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Abstract: Nonalcoholic fatty liver disease (NAFLD) affects about 30% of the general
population in the United States and includes a spectrum of disease that includes simple
steatosis, non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis. Significant insight
has been gained into our understanding of the pathogenesis of NALFD; however the key
metabolic aberrations underlying lipid accumulation in hepatocytes and the progression of
NAFLD remain to be elucidated. Accumulating and emerging evidence indicate that
hepatic mitochondria play a critical role in the development and pathogenesis of steatosis
and NAFLD. Here, we review studies that document a link between the pathogenesis
of NAFLD and hepatic mitochondrial dysfunction with particular focus on new insights
into the role of impaired fatty acid oxidation, the transcription factor peroxisome
proliferator-activated receptor-y coactivator-1a (PGC-1a), and sirtuins in development and
progression of NAFLD.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) has evolved as the world’s epidemic and is one of
the most common chronic diseases in the United States [1,2]. NAFLD involves a spectrum of hepatic
steatosis, nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular carcinoma (HCC)
that occurs in the absence of significant alcohol intake and absence of other viral, genetic and
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autoimmune components. Hepatic steatosis is defined as liver content exceeding 5% of liver weight [3—6].
NASH and alcoholic steatohepatitis (ASH) have similar histopathology but different etiology,
and epidemiology [7]. NAFLD affects about 30% of the general population in western society,
and is recognized as the most common cause of liver dysfunction worldwide [8]. A 2%—3% subset of
patients with NAFLD develop NASH, and 5%—-8% of NASH patients develop liver cirrhosis within
five years [9,10]. In addition to genetic risk factors, NAFLD prevalence is aggravated by changes in
life style including physical inactivity as well as consumption of high fat and high fructose corn syrup
diet [11]. NAFLD is considered as the hepatic manifestation of the metabolic syndrome, which is
defined by the presence of central obesity, insulin resistance, hyperlipidemia, hyperglycemia, and
hypertension [12—-14]. NAFLD increases with obesity and type 2 diabetes; it is present in up to 90% of
obese individuals [12,15,16]. Insulin resistance is a common causative factor in the pathogenesis of
NAFLD and type 2 diabetes, but the underlying mechanisms are far from been understood. NAFLD is
a condition that contributes to the metabolic syndrome. Accumulation of the “bad fat” (such as free
fatty acids (FFAs), diacylglycerols and ceramides) in hepatocytes in NASH causes insulin resistance,
which in turn contributes to type 2 diabetes. Conversely, type 2 diabetes may contribute to NASH, thus
creating a vicious circle [17,18]. Type 2 diabetes is associated with liver fibrosis and progression to
cirrhosis and HCC [19]. NAFLD is also present in 3%—10% of children; this proportion increases to
50% in obese children in western society [12]. The disease has been described in individuals of all
races, in both genders, and also in non-obese subjects [20-22]. There are differences in NAFLD
prevalence between various race/ethnic groups. Compared to Caucasian and Hispanic adults, African
Americans are protected from the hepatic accumulation of fat [23]. Insulin resistance, oxidative stress,
and inflammatory cascades are believed to play a central role in the pathogenesis of NAFLD [24].
Despite the progress gained into understanding how fat accumulates in the liver, the pathogenesis of
advanced forms of NAFLD remains to be elucidated. Several hypotheses have been proposed recently.
According to the original hypothesis (the “two hit”) hypothesis, NAFLD is a progressive disease in
which insulin resistance (“the first hit”) leads to increased FFA flux to the liver. If FFAs are not oxidized
or secreted, hepato-steatosis develops [25]. Hepatic steatosis predisposes the liver to “second hits”
such as mitochondrial dysfunction, cytokines, adipokines, ER stress and bacterial endotoxins. This
original hypothesis has been modified to suggest that NAFLD may be a consequence of parallel
“multi-hits” [26]. In this model, insulin resistance leads to increased lipogenesis and increased
uptake of FFAs into the liver. Lipotoxicity sensitizes the liver to injury by “multiple parallel hits”
(oxidative damage, activation of fibrogenic pathways, activation of hepatic stellate cells, altered
expression of adipokines) leading to NASH and fibrosis (Figure 1). More recently a new theory, the
“distinct-hit”, has been proposed to suggest distinct pathogenic pathways for hepatic steatosis and
NASH [10,27,28]. In general, an association exists between NAFLD and insulin resistance with the
exception of some specific genetic conditions affecting lipid metabolism [27,29-32]. A more recent
study suggests that metabolic derangements may start early in life, even in utero. Exposure to excess
fuel in fetal life may lead to NAFLD in the offspring [33].
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Figure 1. The “multiple parallel-hits” hypothesis of NAFLD: Insulin resistance leads to
increased uptake and synthesis of FFAs in the liver, which sensitizes the liver to a series of
hits causing liver injury and progression from simple steatosis to NASH [26].

The “multiple parallel hits” hypothesis

Obesity/Insulin resistance |:>I Adipose tissue lipolysis

7

N
Diet [ 1 Plasma FFA

Oxidative stress
Decreased anti-oxidants
ATP depletion
Cytokines

ER stress

Adipokines

Bacterial Endotoxin

Hepatic steatosis NASH/Fibrosis

In this review, we discuss how abnormalities in hepatic lipid metabolism lead to hepatic steatosis.
We summarize the current knowledge on mechanisms underlying the development of NASH focusing
on the role of hepatic mitochondrial dysfunction. Lastly, we discuss the role of the peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a) and sirtuins in the regulation of mitochondrial
biogenesis and function in NAFLD.

2. Mechanisms Leading to NAFLD
2.1. Source of Fatty Acids (FAs) in the Liver
2.1.1. Diet

FAs in the liver originate from the diet, lipolysis of adipose tissue or de novo lipogenesis.
Dietary fatty acids are absorbed from the small intestine, assembled into lipoprotein rich particles
(chylomicrons) and secreted into the blood. High proportions of long chain FAs (LCFAs) in
chylomicrons are delivered to adipose tissue, the remaining are taken by the liver [34]. Donnelly et al.
have demonstrated that about 59% of liver FFAs in NAFLD patients are derived from the circulation,
26% from de novo lipogenesis and 15% from the diet [35].

2.1.2. Adipose Tissue Lipolysis

In mammals, excess energy is stored in white adipose tissue (WAT). The major physiological role
for WAT is to supply lipid energy to peripheral tissues when needed such as between meals or during
physical activity. Lipolysis is the process by which stored triglycerides (TGs) are released as FFAs.
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This process is regulated by insulin and involves lipases (adipose tissue lipase (ATGL), hormone
sensitive lipase (HSL), and monoglyceride lipase), co-lipases, and lipid droplet proteins [36].
Increasing calorie intake such as in obesity causes insulin resistance leading to increased adipose tissue
lipolysis, release of FFAs in the circulation and ectopic lipid accumulation.

2.1.3. De Novo Lipogenesis

De novo lipogenesis is a process by which the cell converts excess carbohydrates into FAs
through acetyl-CoA. Hepatic lipogenesis is activated primarily by insulin secreted from the pancreas
after a high-carbohydrate meal. Sterol regulatory element binding protein-lc (SREBP-1c) and
carbohydrate-responsive element-binding protein (ChREBP) are major transcriptional regulators
that induce key lipogenic enzymes responsible for lipogenesis in the liver. SREBP-1c is the master
regulator of lipogenic genes and it is regulated by insulin through a phosphoinositide 3-kinase
(PI3K)-dependent mechanