propagation of the elastic wave, can be drawn. The time necessary for
the train of waves to propagate along the interest area, as well as the velocity of propagation,
is recorded [21-25]. The liver stiffness may therefore be calculated using the formula: E = 3pVs?
(E—elasticity modulus; p—density, a constant of the material; Vs— the elastic wave propagation
velocity within the liver parenchyma). Young’s modulus (E) clinically corresponds to the LS and
is typically referred to as E or LS. LS values range from 2.5 to 75 kPa. The stiffer the tissue, the
higher the train wave propagation velocity [1, 24]. Lower values indicate a more elastic liver.

On the other hand, knowing that fat affects ultrasound propagation, a novel attenuation
parameter has been developed to detect and quantify liver steatosis [25]. This parameter, called
controlled attenuation parameter (CAP), is based on the ultrasonic properties of the radiofre-
quency back propagated signals acquired by the Fibroscan® [26]. This ultrasonic attenuation
coefficient is an estimate of the total ultrasonic attenuation (go-and-return path) at the central
frequency of the regular or M probe of the Fibroscan® probe, i.e. at 3.5 MHz, and is expressed
in dB/m and ranges from 100 to 400 dB/m. CAP is evaluated using the same radiofrequency
data, and the same region of interest, as the region used to assess the LS [26, 27]. It follows that
the equipment can measure the liver stiffness (for the estimation of fibrosis) at the same time
with CAP (for the estimation of steatosis) [25].

3.2. Examination technique

The patient is placed in a dorsal decubitus position, with the right arm in maximum abduc-
tion, in order to best expose the right quadrant, and the transducer is placed in direct contact
with the skin, perpendicularly to the intercostal space, in an area of maximal dullness, free of
any large vascular structure. The correct position is ensured either by visualizing the image of
the A mode of the system or by using a different ultrasound equipment [22, 24].

When pressing the transducer button, the vibration is generated and transmitted to the liver.
The software of the equipment analyses the tissue deformation records and measures the
stiffness of the parenchyma. The results are expressed in kiloPascals (kPa) and represent the
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median value of 10 valid measurements [22, 24]. At the same time, the software can measure
the controlled attenuation parameter (CAP), expressed in dB/m.

The monitor of the device will display the instantaneous liver stiffness and CAP values, the
median stiffness and CAP values resulting for each of the 10 valid measurements, the mea-
surement success rate as well as the variation of the 10 measurements from the median (IQR).

A necessary condition for a correct assessment is the examination after an overnight fast or
at least 2 hours after a meal, because a postprandial examination would increase the stiffness
value due to increased hepatic blood flow [28, 29] and would lead to a false interpretation of
liver stiffness. The influence of postprandial examination on CAP has not yet been proven.

The measurement can be performed even by a technician after a training period (approxi-
mately 100 cases) [30, 31], but the clinical interpretation of results must always be issued by
an expert taking into account the demographic data, disease etiology and biochemical profile
at the moment of the examination [32].

3.3. Parameters of the examination performance

In accordance to the manufacturer recommendations, the success rate is required to reach at
least 60%, and the IQR to be less than 30% of the median (M) liver stiffness [24], although it
appears that the best concordance with the biopsy is obtained when its value does not exceed
20% of the median [33].

According to the latest reports, however, the conventional definition of LS measurement
accuracy is not relevant. The “success rate > 60%” parameter is considered to be no longer nec-
essary, and the examination accuracy depends on the IQR/M ratio, influenced by the median
LS value. Three categories of measurement performance are therefore defined [34]:

e “very reliable”: IQR/M <0.10

* “reliable”: 0.10 < IQR/M < 0.30 or IQR/M > 0.30 and LS <7.1 kPa
* “poorly reliable”: IQR/M > 0.30 and LS >7.1 kPa

3.4. The liver volume examined by TE

The technique can measure the stiffness of a cylinder of parenchyma with a 1 cm diameter and
a 4 cm height (the measurement is performed on a distance ranging from 25 and 45 mm from
the skin); this represents around 1/500 of the entire liver volume, which is at least 100 times
larger than the volume of a biopsy sample [22, 30, 32].

3.5. TE reproducibility

TE has a high degree of reproducibility, with a 0.93-0.98 intraobserver and interobserver cor-
relation coefficient [35, 36]. Interobserver concordance is lower in patients with early stages of
fibrosis, in those with 225% steatosis and in patients with BMI 225 kg/m?.
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3.6. Normal range of liver stiffness

The mean value of liver stiffness in healthy subjects without any known liver disease and with
normal biochemistry and hematology tests is 5.5 + 1.6 kPa according to some authors [37] and
4.8 + 1.3 kPa according to others [38]. Age does not appear to influence this value, but stiff-
ness is higher in men than in women. It is very difficult to establish the normal range of liver
stiffness without biopsy, but the reverse is not feasible. In a group of HCV patients, without
pathological changes on the biopsy sample, the liver stiffness was 4.84 + 1.49 kPa [39]. In our
unit, values of or above 5.3 kPa have a positive predictive value of 90% for the prediction of a
fibrosis stage of at least F1.

3.7. Pathological changes influencing liver stiffness in NASH

Our studies performed on a group of biopsied NASH patients proved that LS correlated mod-
erately with fibrosis (r = 0.661; p <0.0001) and weakly, but significantly, with hepatocyte bal-
looning (r =0.385; p =0.001), lobular inflammation (r = 0.364; p = 0.002) and steatosis (r = 0.435;
p < 0.0001). Of all of these elements, fibrosis was found in a multivariate analysis to be the
only factor independently influencing LS in NASH patients [40]. Nevertheless, the correla-
tion between liver stiffness and fibrosis is weaker in NASH (r = 0.661) than in hepatitis C
(r=0.73-0.79) [41, 42]; this correlation is supported also by the computerized analysis of the
biopsy sample that quantifies the amount of fibrosis on the entire sample [43] and is explained
by a different distribution pattern of fibrosis in the two conditions [40, 43].

3.8. Diagnostic performance of TE in quantifying fibrosis and steatosis in NASH

Unlike studies performed on diffuse liver diseases of viral etiology, those assessing the role of
TE in evaluating NASH patients are rather scarce.

Although liver stiffness is strongly correlated with fibrosis in chronic hepatitis patients, this
correlation is weaker in patients with steatohepatitis, because of a different pattern of fibro-
sis distribution, which, as mentioned earlier, leads to a lower performance of this technique
in fibrosis prediction in NASH. Indeed, we observed that liver stiffness in NASH increases
alongside the fibrosis stage, but there appears to be an apparent overlap of LS values, espe-
cially for the F1-F2 patients [40].

In a meta-analysis including 854 NASH patients [44], TE was found to have a very good
performance in diagnosing stages F > 3 (Se 82%, Sp 82%) and F4 (Se 92%, Sp 92%), but only
moderate in diagnosing significant fibrosis F > 2 (Se 79%, Sp 75%).

The cut-off values for the prediction of fibrosis resulting from various studies differ con-
siderably in NAFLD patients, due to the different prevalence of fibrosis stages in the ana-
lyzed groups, as well as to the aim of the analysis (sensibility >90% or specificity >90% or a
maximal diagnostic accuracy). Therefore, the proposed cut-offs range between 5.3 and 7 kPa
(for F > 1), with 61.7-93.48% sensitivity and 68-100% specificity (Table 1); 5.8-11 kPa (for
F > 2), with 52.5-91.1% sensitivity and 50.3-91.7% specificity (Table 2); 7.8-12 kPa (for F > 3),
with 75-100% sensitivity and 78-96.87% specificity (Table 3) and between 10.2 and 20 kPa
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2F1 Cut-off (kPa) AUROC Se (%) Sp (%) PPV (%) NPV (%)
Yoneda et al. [45] 59 0,93 86.1 88.9 97.1 59.3
Lupsor et al. [40] 5.3 0.879 93.48 78.26 89.6 85.7
Kumar et al. [46] 6.1 0.82 78 68 87 53

Imajo et al. [47] 7 0.78 61.7 100 100 86.6

Table 1. Performance of liver stiffness measurement compared with liver biopsy in the detection of fibrosis >F1 in
nonalcoholic fatty liver disease patients.

(for the prediction of cirrhosis), with 70-100% sensitivity and 68-96.6% specificity (Table 4)
[40, 45-50]. The studies have shown that TE performance is better for cirrhosis than for sig-
nificant fibrosis [51, 52].

The available data indicate that, in patients with NAFLD, TE is a highly accurate, noninva-
sive method for the exclusion of advanced fibrosis and a moderately accurate method for
the exclusion of significant fibrosis. According to the EFSUMB and EASL Guidelines and
Recommendations on the Clinical Use of Liver Ultrasound Elastography, TE can be used in
NAFLD patients to confidently exclude severe fibrosis and especially cirrhosis, with a high
negative predictive value (around 90%) [17, 18].

The major challenge for the use of transient elastography in patients with NAFLD in clinical
practice is the high rate of failure (no valid shot) or unreliable results (not meeting the manu-
facturer’s first recommendations). In these patients, the failure rate varies between 3.8 and
50% [40, 45, 48, 51, 53-56] and appears to be correlated mainly with obesity [57]. In fact, differ-
ent studies report increased failure rates owing to increased body mass index (BMI > 30 kg/m?)
or waist circumference, which may interfere with the transmission of the push impulses and
the tracking ultrasound, thus preventing a correct estimation of liver stiffness [17]. Apart from

>F2 Cut-off (kPa) AUROC Se (%) Sp (%) PPV (%) NPV (%)
Yoneda et al. [45] 6.65 0.865 88.2 73.9 78.9 85
Lupsor et al. [40] 6.8 0.789 66.67 84.31 60 87.8
Wong et al. [48] 5.8 (Sn >90%) 0.84 91.1 50.3 56.1 89.0

7 (max DA) 79.2 75.9 69.6 84.0

9 (Sp > 90%) 52.5 91.7 81.5 73.5
Kumar et al. [46] 7 0.85 77 78 75 81
Pathik et al. [49] 9.1 - - - - -
Imajo et al. [47] 11 0.82 65.2 88.7 88.2 66.2
Cassinotto et al. [50] 8.5 0.82 72 79 — —

Table 2. Performance of liver stiffness measurement compared with liver biopsy in the detection of fibrosis >F2 in
nonalcoholic fatty liver disease patients.
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2F3 Cut-off (kPa) AUROC Se (%) Sp (%) PPV (%) NPV (%)
Yoneda et al. [45] 9.8 0.904 85.2 81.4 63.9 93
Lupsor et al. [40] 10.2 0.978 100 96.87 714 100
Wong et al. [48] 7.9 (Sn>90%) 0.93 91.1 753 52.0 96.6
8.7 (max DA) 83.9 83.2 59.5 94.6
9.6 (Sp > 90%) 75.0 91.6 724 92.6
Kumar et al. [46] 9 (Se + Sp max) 0.94 85 88 68 95
7.8 (Sn>90%) 96 78 43 98
11.2 (Sp > 90%) 71 93 57 91
Pathik et al. [49] 12 — 90 80 — —
Cassinotto et al. [50] 9.3 0.86 82 75 NR NR
Imajo et al. [47] 11.4 0.88 85.7 83.8 75 91.9

Table 3. Performance of liver stiffness measurement compared with liver biopsy in the detection of fibrosis >F3 in
nonalcoholic fatty liver disease patients.

obesity, measurement failure correlates also with more general features of the metabolic syn-
drome, as well as with limited operator experience [57].

A new transient elastography probe (XL) has been proposed to overcome these limitations for
patients who are overweight or obese [54, 55, 58-60]. While the M probe, with a transducer
central frequency of 3.5 MHz, can be used when the skin-to-liver capsule distance <2.5 cm
(measurement depth 2.5-6.5 cm), the XL probe has a transducer central frequency of 2.5 MHz,
so that the LS measurement can be made at a depth of 3.5-7.5 cm and, therefore, can be used

F4 Cut-off (kPa) AUROC Se (%) Sp (%) PPV (%) NPV (%)
Yoneda et al. [45] 17.5 0.991 100 96.6 75 100
Wong et al. [48] 10.3 (Sn >90%) 0.95 92.0 87.8 46.0 99.0
10.3 (max DA) 92.0 87.8 46.0 99.0
11.5 (Sp > 90%) 76.0 91.0 48.7 97.1
Kumar et al. [46] 11.8 (Se + Sp max) 0.96 90 88 41 98
10.6 (Sn >90%) 100 82 33 100
19.4 (Sp > 90%) 70 98 78 97
Pathik et al. [49] 20 NR 90 80 NR NR
Imajo et al. [47] 14 0.92 100 759 73 100
Cassinotto et al. [50] 10.2 0.87 89 68 NR NR

Table 4. Performance of liver stiffness measurement compared with liver biopsy in the detection of cirrhosis in
nonalcoholic fatty liver disease patients.
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when the skin-to-liver capsule distance ranges between 2.5 and 3.5 cm. The measurement
failure is significantly less frequent when using the XL probe than the standard M probe (1.1%
versus 16%; p < 0.00005) [54]. Unreliable results were still observed with the XL probe, but
only in 25%, as opposed to 50% of cases with the M probe (p < 0.00005) [57]. The main limit-
ing factors for the XL probe are a skin-to-liver capsule distance >3.4 cm and extreme obesity
(BMI > 40 kg/m?) [54].

It is worth mentioning that, when measured with the XL probe, the median LS is sig-
nificantly lower than that measured with the M probe (6.9 kPa vs. 8.4 kPa, respectively)
[55, 58]. In accordance to the existing literature, the LS cut-off values should be approxi-
mately 1.5-2 kPa lower for the same stage of fibrosis when the XL probe is used rather than
the M probe [1]. As a result, the cut-off values defined for the M probe cannot be applied to
the XL probe, as well.

3.9. Follow-up of patients

Monitoring the progression of fibrosis is also necessary in the follow-up of these patients.
European Association for Study of Liver and Asociacion Latinoamericana para el Estudio del
Higado [17] and some authors [61] have shown that, indeed, LS measurement may be used to
monitor hepatic fibrosis severity in patients with NAFLD, but additional prospective studies
are necessary [1]. According to the existing guidelines, follow-up assessment by either serum
biomarkers or TE for the progression of liver fibrosis should be performed among NAFLD
patients at 3-year interval [17].

3.10. Errors of interpretation of LS values

The liver is an organ wrapped in a distensible but nonelastic envelope (Glisson’s capsula).
As a result, additional tissue abnormalities (edema, inflammation, cholestasis, congestion),
may interfere with LS measurements, independently of fibrosis: increased cytolysis [62-64],
extrahepatic cholestasis [65], congestive heart failure [66] and food intake [28, 29]. These error
factors should be taken into consideration whenever interpreting LS values since they may
overestimate the fibrosis stage [57]. The influence of steatosis on liver stiffness is still rather
controversial; some studies indicate that steatosis may lead to higher liver stiffness, indepen-
dently of fibrosis [53, 67], whereas others did not find the same effect [48]. It follows that more
studies are needed to clarify this aspect, especially in NAFLD patients examined with both
the M and the XL probe.

3.11. Prediction of steatosis in NAFLD patients using CAP measurements

The new parameter, which can be measured using the Fibroscan® equipment, the con-
trolled attenuation parameter (CAP), has proven, in our and other authors’ experience,
to correlate significantly only with steatosis, not with other pathological anomalies
encountered in patients with diffuse liver diseases (inflammation, ballooning or fibrosis)
[26, 47, 54, 68-75].
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An increase of the CAP value can be seen alongside the increase in steatosis grade, but there
is some degree of overlap between adjacent grades, especially between moderate and severe
steatosis [68].

The studies on the assessment of CAP performance in grading steatosis were pre-
dominantly aimed at groups of patients with various diffuse liver diseases, not only
NAFLD. For the prediction of steatosis >10%, the CAP cut-off values vary in different
studies between 214 dB/m and 289 dB/m, with a 64-91% sensitivity range and a 64-94%
specificity range and the AUROC between 0.68 and 0.91. For the prediction of steatosis
>33%, the cut-offs range between 259 dB/m and 311 dB/m, with a 57-89% sensitivity range
and a 62-94% specificity range and the AUROC between 0.73 and 0.95. For the predic-
tion of severe steatosis (>66%), the cut-offs range between 281 dB/m and 318 dB/m, with
a 71-100% sensitivity range and a 47-82.5% specificity range and the AUROC between
0.70 and 0.93 [26, 47, 68-76]. According to these studies, CAP is useful in the detection of
5>10%, S =33% and S > 66%, as a result of its good sensitivity and specificity; however,
the exact cut-off values remain to be defined [1].

A recent meta-analysis including 2735 patients, 20% having NAFLD [77], has established the
optimal CAP cut-offs for the prediction of mild, moderate and severe steatosis as, respec-
tively, 248 dB/m, 268 dB/m, and 280 dB/m, with 66.8%, 77.3%, respectively 88.2% sensibility,
and 82.2%, 81.2%, respectively 77.6% specificity (Table 5). According to this meta-analysis
[77], covariates such as etiology, BMI and diabetes should be taken into account when inter-
preting CAP, but sex, age and fibrosis play a much smaller role. The authors recommend
using the cut-offs established here, but deducting 10 dB/m from the CAP value for NAFLD/
NASH patients, 10 dB/m for diabetes patients and deducting or adding 4.4 dB/m for each unit
of BMI above or below 25 kg/m? over the range of 20-30 kg/m? [77].

In conclusion, CAP is a noninvasive method for the assessment of steatosis in chronic liver
disease patients, including NASH, with a diagnosis accuracy of 76.11-82.06% [68], which is
independently influenced only by the amount of steatosis. Due to its negative predictive value
of 93.5-98.7%, CAP could become a useful clinical tool especially in excluding significant ste-
atosis grades [68]. Large studies are required in order to develop new cut-off values for liver

S0 vs. S1-S3

S0-51 vs. S2-S3

S0-S2 vs. S3

Optimal cut off, dB/m

AUC

Sensitivity

False negative rate
Specificity

False positive rate

248 (237-261)

0.823 (0.809-0.837)
0.688 (0.600-0.750)
0.312 (0.250-0.400)
0.822 (0.761-0.897)

0.178 (0.103-0.239)

268 (257-284)

0.865 (0.850-0.880)
0.773 (0.690-0.838)
0.227 (0.162-0.310)
0.812 (0.749-0.879)

0.188 (0.121-0.251)

280 (268-294)

0.882 (0.858-0.906)
0.882 (0.765-0.956)
0.118 (0.044-0.235)
0.776 (0.720-0.821)

0.224 (0.179-0.280)

Table 5. Optimal CAP cut-off values, based on the maximal sum of sensitivity and specificity (Youden index) in
predicting steatosis (modified after Karlas et al. [77]).
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fibrosis staging using the XL probe and to investigate the differences between the CAP cut-off
values used for the M and XL probes [1].

3.12. Advantages of transient elastography with controlled attenuation parameter

TE, the most widely used and validated noninvasive technique, offers several advantages
[1, 26, 57, 68, 71]: it is user-friendly, machine-independent and painless, has a short duration
of examination and does not require corrections to be made for gain, frequency, focusing or
beam diffraction. This technique is highly reproducible, has well-defined quality criteria and
allows the simultaneous assessment of liver stiffness (for fibrosis) and CAP (for steatosis) in
the same region of the liver. Compared to liver biopsy, the technique is less prone to sampling
errors as it explores a liver volume about 100 times larger. Furthermore, the method also has
several clinical applications for patients with NAFLD.

3.13. Limitations of transient elastography with controlled attenuation parameter

TE does have some limitations [1], which may lead to measurement failure: ascites (the vibra-
tions do not propagate through liquids), obesity (especially at BMI > 30 kg/m?) and narrow
intercostal spaces. On the other hand, however, some of these limitations may be overcome by
using the XL probe (for obese patients) and the S probe (for children). Another limitation of
the technique is the overestimation of fibrosis because of increased liver stiffness due to high
cytolysis, extrahepatic cholestasis and congestive heart failure.

3.14. Conclusion about the use of TE in NAFLD

In conclusion, TE may prove useful to NAFLD patients especially for the exclusion of signifi-
cant fibrosis and cirrhosis. However, we must consider the rather high rate of measurement
failure in these patients. The XL probe may overcome this problem in obese patients, but new
cut-offs should be defined for the prediction of fibrosis, since the ones of the M probe are not
applicable for the XL one [1, 57]. Follow-up assessment by TE for the progression of liver
fibrosis should be performed among NAFLD patients at 3-year interval [17].

On the other hand, CAP provides a standardized noninvasive measure of hepatic steatosis.
According to the latest and most comprehensive meta-analysis [77], the optimal cut-offs for
the prediction of mild, moderate and severe steatosis are 248, 268, and 280 dB/m, respectively.
Some authors recommend using the cut-offs established here, but deducting 10 dB/m from
the CAP value for NAFLD/NASH patients, 10 dB/m for diabetes patients and deducting or
adding 4.4 dB/m for each unit of BMI above or below 25 kg/m? over the range of 20-30 kg/m?
[77]. Longitudinal data are needed to demonstrate how CAP relates to clinical outcomes.

4. Acoustic radiation force impulse elastography (ARFI)

Of the “Point SWE” techniques, we will review some features of the ARFI technique (acoustic
radiation force impulse elastography), the only technique in this category whose role in the
assessment of NAFLD patients has, albeit insufficiently, been analyzed.
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4.1. Principle

The ARFI imaging technology involves the mechanical excitation of tissue using short-duration
acoustic pulses (push pulses) in a region of interest chosen by the examiner, producing shear
waves that spread away from the region of interest, perpendicularly to the acoustic push pulse,
generating localized, micron-scale displacements in the tissue [78-80]. Simultaneously, detec-
tion waves of lower intensity than that of the push pulse are generated. The shear wave veloc-
ity —SWYV (m/s) can be calculated taking into account the place and moment of interaction
between the shear waves and the detection waves [80-83]. The stiffer the tissue, the higher the
shear wave velocity [80-83]. The shear wave velocity is measured in a smaller volume than
in transient elastography (10 mm long and 6 mm wide), but, unlike TE, it can be chosen by
the operator under B-mode visualization [57], since ARFI is implemented on some ultrasound
equipments, alongside the B-mode, color Doppler and contrast modes [17, 80, 84].

4.2. Examination technique

The patient is placed in a dorsal decubitus position, with the right arm in maximum abduc-
tion. The transducer is placed in an intercostal space, and the region of interest (10/5 mm)
is chosen in an area of the right liver parenchyma (segments 5 or 8), 1-2 cm below the liver
capsule; the measurement is performed after asking the patient to hold his/her breath after
an expiration to prevent breathing movements [85]. In general, the median value of 10 valid
measurements of the shear wave is taken into consideration; sometimes, no valid measure-
ment can be obtained. When taking into account the manufacturer recommendations, we can
identify some possible causes, which, alone or in combination, may lead to this situation:

* excessive movements of the liver tissue—for instance, cardiac pulsations transmitted to the
liver parenchyma (impaired estimation of shear wave velocity);

¢ marked signal attenuation in obese patients (impaired identification of the shear wave by
the system);

* marked tissue stiffness (impaired estimation of shear wave velocity —shear wave outside
of the confidence interval).

On the whole, however, the failure rate of ARFI is significantly lower than that of TE (2.9% vs.

6.4%, p <0.001), especially in patients with ascites or obesity [86].

Ten valid measurements are performed in the right liver lobe, a median value is calculated
and the result is expressed in meters/second.

PSWE measurements using Virtual Touch Quantification (VIQ®) in healthy populations
range between 1.01 and 1.59 m/s, but in most studies the range is 1.07-1.16 m/s [87-89].

4.3. Errors of interpretation of LS values using the ARFI technique

Like TE, ARFI results are influenced by food intake [90] as well as necroinflammatory activity
and aminotransferase levels [91], all of which lead to an overestimation of liver fibrosis and
have to be taken into account when interpreting the results [17].
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LS values obtained with ARFI, in contrast to TE values, have a narrow range (0.5-4.4 m/s).
Defining cut-off values for discriminating certain fibrosis stages is therefore restricted, as well
as making management decisions.

4.4. Diagnostic performance of ARFI in NASH

There are few studies assessing the performance of ARFI in NAFLD. The majority of studies
included patients with diffuse liver diseases, with only a fraction of NAFLD patients. In most
studies, the cut-offs for the prediction of F1 vary between 1.105-1.34 m/s, with 76.7% sensibil-
ity and 71.4% specificity; for F > 2, between 1.137-1.179 m/s, with Se 71-97% and Sp 67-92%;
for F > 3, between 1.45-2.20 m/s, with Se 75-100% and Sp 68-95.2%, and for the prediction of
cirrhosis, between 1.61-2.90 m/s, with Se 74-100% and Sp 67-96% [92-98].

ARFI performs better in severe fibrosis and cirrhosis than in significant fibrosis, with AUROCs
ranging from 0.91 to 0.98 and from 0.66 to 0.86, respectively [97].

A systematic review of seven studies with a total of 723 patients who underwent shear wave
velocity measurements with VTQ® technique to evaluate the diagnostic efficacy of pPSWE in
patients with NAFLD showed that the summary Se and Sp of ARFI in detecting significant
fibrosis were 80.2 and 85.2% [99], which is not an appropriate endpoint [17].

In conclusion, ARFI elastography appears to be modestly accurate in detecting significant
fibrosis, but performs well in predicting severe fibrosis and cirrhosis in NAFLD patients. As
for its use in the follow-up of patients, no data are available for this technique for the moment.

5. Two-dimensional SWE (2D-SWE)

5.1. Principle

2D-SWE is based on the combination of a radiation force induced in tissues by focused ultra-
sonic beams and a very high frame rate ultrasound imaging sequence capable of catching
in real time the transient propagation of resulting shear waves [17, 19, 100]. The shear wave
speed is estimated by a Doppler-like acquisition over a region of interest (ROI) and it is used
to calculate the tissue stiffness. The relationship between Young’s modulus (E) and the shear
wave (c) is E = 3pc? (p = tissue density) [19, 20, 100, 101].

The elasticity is displayed using a color-coded image superimposed on a B-mode image:
stiffer tissues in red and softer tissues in blue [19, 20, 100, 101]. In addition, a quantitative
measurement of the liver stiffness in the chosen region of interest is performed. The equip-
ment allows the visualization of results both in kPa and in m/s, with a maximum value reach-
ing 300 kPa (10 m/s) [102, 103].

Almost all 2D-SWE studies for liver applications have been carried out using Supersonic
Imagine equipments (Aixplorer, Supersonic Imagine, Aix en Provence, France), because other
companies have only recently introduced 2D-SWE products [17].
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5.2. The examination technique

The examination is performed after an overnight fast, with the patient placed in a dorsal
decubitus position, with the right arm in maximum abduction, in order to enlarge the inter-
costal spaces and ensure the best access to the right liver lobe parenchyma [103]. The region of
interest (ROI) for the elastography examination is placed in the center of the screen, choosing
an homogeneous area of parenchyma, free of any large vascular structure and at least 2 cm
below the liver capsule, to prevent any risk of overestimation of fibrosis due to the higher cap-
sular and subcapsular fibrosis content. The ROI with color-coded elastographic information is
displayed overlapped on the 2D image; its size can be adjusted up to 3x3 cm, and the depth,
although adjustable, should be kept within 8 cm [102].

There is no consensus on the number of measurements required for a good quality assessment
[20]: some studies recommend 3 [104-106], 4 [107] or 5 [108-110].

Similar to pSWE/ARF]I, quality criteria for 2D-SWE remain to be defined. Until now, such
criteria have only been proposed in a study on patients with portal hypertension, but they
still require validation on prospective studies on large groups of biopsied patients [106]:
“highly reliable” (when the ratio between standard deviation/median LS <0.10 and measure-
ment depth < 5.6 cm); “reliable” (when standard deviation/median LS >0.10 or measurement
depth > 5.6 cm); respectively “unreliable” (when standard deviation/median LS >0.10 and
measurement depth > 5.6 cm). The “highly reliable” and “reliable” measurements are consid-
ered acceptable; only the “unreliable” ones are considered unacceptable for evaluation and
should be rejected [106].

5.3. Technique failure

The liver stiffness cannot be assessed by 2D-SWE in around 10.4% of cases, more frequently
in obese patients or in patients with a thoracic wall thicker than 25 mm in the intercostal
spaces [111]. Generally speaking, the following factors may be associated with a higher rate
of invalid measurements: narrow intercostal spaces [107], high BMI and thoracic wall thicker
than 25 mm in the intercostal spaces [111].

5.4. Normal range of liver stiffness as evaluated by 2D-SWE

Studies performed on subjects with healthy livers, pathologically confirmed potential donors,
yielded a mean normal value of liver stiffness in 2D-SWE of 4.4-4.9 kPa (range 2.2-6.2 kPa),
not correlated significantly with age, BMI or steatosis [100, 105, 107, 109].

5.5. Performance of 2D-SWE in assessing nonalcoholic steatohepatitis

Some studies on the performance of this method in diffuse liver diseases of various etiolo-
gies included a certain proportion of NASH patients. The resulting cut-offs varied between
6.2-7.8 kPa for >F1, 7.1-10.49 kPa for >F2, 8.7-11.5 kPa for 2F3 and 9.59-18.1 kPa for F4 [112].
2D-SWE performance for the prediction of each fibrosis stage seems to be similar when
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including all patients, regardless of etiology, as well as when including only viral hepatic
diseases, with AUROCs between 0.80 and 0.82 [103]. In two meta-analyses, with a total of
2303 and 934 patients, respectively, the summary area under the curve (AUC) was 0.85 for
>F1, 0.87-0.88 for >F2, 0.93-0.94 for >F3 and 0.92-0.94 for F4 [112, 113].

In a study performed on 291 NAFLD patients, the chosen cut-offs for the prediction of >F2
were 6.3 kPa (Se 90%, Sp 50%) and 8.7 kPa (Se 71%, Sp 90%), with AUROC 0.86; for the predic-
tion of fibrosis >F3, 8.3 kPa (Se 91%, Sp 71%) and 10.7 kPa (Se 71%, Sp 90%), with AUROC 0.89
and for the prediction of cirrhosis, 10.5 kPa (Se 90%, Sp 72%) and 14.4 kPa (Se 58%, Sp 90%),
with AUROC 0.88 [50].

6. Conclusions: SSI, Fibroscan® or ARFI?

After comparing the performance in the assessment of NAFLD of the three elastographic
methods discussed above, we can conclude, on the preliminary results, that the diagnostic
performance according to the AUROC values for the diagnosis of significant fibrosis, severe
fibrosis and cirrhosis is good for SSI (0.86-0.89); good for Fibroscan® (0.82-0.87) and fair or
good for ARFI (0.77-0.84) [50]. The AUROC values for diagnosing severe fibrosis or cirrhosis
are particularly good for SSI or Fibroscan® (0.86 and 0.89) [50].

The prediction of steatosis, however, can at this moment only be made using the controlled
attenuation parameter measured with Fibroscan®.

As for the causes of measurement failure or unreliable results, we mention clinical factors
related to obesity (BMI > 30 kg/m?, waist circumference > 102 cm or increased wall thickness),
which are associated with liver stiffness measurement failures when using SSI or Fibroscan®
and with unreliable results when using ARFI [50].

In conclusion, SSI, Fibroscan® and ARFI are valuable diagnostic tools for the staging of liver
fibrosis in NAFLD patients. However, the diagnostic accuracy of SSI appears to be superior
to that of ARFI for the diagnosis of F2 or above [50]. Most of the cut-off values for SSI for the
diagnosis of different stages of liver disease are quite similar to those of Fibroscan®; this is
an issue of great importance for the applicability of this technique and its wide dissemination
among radiologists and hepatologists in their daily practice. However, as for the M probe
of Fibroscan®, the SSI technique remains limited by a high failure rate in cases of obesity,
whereas ARFI has a high rate of unreliable results [50].
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Abstract

Although there is an epidemic of NAFLD throughout the world, the management of
NAFLD is not very satisfactory at the present time. Lifestyle modification is the main
mode of therapy. Other modalities like pharmacotherapy and bariatric endoscopy or sur-
gery should be individualized. Various pharmacological agents are being investigated to
optimize the treatment of NAFLD.

Keywords: nonalcoholic fatty liver disease, fatty liver, hepatic steatosis, nonalcoholic
steatohepatitis, NASH, treatment of NAFLD

1. Introduction

When we consider the management of Nonalcoholic Fatty Liver Disease (NAFLD), two
aspects should be considered. One is that it can be a part of the metabolic syndrome [1].
About 80% of patients with metabolic syndrome have NAFLD [2]. Although the prevalence
of NAFLD is 20-40% in the general population, about 70% of type 2 diabetes mellitus [3]
and 85% of patients with morbid obesity (BMI > 40) have NAFLD [4]. In the general popula-
tion, 80% of patients with NAFLD are overweight and 20% of NAFLD patients have normal
weight as per ultrasonography [5]. Another aspect is that it covers a spectrum of hepatic
involvement as it progresses slowly from one stage to another. Initially, it starts as simple
steatosis or benign fatty liver disease or nonalcoholic fatty liver (NAFL), where there is only
macrovesicular hepatic steatosis (>5% of hepatocytes are affected) without any inflammation,
hepatocellular injury or fibrosis [6]. The second phase is nonalcoholic steatohepatitis (NASH)
where there is not only hepatic steatosis but also ballooning degeneration of hepatocytes and
mixed inflammatory cells (lymphocytes, plasma cells, monocytes, neutrophils and eosino-
phils) infiltrates mainly involving the hepatic acini [7]. The third phase is hepatic fibrosis
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which generally starts from zone 3 and progresses to bridging fibrosis, cirrhosis of liver and
hepatocellular cancer. Prognosis depends on the degree of liver fibrosis [8].

2. Purpose

The main purpose of management of NAFLD is to halt the process as soon as it is diagnosed.
The three main modalities of therapy include lifestyle modification, pharmacotherapy and
bariatric surgery. Lifestyle modification is applicable to all stages of NAFLD, whereas phar-
macotherapy and bariatric surgery should not be considered for patients with simple steatosis.
Pharmacotherapy should be considered only for patients with biopsy-proven NASH and hepatic
fibrosis as per the guideline of American Association for the Study of Liver Diseases (AASLD).

3. Lifestyle modification

As NAFLD is related to insulin resistance, gradual weight loss is extremely important in over-
weight and obese individuals [9]. Rapid weight loss can cause portal inflammation and fibrosis
[10]. About 7-10% of weight loss over one year by lifestyle changes has been associated with his-
tological improvement in simple steatosis and NASH [11]. Another study showed vigorous and
moderate exercises were equally effective in reducing hepatic triglyceride content largely through
weightloss [12]. Diet and moderate aerobic exercise are the first line measures to reduce weight and
improve insulin resistance [13]. Dietary counseling should be highly encouraged. Consumption
of high fructose containing food is the main cause of epidemic of obesity [14]. Patient should
avoid high fructose containing foods like sweet, soda, desserts, breakfast cereals, granola bars and
cakes. One study showed that in patients with NAFLD, fructokinase and fatty acid synthase activ-
ity are increased [15]. NAFLD may occur when there is a combination of genetic predisposition,
sedentary life style and consumption of high-calorie foods [16]. One meta-analysis suggested that
Omega-3 fatty acid supplementation in diet was beneficial in patients with NAFLD/NASH [17].
Patients should be encouraged to eat food rich in Omega-3 fatty acid (fish, canola, olive, perilla
and chia). Food with high glycemic effects and saturated fat should be avoided [18].

In summary, lifestyle modification is the first line intervention in the management of
NAFLD. This includes [1] weight loss of about 7-10% of body weight by a combination of diet
and exercise [2], low-calorie diet [3], diet with high fructose and saturated fat should be avoided
[4], diet with Omega-3 fatty acid supplement should be encouraged.

4. Pharmacotherapy

There are various pharmacological agents available for the management of NAFLD. Many
of them have been found to be ineffective and some of them have high risk-benefit ratio [19].
There are various clinical trials ongoing. Here, we discuss the common agents available and the
agents recommended by the American Association for the Study of Liver Diseases (ASSLD).
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4.1. Antioxidants

Progression of simple steatosis to steatohepatitis is related to oxidative stress and free rad-
ical formation. Vitamin E has been studied in different clinical trials. One study showed
that patients with vitamin E deficiency and NAFLD did not respond to the classical diet for
NAFLD [20]. In PIVENS trial, vitamin E 800 units per day was associated with improvement
of serum transaminases and liver histology in nondiabetic NAFLD patients [21]. Fibrosis
scores were not improved in this trial [22]. In SELECT trial, vitamin E supplementation
400 units per day in healthy individuals was associated with significant increase in prostate
cancer [23].

Currently, vitamin E 800 units per day is recommended in nondiabetic individuals with
biopsy-proven NASH [19].

4.2. Insulin sensitizing agents
4.2.1. Thioglitazones (TZD)

They are agonists/selective ligands of nuclear transcription factor PPAR-Y (peroxisome
proliferator-activated receptor-gamma) which is present in pancreatic 3-cells, adipocytes,
skeletal muscles, endothelial cells and macrophages. They increase insulin sensitivity in
NAFLD and thus, promote fatty acid transportation from liver and skeletal muscles into
adipose tissue, decrease serum-free fatty acid concentration and increase fatty acid oxida-
tion in the liver [24]. Pioglitazone 30 mg/day improved hepatic steatosis, steatohepatitis
and transaminitis in nondiabetic patients with NASH in the PIVENS trial but histological
response did not reach statistical significance [22]. Another study showed that in prediabetic
and diabetic patients, long-term treatment with pioglitazone 45 mg/day improved not only
steatotic and inflammatory activity but also hepatic fibrosis [25]. There are few concerns
about the side effects of TZD and these include weight gain [26], bone loss [27] and conges-
tive heart failure [28].

As pioglitazone improves histology of NASH in both diabetic and nondiabetic individuals, it
can be used in biopsy-proven NASH. Patients should be informed about the efficacy and side
effects of this medication.

4.2.2. Incretin-based therapy

Glucagon-like peptide 1 (GLP-1) receptor agonists (liraglutide and exenatide) not only
improves insulin sensitivity but also causes weight loss by suppressing appetite and inhibit-
ing gastric emptying [29]. They are primarily used to control diabetes mellitus at this time.
There are case reports of improvement of hepatic steatosis by GLP-1 receptor agonists [30].
Another study found that liraglutide given daily improved steatohepatitis and decreased pro-
gression of fibrosis [31].

Although incretin mimetics have been found to be helpful in diabetic patients with NAFLD,
they are currently not recommended solely to treat NASH or NAFLD [19].
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4.2.3. Bariatric surgery

As sustained weight loss is achievable by bariatric surgery, all the features of metabolic syn-
drome improve and there is reduction in mortality [32]. In a prospective study, NASH disap-
peared in 70% (severe NASH) to 94% (mild NASH) of patients 1 year after bariatric surgery
[33]. There are various bariatric surgical and endoscopic procedures available and approved
for morbid obesity at the present time. Laparoscopic sleeve gastrectomy is most commonly
done in the United States [34]. Other surgical procedures include gastric bypass, bilioin-
testinal bypass, biliopancreatic diversion with duodenal switch, vertical band gastroplasty
and gastric banding. Various endoscopic procedures include intragastric balloon placement,
endoscopic sleeve gastroplasty [35] and duodenal mucosal resurfacing [36]. Bariatric endos-
copy is successful in reducing more weight than pharmacological agents but less effective
than bariatric surgery but has less complications than bariatric surgery. Bower et al. found
in a systematic review of studies that bariatric surgery improved steatosis, steatohepatitis
and fibrosis in NAFLD [37]. Patients with cirrhosis of liver due to NAFLD are at a higher risk
for bariatric surgery [38]. Another study showed that perioperative mortality was higher in
patients with NAFLD with cirrhosis than in patients with NAFLD without cirrhosis [39].

Nowadays, bariatric surgery is not recommended as a primary treatment of NAFLD but it can
be considered in obese individuals with noncirrhotic NAFLD [19].

4.2.4. Ursodeoxycholic acid (UDCA)

UDCA has cytoprotective effect and can improve serum transaminases in NAFLD but cannot
alter liver histology [40].

UDCA is not recommended for the treatment of NAFLD or NASH [19].

4.2.5. Omega-3 fatty acids

Although in animal models, omega-3 fatty acid treatment improved hepatic steatosis [41, 42],
recent studies did not show any significant effect on serum transaminases or liver histology
[43]. Omega-3 fatty acid is not recommended for the treatment of NAFLD or NASH.

4.2.6. Obeticholic acid (OCA)

OCA is a ligand of farnesoid X receptor (FXR) which is a nuclear receptor present in liver,
kidneys, intestine and adipose tissue. FXR controls target genes involved in bile acid syn-
thesis and transport as well as lipid and carbohydrate metabolism. In the farnesoid X recep-
tor ligand obeticholic acid in NASH treatment (FLINT) trial, OCA induced weight loss and
improved hepatic fibrosis but resolution of NASH was not statistically more than placebo.
OCA decreased serum transaminases but increased serum alkaline phosphatase, LDL and
blood glucose levels [44].

Currently, OCA is not recommended in the routine management of NAFLD awaiting the
completion of phase 3 trial (REGENERATE) of OCA for the treatment of NASH patients with
liver fibrosis [45].
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5. Elafibranor

Elafibranor is an agonist of PPAR-at and 6 receptor. It has anti-inflammatory activity and can
improve insulin sensitivity and lipid metabolism. It was evaluated in a phase Il international study
for the treatment of NASH [46]. In the post hoc analysis, elafibranor (120 mg/day for 1 year) group
showed resolution of NASH without progression of fibrosis more than placebo (19% vs. 12%).

As the improvement was marginal, further studies are needed before using this agent in the
treatment of NAFLD.

5.1. Statins

Hyperlipidemia is frequently seen in patients with NAFLD as part of the metabolic syndrome.
Statins are commonly used for the treatment of hyperlipidemia, and low-to-moderate dose
of statins have been found to be safe with low hepatic toxicity [47]. Statins decrease hepatic
transaminases and hepatic fat but have no effect on hepatic fibrosis [48, 49].

Statins are not currently recommended solely for the treatment of NAFLD unless the patient
has concomitant hyperlipidemia.

5.2. Orlistat

Orlistat is used as a weight reducing agent as it induces fat malabsorption by inhibiting enteric
and pancreatic lipase [50]. A randomized controlled trial showed that orlistat improved transami-
nitis and hepatitis steatosis in obese individuals with NAFLD [51]. Subsequent study suggested
that orlistat did not have any direct effect on NAFLD, overweight subjects improved their hepatic
histology if they achieved >5% weight loss irrespective of taking orlistat [52].

Currently, orlistat cannot be recommended primarily for NAFLD.

5.3. NAFLD and cirrhosis

Patients should be managed the same way as in other cirrhosis. Patients with NAFLD-
cirrhosis have 2.6% annual cumulative risk of developing hepatocellular cancer [53]. For every
6 months, abdominal ultrasound is recommended for screening of hepatocellular carcinoma.
In obese individuals, if ultrasound is technically difficult, CT or MRI should be considered.
As obesity and hyperinsulinemia are risk factors for malignancy, liver cancer can occur even
in noncirrhotic NAFLD [54]. Screening for esophageal and gastric varices should be done at
base-line of diagnosis of cirrhosis and at regular intervals—no varices: every 2-3 years, small
varices—every 1-2 years and decompensated cirrhosis—yearly once [55].

With the epidemic of NAFLD, NASH-cirrhosis and hepatocellular carcinoma will be the
leading indication of liver transplantation in future. As patients with NAFLD have multiple
metabolic and cardiovascular comorbidities, they should be managed posttransplant appro-
priately. Management of NAFLD involves multiple specialties which include primary care
physicians, gastroenterologists, hepatologists, endocrinologists, bariatric surgeons, transplant
surgeons, dietitians and nutritionists.
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6. Future therapy

As hepatic inflammation, fibrosis, cirrhosis and subsequent malignancy are the main concerns of
NAFLD, plenty of research and studies on anti-inflammatory and anti-fibrotic agents are on-going.

7. Summary

The management of NAFLD patients should be individualized (Table 1).

e Lifestyle change is the first line therapy: healthy food habit, increased physical activity,
exercise and weight loss of 7-10%.

* Pharmacotherapy is to be considered when lifestyle changes fail to achieve the goal: vitamin
E in nondiabetic biopsy-proven NASH, pioglitazone in both diabetic and nondiabetic biopsy-
proven NASH, incretin mimetics in diabetes mellitus and NAFLD, statins in hyperlipidemia
and NAFLD, orlistat in NAFLD and obesity when life-style changes fail to reduce weight loss.

¢ Bariatric surgery should be considered in obese individuals and noncirrhotic NAFLD.

Lifestyle changes First line therapy of NAFLD

Vitamin E Nondiabetic biopsy-proven NASH

Pioglitazone Both diabetic and nondiabetic biopsy-proven NASH
Incretin mimetics Diabetes mellitus and NAFLD

Statins Hyperlipidemia and NAFLD

Orlistat NAFLD and obesity when lifestyle changes fail
Bariatric surgery Morbid obesity and noncirrhotic NAFLD

Table 1. Summary of management of NAFLD.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a burgeoning health problem worldwide.
NAFLD is an umbrella term for a range of liver conditions affecting people who drink little
to no alcohol Different methods are employed in the diagnosis of NAFLD. Certain drugs,
genetics, lifestyle factors have been implicated in the development of NAFLD. NAFLD
symptoms are asymptomatic but indicated when there is unexplained persistent eleva-
tion of liver enzyme levels. Nutrition and lifestyle modifications are widely prescribed as
helpful in the prevention and treatment of Non-Alcoholic Fatty Liver disease (NAFLD).
Dietary and lifestyle modifications are apparent measures considering the disease asso-
ciation with obesity, diabetes, and cardiovascular disease which many reviews have
linked to the condition. Reduction in body weight, involvement in both aerobic and
anaerobic exercises, conscious intake in the types of fat and carbohydrates are helpful
in the management of NAFLD. This chapter highlights the various theories and prin-
ciples underlying nutrition and lifestyle modifications in the prevention and treatment
of NAFLDs.

Keywords: fatty liver, obesity, non-alcoholic, dietary, lifestyle

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a burgeoning health problem worldwide and is
a risk factor for both hepatic and cardiometabolic mortality [1, 2]. A meta-analysis of preva-
lence, incidence and outcome of NAFLD following publications on pubmed from 1989 to
2015 estimated global prevalence at 25.24% (95% CI: 22.10-28.65) with highest prevalence in
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the Middle East 31.79% (13.48-58.23) and South America 30.45% (22.74-39.44) and lowest in
Africa 13.48% (5.69-28.69) [2]. NAFLD describes a range of conditions caused by a build-up
of fat within liver cells and can be divided into four stages namely:

1. Simple fatty liver (hepatic steatosis). Under normal conditions, very little fat is stored in
liver cells of humans. Hepatic steatosis therefore refers to a situation where excess fat ac-
cumulates in the hepatic cells. Sometimes simple fatty liver does not cause any harm to the
liver or pose health risks. However, in some instances it leads to NAFLD and its severe
forms and that is where the problem arises.

2. Non-alcoholic steatohepatitis (NASH). This expression is much less common than
NAFLD. Here, the excess fat stored in the liver cells is associated with inflammation of
the liver.

3. Fibrosis: This is associated with persistent hepatitis, including steatohepatitis and may
lead to scarring of the liver tissue (fibrosis). This is not life threatening since when fibrosis
some of the liver cells that continue to perform its functions.

4. Cirrhosis: This stage of a liver disease can be life threatening because normal liver tissues
are replaced by a lot of fibrosis. The structure and function of the liver are therefore modi-
fied. There are different scientific means of detecting liver diseases.

2. Diagnosis

There are different methods of diagnosing NAFLD. The test ranges from metabolic syndrome
assessment, detecting metabolites in the blood as well as enzymes such as Alanine trans-
aminase (ALT) and Aspartate Aminotransferase (AST) [3]. Medical imaging and sonographic
techniques are also performed to create an image of the liver. Further tests such as fibroscan
and biopsy may be conducted apart from those listed earlier to determine the stage of the
liver disease [4].

3. Risk factors

A wide range of diseases and conditions can predispose one to non-alcoholic fatty liver dis-
ease (NAFLD). Non-alcoholic steatohepatitis expresses itself among some sub-populations
such as older people, diabetics and the obese. Certain drugs and hepatitis have been impli-
cated in the development of NAFLD as well. Some risks are usually from lifestyle origin.
These include:

* High cholesterol and triglycerides levels,

* Metabolic syndrome,
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¢ Central adiposity,

* Polycystic ovary syndrome,

¢ Sleep apnea,

e Genetics,

* Hypothyroidism,

¢ Hypopituitarism [5].

Nutritional factors have also been cited as risks in the development of the disease. These
include rapid weight loss, total parenteral nutrition, starvation and protein-calorie malnutri-
tion [6]. The most common risk factor associated with NAFLD is the presence of the metabolic
syndrome. The metabolic syndrome is defined by the presence of 3 or more of the following

criteria (Table 1): (1) increased waist circumference, (2) hypertriglyceridemia, (3) hyperten-
sion, (4) high fasting glucose, and (5) a low high-density lipoprotein (HDL) level.

Parameter’ Value

Impaired glucose tolerance Fasting blood glucose level > 110 mg/dL
High blood pressure >130/85 mm Hg

Elevated triglyceride levels >250 mg/dL

Low high-density lipoprotein level <40 mg/dL for men;

<50 mg/dL for women

Abdominal obesity Waist: >102 cm (40 inches) for men;
>88 cm (35 inches) for women

"Metabolic syndrome is diagnosed by the presence of 2 or more of these parameters.

Source: [2].

Table 1. Diagnostic criteria for metabolic syndrome.

4. Signs and symptoms and management

Nonalcoholic fatty liver disease occurs in every age group but especially in people in their
40s and 50s. The condition is also closely linked to metabolic syndrome, which is a cluster
of abnormalities including increased abdominal fat, poor ability to use the hormone insulin,
high blood pressure and high blood levels of triglycerides. NAFLD symptoms are asymptom-
atic but indicated when there is unexplained persistent elevation of liver enzyme levels after
hepatitis and other chronic liver diseases have been excluded. However, at certain stages of
the disease, patients are malaise, fatigue, and right upper quadrant or diffuse abdominal dis-
comfort. Hepatomegaly is found on clinical examination. When there is cirrhosis there may
be; spider angiomata, ascites, splenomegaly, hard liver border, ascites, portal hypertension
and jaundice or pruritus [7].

135



136 Non-Alcoholic Fatty Liver Disease - Molecular Bases, Prevention and Treatment

Clinical evaluation includes a careful history and physical examination. It is relevant to inquire
about excess alcohol consumption which is defined as intakes greater than 30 g/day for men
and greater than 20 g/day for women within the past 5 years. A drink is 350 mL (12 0z) of beer,
120 mL (4 oz) of wine, and 45 mL (1.5 oz) of hard liquor each contain 10 g of alcohol.

There are several approaches to managing NAFLD. Hepatoprotective therapy, antioxidants
insulin-sensitizing agents and treatment of obesity are part of these. However, this text limits
itself to the nutritional management of the NAFLD. Key to nutritional therapeutic proce-
dures are lifestyle changes in diet and improving exercise habits in addition to the control of
comorbidities which are secondary to the development of NAFLD [8]. For instance, bile acid
derivatives and associated compounds that influence bile acid related are becoming promi-
nent therapeutic agents for NAFLD [9, 10, 11]. The immediate associated lifestyle causes of
NAFLD are targeted in the management of the disease condition.

5. Obesity and genetics

Obesity when combined with physical inactivity and genetic predisposition, has been
directly associated with metabolic syndrome and NAFLD among some adult populations
[12, 2]. Obesity itself is the failure of normal homeostatic regulation of energy utilization
[9]. NAFLD can be a precursor to developing metabolic syndrome or insulin resistance [10].
Data suggest that about 80% of adults who are class 1 and/or 2 obese and 90% morbid obese
according to the World Health Organization classification are at risk of having NAFLD
[13]. Body weight loss can alter the cellular activity of adipose tissue and reverse many
of the negative consequences of NAFLD. The excess fat and energy content of a meal has
been associated with NAFLD development in healthy populations [14, 15]. Insulin resis-
tance, oxidative stress, and cytokine toxicity results due to obesity and these factors have
been implicated in the pathogenesis of NAFLD [16]. Among these factors, central adiposity
and insulin resistance have direct association with hepatic fat content and visceral adipos-
ity [17-19]. Polymorphisms (genetic variations) in the single-nucleotide polymorphisms
(SNPs) T455C and C482T in APOCS3 are associated with fatty liver disease. The carriers of
T-455C, C-482 T, or both (not additive) had a 30% increase in fasting plasma apolipoprotein
(3, 60% increase in fasting plasma triglyceride and 46% reduction in plasma triglyceride
clearance. Oxidative stress, hormonal imbalances, and mitochondrial abnormalities can be
potential causes.

6. Total fat

Dietary composition of a meal in terms of the macro-molecule distribution has a positive rela-
tion with the development of NAFLD. The amount and type of dietary fat may directly affect
liver fat content, with high-fat diets being potentially harmful [20]. It has also been shown
that a high ratio of omega-6 to omega-3 polyunsaturated fatty acids (PUFAs) and an increased
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intake of saturated and trans fatty acids are associated with NAFLD [21-23]. It was noted that
when severely obese patients were fed diets containing higher percentage of total fat beyond
recommended ranges, the risk of developing NALFD increased [24]. The deduction therefore
was that the type of fat ingested rather than the amount is associated with NAFLD in obese
individuals.

7. Saturated fatty acids

Saturated fatty acid component in meals has been shown to induce insulin resistance espe-
cially among the obese [25-27]. In epidemiologic studies, both total fat and saturated fat in
the diet had significant correlation with triglyceride content in hepatic cells [28, 29]. In a dou-
ble-blind randomized controlled trial of two reduced-fat diets, compared with a control diet
both reduced-fat diets decreased amount of low density lipoprotein cholesterol (LDLc) in
healthy males [30]. There was a decrease in high density lipoprotein cholesterol (HDLc) and
increase in triglyceride levels increased with the reduced-fat diets. The authors concluded
that reduced saturated fat intake (below 10%) may benefit patients with NAFLD. It was also
observed that, low total fat and low saturated fat diet (23% fat and 7% saturated fat) predicted
changes in HDLc and LDLc but not the amount of fat in the hepatocytes [31].

8. Trans fatty acids

Trans fatty acids are positively associated with an increase in inflammatory processes, plasma
triglycerides, and cholesterol as well as a reduction in HDLc level [32, 33]. Animal studies
have shown positive relationships between the increased consumption of trans fatty acids
from oxidized oils and liver inflammation [34, 35].

9. Polyunsaturated fatty acids (PUFAs)

Essential fatty acid, Omega-3 (which is a type of polyunsaturated fatty acids) PUFA levels are
decreased in the hepatic tissue of people with NAFLD [22, 36] A higher omega-6 to omega-3
PUFA ratio may contribute to the development of a fatty liver within the hepatocytes of peo-
ple NAFLD [36].

10. High carbohydrate intake

High carbohydrate intake especially the amount and type of carbohydrate consumed have
an important impact on the development of NAFLD [37]. Simple carbohydrates intakes
can lead to the development of NAFLD [38]. Meals high in carbohydrates lead to increased
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amounts of circulating insulin, which contribute to elevated triglyceride concentrations
even under isocaloric conditions [39, 40]. A higher carbohydrate intake more than the
recommended daily values has been positively associated with liver inflammation and
NAFLD [24].

Coupled with a low-fat meal, high-carbohydrate meal promotes the development of a NAFLD
through increased de novo fatty acid and triglyceride synthesis [41].

11. High-fructose corn syrup intake

Epidemiological data suggest that dietary pattern and an increased intake of simple sugars,
especially fructose is associated with the development of NAFLD [42, 43]. The link is not
too clear although it is assumed that the carbohydrates components increased risk of fatty
infiltration of the liver or muscle. Therefore it was hypothesized that the link is through
both indirect and direct mechanisms [44, 45]. Indirect association manifest itself through
the adverse metabolic effects that can increase the risk of developing NAFLD. Fructose may
cause hepatotoxic damage as a form of direct route link with NAFLD. Studies [46-49] have
suggested that increased fructose consumption augments fat mass, de novo lipogenesis,
and inflammation. There is also induction of insulin resistance and fasting and postpran-
dial triglycerides, which in turn, can result in liver steatosis. In other studies [50, 51], sugar-
sweetened beverage consumption was found to be associated with fatty liver independent
of body mass index of the individuals. Direct positive association was found between the
amount of fructose consumed and the development of NAFLD [52, 53]. Age and frequency
of consuming fructose-based food was also found to be related to liver inflammation and
NAFLD [54].

12. Physical inactivity

Physical activity has been documented to improve health and hence the World Health
Organization recommendations for aerobic an anaerobic exercises across the life span.
Physical inactivity however, has been associated with NAFLD. Using matched controls for
age and gender, only about one-fifth of individuals with NAFLD met recommendations for
physical activity [55, 56]. Among 349 individuals studied, the NAFLD group engaged in less
physical activity, including total, aerobic, and resistance [55].

It has been noted that decreased physical activity correlates with intra-hepatic fat, decreased
cellular insulin sensitivity, and increased central adiposity [57, 58]. Sedentary time alone is
associated with metabolic status. Sedentary times predicted higher levels of fasting insulin,
independent of the amount of time spent engaging in moderate- or vigorous-intensity activ-
ity [59]. Therefore to improve metabolic health it is generally important to reduce sedentary
lifestyle even when one meets the requirements for physical activity.
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13. Treatments

Aggressive pursuit of modified lifestyle modifications coupled with dietary changes are criti-
cal in treating NAFLD when body weight is the underlying cause. That is because dietary
macronutrient composition, physical activity, and all play critical roles in successful weight
reduction. Weight loss is effective for improving NAFLD as it positively influences insulin
sensitivity and dyslipidemia.

14. Body weight loss

It was found that about 9% body weight loss significantly improves NAFLD [60]. The result
was thought to be due to improvements in inflammation and steatosis. Reduction in body
weight through lowering of daily caloric intake of about 200 kcal/day improved liver cellular
structure histology and enzymes function. A 10% body weight reduction resulted in a 45%
reduction in liver fat content [61]. Lifestyle modification through dietary intake, exercise, and
behavior modification with the guidelines from health experts has been show to lead to reso-
lution in NALFD [62]. A weight reduction of about 7% was therefore recommended [63]. A
combination of diet and exercise reduces fibrosis and amount of liver fat by an average of 40%
[64-66]. The degree of hepatic fat reduction is related to the intensity of the lifestyle mediation
and normally required a weight loss range of 5-10% is suggested.

15. Bariatric surgery

Among persons with higher grades of obesity, physical remedy such as reduction in dietary
intake and physical activities does not result in resolution of NAFLD. Other means such as bar-
iatric surgery is the most effective strategy to achieve and maintain weight loss [67]. Results from
several uncontrolled studies [68-70] and controlled studies [71, 72] indicated that body weight
loss achieved through bariatric surgery reduces amount of liver enzymes and improves NAFLD.

A study found an association between bariatric surgery and lower serum alanine transfer-
ase and aspartate aminotransferase levels at two and 10 years follow-up [73] and histologi-
cal improvements [74]. Steatosis, steatohepatitis, and fibrosis improved among majority of
patients that have undergone surgery [75]. It is worth noting that hepatic decompensation
can occur after gastric bypass so decision to opt for this should be taken with great care [3].

16. Nutrient content and healthful fats

Dietary composition can directly manipulate NAFLD progress. Changing either the composi-
tion of the macronutrient or micronutrient content can directly affect the level of inflammation,

139



140  Non-Alcoholic Fatty Liver Disease - Molecular Bases, Prevention and Treatment

amount of serum lipids and insulin resistance [49]. Inverse association was found between
Mediterranean diet consumption and cardiovascular disease risk [76]. Among obese women
and overweight men, a low-fat diet decreased hepatic fat compared with a high-fat diet [64, 77].
The dietary recommendation is that the diet contain less than 7% saturated fats, less than 1% of
trans fats and 25-35% of the calorific intake should be total fat among which is polyunsaturated
fatty acid.

17. Monounsaturated fats

It was found that replacing carbohydrate intake with monounsaturated fatty acids (MUFAs)
to about 32 g/day increases triglyceride-rich lipoprotein catabolism [30]. This can lead to reso-
lution of NAFLD. This finding is supported by epidemiological studies [31, 78]. Olive oil
which contains about 73% MUFAs appears to provide a direct benefit in improving plasma
lipids and possible NAFLD [79]. In randomized trials, [80, 81] isocaloric low-fat/high-carbo-
hydrate diet improved hepatic fat and improved insulin sensitivity. The diet was composed
of 50% MUFAs and 18% omega-3 PUFAs, 40% from carbohydrate, and 20% protein. These
findings were independent of body weight loss of patients.

18. Omega-3 Omega-6 PUFAs

Evidence from epidemiologic and randomized controlled trials indicate that supplemen-
tation with omega-3 PUFAs lowers triglyceride levels and reduces the risk of coronary
heart disease and mortality.94,95 High consumption of omega-3 PUFAs derived from fish
diminishes hepatic triglyceride lipoprotein secretion and inhibits de novo lipogenesis.
[82]. Using the Therapeutic Lifestyle Change diet criteria with a diet high in fish-derived
omega-3 fatty acid (1.23 g/day EPA + DHA) vs. a low fish diet (0.27 g/day EPA + DHA)
for 24 weeks, the higher fish diet decreased plasma triglycerides by 24%. Three human
clinical trials support these findings by showing that giving patients with NAFLD
omega-3 PUFAs (1 to 2.7 g/day for six to 12 months) improved hepatic steatosis, inflam-
mation, and fibrosis [82, 83]. Capanni and Spadaro both demonstrated that triglyceride
levels decreased 25 to 37 mg/dL when patients’” diets were supplemented with 1 to 2 g
of omega-3 PUFAs per day for six and 12 months, respectively. This was thought to be
through diminishes hepatic triglyceride lipoprotein secretion and inhibition de novo lipo-
genesis [82-84]. Diets based on therapeutic lifestyle change criteria supports improve-
ments in NAFLD as the diet improves liver steatosis, inflammation, and fibrosis [85]. In
a non-controlled trial, omega-6 PUFAs (15% of energy as linoleic acid) reduced liver fat
compared with a diet high in saturated fatty acids in abdominally obese patients [86]. A
diet consisting of mainly reduced simple carbohydrate may confer similar benefits among
NALEFD patients [87, 88].
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19. Low sugar intake

Diet designed to produce a caloric deficit of 500 t01000 kcal/day is advised. Reduction of dietary
carbohydrates, in particular dietary fructose, is the most beneficial and has been found to improve
the lipid profile in overweight patients. Diets with less carbohydrate and more fat have relatively
greater benefits in NAFLD management [89, 90]. Hypocaloric diet made up from 40% carbo-
hydrate and 45% fat decreased serum alanine transaminase concentration than did a higher-
carbohydrate (60%), low-fat diet (25% fat) [91]. Low-carbohydrate caloric restriction significantly
improved hepatic insulin sensitivity. Diets with less carbohydrate and more fat have relatively
greater benefits for insulin levels, triglycerides, and HDL cholesterol concentrations than do
hypocaloric, low-fat diets. A hypocaloric diet moderately lower in carbohydrate (40% carbo-
hydrate and 45% fat) decreased serum alanine transaminase concentrations to a greater degree
than did a higher-carbohydrate, low-fat diet (60% carbohydrate and 25% fat).106 For individuals
with NAFLD who were glucose intolerant, the low-carbohydrate caloric restriction significantly
improved hepatic insulin sensitivity compared with the low-fat diet. In contrast, changes in vis-
ceral fat mass and insulin sensitivity were similar between a low-calorie, reduced-carbohydrate
diet (fewer than 90 g of carbohydrate) and a reduced-fat diet (less than 20% fat). The World
Health Organization recommends that the daily intake of added sugars makes up no more than
10% of total energy. The American Heart Association recommends limiting the amount of added
sugars to no more than one-half of daily discretionary calories, which for women is approxi-
mately 100 kcal/day (6 tsp. of sugar) and for men is 150 kcal/day (9 tsp. of sugar).

20. Physical activity therapy

Physical activity enhances insulin sensitivity and favorably modifies lipids independent of
weight loss [92, 93] Data suggest that there is improvement in cellular liver characteristics
when NALFD individuals become active [94]. Exercise can lead to improvement in insulin
sensitivity which intends contributes to the fatty acid delivery to the liver [95]. Improvement
in insulin resistance and may decrease hepatic steatosis, inflammation, and disease progres-
sion in NAFLD [96, 97]. Four studies have investigated the effects of exercise without dietary
modification on hepatic steatosis. Exercise can independently results in reduction in the fat in
the hepatocytes without a significant weight change [98-101].

21. Exercise intensity and duration

Both intermittent and daily exercise helps achieve weight loss and improve insulin sensitivity
[102]. Intensity and duration contribute to energy expenditure and therefore can lead to insu-
lin sensitivity, triglycerides, and serum glucose amount [103]. Vigorous exercise and doubling
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the duration of vigorous exercise was associated with decreased odds of developing fat in the
liver [104]. Increased exercise by 60 minutes or more per week significantly reduced body
weight and all liver enzymes [105]. Regular aerobic exercise for half an hour at least per day
at 60-70% max heart rate for least 5 days per week reduces liver alanine transaminase levels
[106].

22. Aerobic and resistance exercises

Increased aerobic exercise has been associated with improvement in the metabolic parameters
associated with NAFLD [61, 94, 106]. Combined aerobic and resistance exercises have been
shown to be more effective than aerobic exercise alone for resolving inflammation and cardio-
vascular risk factors [107]. An intervention of 30 minutes of aerobic exercise and 20 minutes
of resistance exercise three times per week was found to be associated with improvements in
hepatic fat among NAFLD patients [108]. This combination activity improves hepatic insulin
sensitivity [100] reduction in liver fat [109]. Both findings were independent of body weight
reduction. Antioxidant treatments such as vitamins and minerals supplementation have been
mentioned to decrease oxidative stress and improve oxidative injury among NAFLD patients.

23. Vitamin E

In theory, vitamin E and other vitamins called antioxidants could help protect the liver by
reducing or neutralizing the damage caused by inflammation. But more research is needed.
Some evidence suggests vitamin E supplements may be helpful for people with liver damage
caused by nonalcoholic fatty liver disease [110]. But vitamin E has been linked with increased
risk of death and, in men, an increased risk of prostate cancer. Several small trials in humans
with NAFLD have supported an effect of tocopherol (vitamin E) on the improvement of trans-
aminase levels but there have been discordant results in histologic improvement [111]. There
was a significant improvement in hepatic steatosis with vitamin E intakes at levels of 800 to
1000 IU/day [112, 113] Higher intakes of the vitamin can be fatal in most cases [114, 115].

24, Vitamin D

Vitamin D may play an important role in modifying the risk of cardio metabolic outcomes
[116, 117]. Serum 25-hydroxy vitamin D concentrations were correlated with NAFLD in terms
of liver steatosis, inflammation and fibrosis [118].

25. EPA + DHA

The evidence supporting the use of omega-3 PUFAs for treating NAFLD have consisted of
small sample sizes and laden with errors [118, 119].
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26. Probiotics

http://dx.doi.org/10.5772/intechopen.71368

Gut microbiota has been associated with the development of obesity-related NAFLD
[120]. Probiotics may improve liver enzymes and decrease markers of lipid peroxidation
[121, 122]. The use of prebiotics and probiotics is to modify the microbiota as preven-
tive or therapeutic strategies [123]. Their beneficial effects on NAFLD have been limited
human studies [124]. Consuming a tablet containing 500 million Lactobacillus bulgaricus
and Streptococcus thermophilus for 3 months improved levels of liver enzyme in patients

with NAFLD [124].

27. Other nutrients

Ginger (Zingiber officinale) can improve insulin sensitivity and reduce hepatic fat content [125].
In studies of people with non-alcoholic fatty liver disease, those who reported drinking coffee
had less liver damage than those who drank little or no coffee. It's not clear how coffee may
influence liver damage or how much coffee you'd need to drink in order to benefit. Table 2
summarizes the nutritional guidelines in the management and treatment of NAFLD.

Weight loss

Calorie intake

Total fat
Monounsaturated fatty acids

Polyunsaturated fatty acids

Saturated fatty acids

Carbohydrate

Protein

Antioxidants

Physical activity

10% of initial body weight over 6 months
Maintenance of weight loss
Bariatric surgery when individuals qualify

1200 to 1500 daily
*Energy deficit of 500 kcal/day based on Mifflin-St Jeor formula

< 35% of total calories
15-25% of total calories

5-10% of total calories
Omega-3 fatty acids

7-10% of total calories

50% of total calories

>50% carbohydrate sources from whole grains
Avoid high-fructose corn syrup

Added sugars <10% of total calories

15% of total calories
Lean and vegetable protein

None

> 150 minutes/week at moderate intensity or 275 minutes/week at vigorous
intensity

Cardiovascular exercise five times weekly

Resistance training two or more times weekly

Decrease time spent sedentary

Source: [65, 81, 83].

Table 2. Guidelines in the management and treatment of NAFLD.
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Abstract

Nutritional diets are essential to prevent nonalcoholic fatty liver disease (NAFLD) in the
global obesity and diabetes epidemic. The ingestion of palmitic acid-rich diets induces
NAFLD in animal and human studies. The beneficial properties of olive oil (oleic acid)
may be superseded by ingestion of palmitic acid-rich diets. Hepatic caffeine metabo-
lism is regulated by palmitic and oleic acid with effects of these fats on amyloid beta
metabolism. Healthy fats such as olive oil may facilitate rapid amyloid beta clearance in
the periphery to maintain drug therapy in diabetes and various neurological diseases.
Repression of the anti-aging gene sirtuin 1 (Sirt 1) prevents the beneficial properties of
olive oil. Brain disorders induce NAFLD and supersede caffeine’s therapeutic effects in
the prevention of NAFLD. Delayed hepatic caffeine metabolism in NAFLD and increased
caffeine transport to the brain with aging-induced mitophagy in neurons with induction
of type 3 diabetes and neurodegenerative disease.

Keywords: caffeine, nonalcoholic fatty liver disease, brain aging, palmitic acid, mitochondria

1. Introduction

The global increase in nonalcoholic fatty liver disease (NAFLD) is linked to various induc-
tion factors such as excessive caloric intake, genetic, environmental inducing factors and psy-
chosocial factors that override the liver’s ability to metabolize lipids and determine excess
body fat (adipose tissue size) with the risk of dyslipidemia, obesity, cardiovascular disease,
hypertension, and insulin resistance that lead to population mortality in developed countries.
In developed countries, the Western diet is known to be high in fat and glucose and closely
involved in early liver disease associated with excess transfer of fat to the adipose tissue (vis-
ceral fat) and the induction of the metabolic syndrome and obesity. Increased susceptibility
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to obesity in man compared with other species now indicates NAFLD to be the clinical con-
dition involved in the induction of obesity in man [1-3]. In North America, the rate of child-
hood obesity has doubled in the last 20 years and similar statistics are reported in countries
like Thailand, China, Brazil, and South Africa. The prevalence of childhood and adolescent
obesity has increased since 1980 with concerns for NAFLD to exceed 50% of the childhood
population [4-6]. Early dietary intervention in genetic and obese/diabetic mice models has
indicated reversal and stabilization of NAFLD with relevance to the global NAFLD and
neurodegeneration. Education programs such as food restriction programs (Figure 1) have
been performed but induction of global NAFLD has not decreased in the world [7, 8]. The
projected health care costs by the year 2018 in relation to obesity/diabetes-related medical
expenses in the United States have been reported to be 344 billion dollars accounting for 21%
of total health care costs. Excessive caloric intake, genetic, environmental inducing agents,
and psychosocial factors all contribute to the cause of NAFLD (Figure 1) with the reduced
metabolism of lipids involved in the development of obesity in middle adult life. In the global
population, the prevalence of NAFLD has increased from 15% in 1980 to 25% in 2010 with
NAFLD to increase to 40% of the global population by the year 2050. In the developing world,
the increased obesity/diabetes epidemic is now associated with diet and the presence of spe-
cific chemicals such as xenobiotics [9]. The interactions between the brain, liver, and adipose
tissue are defective [10] with reduced adipose tissue-liver crosstalk [10-12] responsible for
the defective hepatic metabolism of dietary fat, xenobiotics, and drugs and related to the
induction of global NAFLD epidemic. Major interests in caffeine intake have accelerated with
relevance to global mitophagy, amyloid beta aggregation, NAFLD, and neurodegenerative
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Figure 1. Inducing factors for NAFLD override the brain regulation of the adipose tissue-liver crosstalk. The dose of
caffeine used in healthy diets has become important with relevance to the brain control of liver function. Palmitic acid-
rich diets induce NAFLD and delay caffeine metabolism with increased caffeine transport to the brain. Other factors
such as stress and psychosocial factors disturb brain function with altered cellular lipid metabolism which is now linked
to obesity and the NAFLD epidemic.
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disease [13]. Caffeine is an appetite suppressant with effects on improving liver fat metabo-
lism and adipogenesis [14] and important to the adipose tissue-liver crosstalk. Brain regula-
tion of the adipose tissue-liver crosstalk is impaired by various inducing factors with excess
transport of caffeine to the brain that interferes with the circadian rhythm with relevance
to accelerated aging [14-17]. Inducing factors for NAFLD (Figure 1) override the beneficial
effects of caffeine on adipocyte/liver fat metabolism [18, 19] and the dose of caffeine used
in diets has become important with relevance to the NAFLD epidemic since the pharmaco-
kinetics of caffeine may be completely impaired in the liver (NAFLD) in overweight/obese
individuals [2, 20-27].

Unbhealthy diets (Figure 1) that contain palmitic acid (cream, butter, and cheese) increase cho-
lesterol levels and induce NAFLD [28-32] and neurodegeneration with complete impairment
of caffeine actions with relevance to its role as a modulator of receptors relevant to the adipose
tissue and liver fat metabolism. Palmitic acid diets alter cell cholesterol and phospholipid
dynamics with increased contents of phospholipids such as dipalmitoylphosphatidylcholine
(DPPC) that are relevant to increased membrane cholesterol content [33, 34] with relevance to
delayed hepatic caffeine and amyloid beta transport and metabolism. Palmitic acid and DPPC
have major effects on membrane cholesterol formation that stimulate amyloid beta forma-
tion [35, 36]. Amyloid beta is a 4-kDa hydrophobic peptide (Figure 2) released from neurons
in the brain for metabolism by the liver [37] with recent research that caffeine (hydrophobic
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Figure 2. Increased cholesterol levels have been associated with toxic amyloid beta formation. Diets with increased
palmitic acid increase cell cholesterol and the phospholipid dipalmitoylphosphatidylcholine (DPPC) with relevance to
delayed cell amyloid beta transport and caffeine metabolism. Caffeine is a hydrophobic compound and its increased
insertion into the cell membrane with aging is related to abnormal cholesterol and amyloid beta metabolism with the
induction of mitophagy. The consumption of olive oil (oleic acid) is associated with the phospholipid 1-palmitoyl-2-
oleolylphosphatidylcholine (POPC) and is related to rapid amyloid beta and caffeine metabolism.
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compound, Figure 2) improves brain-liver amyloid beta transport and metabolism with the
prevention of neurodegeneration [38, 39]. DPPC/cholesterol interactions accumulate cellular
caffeine with corruption of the brain-liver amyloid beta metabolism with accelerated brain
aging associated with toxic amyloid beta aggregation (Figure 2). Increased cell phospholipid
dynamics with consumption of olive oil (oleic acid) are associated with phospholipids such
as 1-palmitoyl-2-oleolylphosphatidylcholine (POPC) that is a common pattern of naturally
occurring phospholipids in cells and relevant to cell phospholipid dynamics [40] and rapid
caffeine metabolism. Palmitic acid and DPPC are sensitive to cholesterol with toxic effects
involved in the interference with brain-liver amyloid beta and caffeine metabolism with rel-
evance to caffeine-induced mitophagy [41, 42] and the induction of NAFLD and neurodegen-
eration in global communities.

2. Defective adipose tissue-liver crosstalk in the induction of the global
NAFLD epidemic

New quantitative genetic methods such as the use of DNA and RNA microarrays have been
used to examine novel genetic pathways and now identify a single gene to be involved in the
NAFLD and obesity epidemic. The anti-aging gene sirtuin 1 (Sirt 1) has now been implicated
as a NAD(+)-dependent class III histone deacetylase (HDAC) protein that targets transcription
factors to adapt gene expression to metabolic activity, insulin resistance, and inflammation
in chronic diseases [43-46]. Sirt 1 is involved in food intake regulation [47, 48], gluconeogen-
esis in the liver [49], fat mobilization from white adipose tissue, cholesterol metabolism, and
energy metabolism [50, 51]. In adipose tissue, Sirt 1 activates fat mobilization by inhibiting
peroxisome proliferator-activated receptor gamma (PPAR-gamma) [52, 53] and in the pan-
creas Sirt 1 repression decreases insulin secretion with effects on beta cell uncoupling protein
2 levels [54]. Sirt 1 influences mitochondrial biogenesis in the adipose tissue and liver with
relevance to NAFLD [10]. Furthermore, diet and nutrigenomics are involved in Sirt 1 regula-
tion of DNA repair with transcription factors regulated by Sirt 1 connected to the nuclear
receptors such as peroxisome proliferator-activated receptor (PPARalpha, PPARgamma),
liver X receptor, pregnane X receptor, and farnesoid X receptor involved in liver metabolic
homeostasis with roles in lipid metabolism in adipose tissue [9].

The effects of dysregulated Sirt 1 on adipocyte differentiation [55-59] and regulation of gene
expression involves the secretion of adiponectin [60-62] with adipocyte size negatively cor-
related with adiponectin levels, adipose tissue ceramide metabolism, and HDL levels [63-67].
Adiponectin is mainly secreted from the adipose tissue into the bloodstream and inversely
correlated with body fat in adults. Adiponectin self-associates into larger structures from tri-
mers to form hexamers or dodecamers with the high-molecular weight form, biologically
more active with regard to glucose homeostasis. High fat intake is associated with decreased
adiponectin levels [68] and downregulation of Sirt 1 [10] with low adiponectin levels associ-
ated with the metabolic syndrome, NAFLD [69-71] with effects on hypercholesterolemia (low
high-density lipoproteins, apolipoprotein Al levels and high low-density lipoprotein, apoli-
poprotein B levels) associated with insulin resistance and NAFLD (Figure 3). Adiponectin
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Figure 3. Dietary fat consumption in man needs to be carefully controlled to allow caffeine to modulate cell Sirtuin 1
activity that is involved in mitochondrial biogenesis and the metabolism of cellular fatty acids. Diets that are low in
calories activate Sirtuin 1 and allow caffeine-induced modulation of adiponectin levels essential for the adipose tissue-
liver crosstalk and the hepatic metabolism of glucose and fatty acids. In rodents, feeding mice 2 g/day instead of 4 g/day
increases hepatic fatty acid metabolism and activates hepatic Sirtuin 1 involved in glucose and fatty acid metabolism.
Sirtuin 1 is involved in adipose tissue-liver FGF21 production essential for mitochondrial function in the brain and the
metabolism of fatty acids, glucose, and caffeine in the liver. The calculated fat content by (Martins IJ, author) in man
is related to between 20 and 30 g/day and fat intake at this consumption rate is essential for the prevention of NAFLD.

deficiency has been shown to reduce hepatic ATP-binding cassette transporter ABCA1
(ABCA1) and apo Al synthesis with relevance to the reverse cholesterol transport [72]. FGF21
is now associated with NAFLD [73-76] with hepatic FGF21 shown to regulate lipolysis (fatty
acid release) with FGF21 critical in the reduction of adipose tissue ceramides. In insulin resis-
tance and AD, FGF21 and adiponectin levels are implicated in increased cellular ceramide
levels and NAFLD [77-81] associated with cholesterol displacement in membranes [82-84]
with relevance to amyloid beta aggregation [85]. Sirt 1/adiponectin/FGF21 dysregulation
determine hepatic cholesterol metabolism with effects on plasma apo B levels mediated via
Sirt 1 and transcription factor C/EBPalpha, which regulates the transcription of the apo B
gene [85]. Adipocytes from obese and diabetic individuals are associated with increased adi-
pocyte APP gene expression and plasma amyloid beta levels that implicate adiponectin and
Sirt 1 dysregulation with cholesterol and amyloid beta metabolism [86-90]. High-calorie diets
downregulate Sirt 1 with reduced adiponectin expression in obesity and diabetes [91] associ-
ated with adipose tissue transformation and liver development [60, 86]. Fasting and feeding
regulate PPAR alpha-Sirt 1 expression related to hepatic FGF21 production and have become
important to NAFLD and the metabolic syndrome [85]. FGF21 is an important activator of
Sirt 1-mediated release of adiponectin [85]. FGF21 binds to FGF receptor and beta klotho
receptor complex [85] and activates adipose tissue Sirt 1 by increase in NAD+ and activa-
tion of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCl-alpha)
and AMP-activated protein kinase (AMPK). Unhealthy diets and Sirt 1 repression effect the
release of adipose tissue adipokines (adiponectin and leptin) and cytokines (tumor necrosis
factor alpha, interleukin-6 and C-reactive protein levels, and Ang II) [92] with FGF21 [73-76]
implicated in NAFLD and other chronic diseases associated with accelerated brain aging. In
man, caffeine has been associated with increased adiponectin levels with relevance to ben-
eficial effects on liver function [93, 94]. Caffeine and its effects on the adipose tissue-liver
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crosstalk involve caffeine related to adipose tissue adiponectin release essential for liver func-
tion. Caffeine is a modulator of histone deacetylase and its effects as a histone deacetylase
modulator [27, 95] in the adipose tissue-liver crosstalk involve the dose of caffeine that is
of critical importance to Sirt 1/adiponectin release [85, 96, 97] essential to maintain hepatic
metabolism of fatty acids and glucose [18, 98]. Caffeine is important to reduce inflammatory
processes [99, 100] with adipose tissue transformation and release of inflammatory cytokines
that induce NAFLD [100]. Sirt 1 is involved in autoimmunity [101, 102] with relevance to
regulation of various immune cell events in the adipose tissue and liver.

Assessment of hepatic lipid metabolism has been extensively conducted in obese and dia-
betic rodents with relevance to NAFLD in man [103-107]. In rodents with diets (5% fat), the
intake of food per day was approximately 2 g/day and the hepatic metabolism of injected
labeled lipoproteins was rapid and cleared and metabolized from the blood plasma within
30 min. In obese and diabetic rodents that had appetite dysregulation consumed approximately
4 g/day (Figure 3), the hepatic clearance and metabolism of fats were defective. The excess
and ingested fat in obese/diabetic rodents completely downregulated hepatic Sirt 1 with rel-
evance to the NAFLD that develops in these mice with the aging process. In Sirt 1 knockout
mice [108, 109], NAFLD develops with relevance to the importance of Sirt 1 in liver fat and
cholesterol metabolism [110]. The primary role of fat intake was assessed in obese/diabetic
mice that were only allowed to consume 2 g/day (Figure 3) instead of 4 g/day and hepatic
lipid metabolism was improved in these obese/diabetic rodent experiments with relevance to
calorie-sensitive regulation of hepatic Sirt 1 (Figure 3). Dietary fat consumption in man needs
to be carefully controlled to allow caffeine/adiponectin effects to prevent the induction of
NAFLD. The calculated fat content in man has now been determined by author’s calculations
to be approximately 20-30 g/day [13] and differs from other international researchers [111]. In
several laboratories, cellular cholesterol levels are associated with increased amyloid beta for-
mation in the brain and periphery [37], and Sirt 1 downregulation is associated with defective
caffeine and cholesterol metabolism (Figure 4) with relevance to hepatic amyloid beta clear-
ance and induction of NAFLD [112]. Increased plasma caffeine levels displace amyloid beta
and fatty acids from albumin by competition for albumin binding sites [113] with relevance
to amyloid beta aggregation [114]. Increased caffeine membrane levels in the liver and brain
may affect cholesterol efflux with toxic amyloid beta aggregation (Figure 4) relevant to cell
apoptosis. Sirt 1 is essential for neuron proliferation with effects of excess cell caffeine that
interferes with cell magnesium levels (Figure 4) and supersedes the anti-amyloid beta aggre-
gation properties of caffeine [115]. Magnesium deficiency has been associated with hypercho-
lesterolemia and induction of NAFLD [116]. Magnesium is now relevant to maintenance of
peripheral hepatic amyloid beta metabolism with magnesium levels critical to the prevention
of high-cell cholesterol-induced amyloid beta formation. In NAFLD (Figure 4), caffeine con-
sumption should be carefully controlled to prevent magnesium deficiency [117] and to assist
with the reduction in hepatic fibrosis in NAFLD [118].

Palmitic acid-rich diets (20-30 g fat/day) should carefully calculate palmitic acid consumption
per day to prevent interference of the adipose tissue-crosstalk and induction of NAFLD [13].
Palmitic acid is an Sirt 1 inhibitor [119, 120] with induction of cell cholesterol efflux disturbances
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Figure 4. In panel A, palmitic acid as an inhibitor of Sirt 1 is associated with defective caffeine and cholesterol metabolism
with relevance to hepatic amyloid beta clearance and induction of NAFLD. Cell caffeine levels are associated with
calcium-induced amyloid beta oligomer formation with mitophagy in the liver and brain. In panel B, irreversible
effects with aging of palmitic acid induce cell DPPC/cholesterol formation and interfere with caffeine’s anti-amyloid
beta oligomer properties with increased cell caffeine levels related to magnesium deficiency (NAFLD) and increased
cholesterol associated amyloid beta aggregation.

relevant to cell amyloid beta-induced mitophagy [121] with liver inflammation. Palmitic acid
induces DPPC phospholipid/cholesterol membrane changes that delay caffeine metabolism
with increased cell caffeine levels associated with calcium-induced amyloid beta oligomer for-
mation in the liver and brain [27]. Palmitic acid converts to glucose in cells and with increased
palmitic acid levels that are not controlled with aging may inactivate cell Sirt 1 glucose regu-
lation (gluconeogenesis) and nullify the brain to liver amyloid beta clearance pathway with
defective adipose tissue-liver crosstalk [10] relevant to induction of chronic diseases.

The gene-environment interaction identifies Sirt 1 in many global populations as the defective
gene involved in the defective nuclear-mitochondria interactions in the adipose tissue and the
liver relevant to the mitochondrial theory of aging [10]. Sirt 1 targets transcription factors such
as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCl-alpha) and p53
to adapt gene expression to mitochondrial function by deacetylation of PGC1-alpha and p53
transcription factors [10], which are important to mitochondrial DNA homeostasis and mito-
chondrial biogenesis [122-126]. Inhibitors and activators of Sirt 1 [112] have been identified that
may override caffeine and its role as a Sirt 1 modulator [27, 95, 112]. Inhibitors include alcohol,
sirtinol, suramin and activators include leucine, pyruvic acid, and alpha-lipoic acid. These inhib-
itors may induce mitochondrial apoptosis and may override the adipose tissue-liver interaction
with the induction of NAFLD. Sirt 1 is now referred to as the heat-shock gene with its critical
role in heat-shock protein (HSP) metabolism [127, 128]. HSP is a chaperone for amyloid beta
and with Sirt 1 repression is important to HSP-amyloid beta-induced endoplasmic reticulum
stress relevant to mitophagy and induction of NAFLD [129, 130]. Caenorhabditis elegans sirtuins
have similar homology to human Sirt 1 with relevance to effects of caffeine on Sirt 1 circadian
dysregulation [129]. Induction of HSP from cells in the nematode C. elegans has been used for
toxicological studies and indicates caffeine doses that induce HSP release with relevance to pro-
grammed cell death [129].
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3. Accelerated brain aging and type 3 diabetes-induced NAFLD and
chronic diseases

In the developed and developing world, the induction of NAFLD has become one of the
major interests with its primary or secondary role in the induction of various chronic dis-
eases. Accelerated brain aging with appetite dysregulation indicates that NAFLD may play
a secondary role in the induction of various chronic diseases (Figure 5). Mitophagy and the
induction of neurodegeneration with ***type 3 diabetes are now the primary defects with
accelerated NAFLD connected to various chronic diseases (Figure 5). Major concerns for
suprachiasmatic nucleus (SCN) defects in the hypothalamus may involve appetite dysregu-
lation [11], core-body temperature defects [131], and whole-body glucose disorders (type 3
diabetes) may induce toxicity to the liver and various other organs. Factors such as stress,
psychosocial, environmental factors [9], and sleep disorders [132] disturb SCN regulation of
the circadian rhythm with toxic effects of glucose, cholesterol, caffeine, and amyloid beta lev-
els to the brain and various tissues (Figure 5). Higher brain dysregulation corrupts the hypo-
thalamus-pituitary axis, sympathetic and nonsympathetic pathways that have direct neural
innervation to organs such as the liver. Defective hepatic caffeine metabolism may induce
magnesium deficiency, apelinergic system imbalances [133, 134], interference with sympa-
thetic pathways [26] connected to mitophagy, and various chronic diseases.

The ingestion of the amount of fat is critical to the adipose tissue-liver cross with immune
reactivity [10, 135] connected to mitophagy and induction of NAFLD. Multiple theories of
aging have been proposed and the immune theory of aging may involve adipose tissue trans-
formation with activation of immune responses that involve macrophages and immune cells
that lead to liver inflammation [10, 99] and the induction of NAFLD. The defect in the neural
loop (autonomic nervous system) between the brain and adipose tissue [136] now may be
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Figure 5. Defects in the suprachiasmatic nucleus (SCN) that involve appetite dysregulation, core-body temperature
defects, and whole-body glucose disorders (type 3 diabetes) may induce NAFLD and various other chronic diseases.
The primary role in the induction of NAFLD may be related to mitophagy-induced neurodegeneration with relevance to
circadian rhythm disorders and complete nullification of hepatic caffeine metabolism by interference with the adipose
tissue-liver crosstalk.
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related to immunometabolism disorders with adipose tissue transformation. The nature of
dietary fat with relevance to adipose tissue as the organ most susceptible to programmed
cell death pathways involves transformation that is now important to determine the release
of adipocyte inflammatory cytokines, hormones, and heat-shock proteins (HSP) that trigger
liver inflammation and NAFLD in global communities [135]. Inmunometabolism and acceler-
ated aging are now connected to the adipose tissue and liver crosstalk with the mitochondria
theory of aging important to both immune function [10] and metabolism of fats in the adipose
tissue and liver. The transcription factor p53 is involved in immune responses, metabolism,
and mitochondrial apoptosis [10, 123, 125] with diet, drugs, and environment [9] critical to the
regulation of Sirt 1/p53 immunometabolism and induction of NAFLD in the developed world.

Rapid urbanization from 20 to 60% has occurred in Africa, India, China, and Asia and pos-
sibly involved with the large global diabetic population in these developing countries. The
number of people with diabetes is projected to be double in Africa, Asia, and India. In Asia,
the diabetic epidemic has escalated and accounts for 60% of the world diabetic population
[137]. The diabetic epidemic has been associated with NAFLD in developing countries of
Latin America, Asia [138], India, and Africa with prevalence (20-40%) [9] similar to developed
countries [138-141]. Evidence from various studies [9] indicates that environmental factors
(xenobiotics) are the major determinants of the increasing rate of diabetes (Figure 6). Major
threats of xenobiotics such as environmental pollutants may increase with age in individuals

ADIPOCYTE-LIVER CROSS TALK DEFECTIVE
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Figure 6. Caffeine is essential for the release of adiponectin from adipose tissue in obesity but the therapeutic effects
of caffeine may be superseded with relevance to adipogenesis disorders. In the developing world, xenobiotics induce
mitophagy in the adipose tissue and liver and supersede caffeine’s protective effects on the mitochondria. In the
developing world, plasma LPS levels have increased with effects on the induction of NAFLD and interference with
neuron function. Caffeine doses should be carefully controlled with relevance to LPS cell membrane transformations
that override caffeine and cell membrane interactions and promote caffeine effects on albumin involved in amyloid beta
and fatty acid transport between the brain and the liver.
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from developing countries. The NAFLD epidemic is connected to unhealthy diets and
reduced hepatic xenobiotic metabolism with blood-brain barrier disorders [9] involved with
interference of brain Sirt 1’s role in DNA repair [10] with the induction of neuronal apoptosis
and type 3 diabetes. The association between xenobiotics in food and the beneficial effects of
caffeine (Sirt 1 modulation) on insulin resistance [142, 143] may be superseded with caffeine
consumption in these individuals to be revised with relevance to toxic xenobiotic effects asso-
ciated with delayed caffeine metabolism relevant to NAFLD and neurodegenerative diseases.

The interests in bacterial lipopolysaccharides (LPS) and their influence on cell membrane flu-
idity in the brain has accelerated with the increase in plasma LPS levels in individuals (30%)
of the developing world [144, 145]. LPS is a critical repressor of Sirt 1 actions with the induc-
tion of dyslipidemia, mitophagy, and NAFLD [145]. LPS from Gram-negative bacteria is an
amphiphile (covalently linked segments, surface carbohydrate polymer O-specific chain, core
oligosaccharide, Lipid A) that can rapidly insert into cell membranes and transform mam-
malian cells. LPS may supersede POPC properties of the cell membrane and induce amyloid
beta oligomerization [144].

4. Nutritional diets maintain brain and adipose tissue-liver crosstalk with
prevention of NAFLD

In developed world, the consumption of fat consumed in man is between 44 and 78 g/day
[111, 146]. The amount of fat consumed (20-30 g/day) is critical to maintain the brain regula-
tion of the adipose tissue-liver crosstalk and connected to the maintenance of the circadian
rhythm (12 h light/12 h dark cycle) that is critical to hepatic amyloid beta and glucose metabo-
lism [147, 148]. The SCN is controlled by Sirt 1 with its dysfunction connected to brain cir-
cuitry disorders (Figure 7) and disconnections between the autonomic nervous system and
the liver [148]. The amount of fat consumed with the aging process inactivates the effects of
caffeine by interfering with hepatic caffeine metabolism with increased transport to the brain
(Figure 7). In the brain, SCN neurons are sensitive to caffeine [149] with complete inactivation
of the brain to adipose tissue-liver crosstalk and interfere with caffeine’s beneficial effects on
the sympathetic nervous system and reversal of NAFLD. Caffeine and its role in thermogen-
esis by modulation of mitochondrial function versus mitochondrial apoptosis are relevant to
the consumption of various fats and diets in the developed and developing world. Sirt 1 is
now referred as the gene involved in mitochondrial biogenesis that is critical to maintain cell
function with the prevention of cell apoptosis [9-12, 122-125]. Sirt 1 is critical to SCN function
and the maintenance of core-body temperature with essential control of the adipose tissue-
liver crosstalk [131, 150]. The consumption of coconut oil (saturated fat) and palm oil (palmitic
acid) should be carefully evaluated in individuals with core-body temperature disorders.
These fats are solid at temperatures between 20 and 24°C and with abnormal body tempera-
ture dysregulation may be involved in the induction of NAFLD when compared with the
consumption of olive oil (monounsaturated) that is liquid at a temperature (4°C) [130, 150].
Fish contains high levels of omega-3 fatty acids, docosahexaenoic acid (DHA 22:6n-3), and
eicosapentaenoic acid (EPA 20:5n-3). These fatty acids are essential for liver fat metabolism
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with prevention of NAFLD [151, 152] and brain function but with changes in core body tem-
perature (Figure 7), therapeutic lipids essential for the prevention of NAFLD may be com-
pletely inactivated [130, 131, 150]. Palmitic acid content in milk should be carefully controlled
to allow the therapeutic effects of caffeine with relevance to mitochondrial thermogenesis and
SCN regulation (Figure 7). Nutritional diets with timed meals are important for the preven-
tion of NAFLD and with consumption of essential foods which include protein, eggs, cottage
cheese, dairy, red meat, poultry, legumes, nuts, and seeds. These foods may contain minerals
such as magnesium and zinc that are needed by many enzymes involved with DNA replica-
tion and repair with total magnesium intake that should be between 400 mg and 800 mg/day.
Zinc deficiency has been reported in global communities with both minerals important to
prevent liver and brain diseases and to allow effective vitamin and caffeine therapy. Vitamins
such as vitamin B12, folic acid, vitamin B6, vitamins C, D, and E are essential to maintain liver
and brain function. The consumption of phosphatidylinositol (PI) (g/day) is essential and lack
of PI may not allow the maintenance of SCN function and whole body glucose homeostasis.
In individuals with strenuous exercise, the PI half-life is rapid and may require PI ingestion of
(g/day) to prevent amyloid beta aggregation and induction of NAFLD [153, 154]. Strenuous
exercise may induce magnesium deficiency [116] and magnesium consumption needs revi-
sion to prevent SCN disturbances with type 3 diabetes and NAFLD.

The major defects with relevance to the global NAFLD epidemic involve the defective brain
circadian circuitry and the adipose tissue-liver crosstalk [136, 155]. The SCN control of the
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Figure 7.In the current global NAFLD epidemic, plasma ceramides indicate that the adipose tissue-liver crosstalk
is completely defective with the release of toxic ceramides into the blood plasma. Sirt 1 downregulation is possibly
connected to cell ceramide formation with adipose tissue disorders, liver steatosis development, and complete
inactivation of caffeine’s involvement in the prevention of NAFLD [94]. Integration of factors such as stress, sleep
disorders, and environmental factors (strenuous exercise) inactivate the SCN regulation of the circadian rhythm with
toxic effects of glucose, cholesterol, caffeine, and amyloid beta levels to mitochondria in various peripheral tissues.
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adipose tissue metabolism allows adipocyte adiponectin release with essential effects on
liver glucose and lipid homeostasis [155]. Sirt 1 and its modulation by caffeine have become
important with caffeine involved in increased adiponectin levels in man. Apart from caffeine,
other foods have been assessed to increase adiponectin levels such as omega-3 supplemen-
tation, fruit intake, green tea, magnesium, and hypolipidemic drugs are all involved in the
modification of adiponectin levels [156-159]. In individuals with NAFLD, long-term dietary
salt restriction is essential to increase adiponectin levels. Fasting and feeding is essential to
maintain SCN circadian regulation of liver function that involves peripheral glucose homeo-
stasis with adiponectin release critical to maintain insulin sensitivity and prevent NAFLD
[85]. Gamma PPAR-Sirt 1 function in adipocytes is critical to adiponectin release with low
adiponectin levels unsuitable to the maintenance of liver ceramide levels that are toxic to the
liver and involved in insulin resistance. Ceramide levels and NAFLD [81-84] are now closely
linked with programmed cell death. Alcohol consumption should be carefully controlled (Sirt
1 inhibition) with relevance to adiponectin levels in man [160]. Pyruvic acid, leucine, querce-
tin, green tea catechins, grape seed extract, curcumin, alpha lipoic acid, and resveratrol are
Sirt 1 activators essential for SCN maintenance and the adipose tissue-liver cross talk. High-
protein diets should be avoided to reduce amyloid beta formation by cells and to reduce the
arginine content of the diet that switches leucine (Sirt 1 activator) for arginine in cells and
tissues [132].

High-fiber diets [37] in various foods have become important with the consumption of phy-
tosterols [37] involved in reducing intestinal cholesterol absorption and increased hepatic
cholesterol metabolism relevant to the prevention of NAFLD in man. Phytosterols should be
consumed (1-2 g/day) and excessive intake of phytosterols leads to neurotoxicity with neuro-
degeneration [37]. Phytosterols cross the blood-brain barrier in neurons to maintain neuron
amyloid beta homeostasis [161]. Consumption of plant-based foods essential for phytosterol
ingestion should be assessed for caffeine content since approximately 40 caffeine containing
plants have been reported. Other caffeine containing foods such as coca cola, energy drinks,
caffeine tablets, dark chocolate, chocolate chips, and energy mints should be assessed for caf-
feine content (mg). Vegetarians should carefully regulate phytosterol consumption over their
lifespan to prevent interference with the beneficial effects of caffeine on cholesterol metabolism
with relevance to NAFLD [37]. Excessive fructose consumption (fruit, fruit juices) should be
avoided with fructose reported as a Sirt 1 inhibitor [162, 163] with the induction of NAFLD. In
the developing world, very low carbohydrate diets should be consumed to prevent the
absorption of LPS into the blood stream with beneficial effects on magnesium deficiency and
the induction of NAFLD [164]. Diets with low-fat contents and without alcohol are essential
to prevent the transport of LPS into lipoproteins and proteins in the blood plasma. LPS inter-
feres with the SCN and adipose tissue-liver crosstalk [10, 85, 135, 136] and delays hepatic drug
metabolism [165, 166] with premature brain aging and chronic disease progression (Figure 6).
LPS induces changes in plasma albumin contents [112] in individuals in the developing world
with relevance to interference with caffeine and its therapeutic properties with relevance to
SCN regulation of adipose tissue-liver crosstalk. In recent studies, caffeine intake and glucose
dyshomeostasis that supersede insulin therapy [142, 143] has raised concerns with relevance
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to glucose/amyloid beta-induced mitochondrial apoptosis and the induction of NAFLD. In
the global chronic disease, adiponectin levels are low and to prevent mitochondrial apopto-
sis, a number of agents are required to maintain mitochondrial function and to prevent cell
apoptosis. Diets that contain magnesium, pyrroloquinoline, quinone, resveratrol, and rutin
stimulate mitochondrial biogenesis essential to stimulate SCN neuron mitochondrial function
[167] with relevance to the global NAFLD epidemic and chronic diseases.

5. Conclusion

In global world, diabetes and mitochondrial disease are expected to cost the developing world
US $400 million in the next 30 years. The quality of food consumed has raised major concerns
with mitochondrial apoptosis linked to programmed cell death and nonalcoholic fatty liver dis-
ease (NAFLD). The amount, nature, and time of day of fat consumption are essential to maintain
mitochondrial biogenesis. In the developed and developing world, nutritional interventions are
essential to prevent NAFLD and ingestion of caffeine (appetite suppressant) that is associated
with the prevention of adipocyte dysfunction and linked to liver function may be completely
inactivated by unhealthy diets. In the developing world, bacterial lipopolysaccharides (LPS)
may override healthy fat consumption and induce NAFLD. In the developing world, diets that
contain LPS, mycotoxins, and xenobiotics interfere with caffeine metabolism with relevance to
mitophagy and induction of NAFLD relevant to the survival of various species and man.
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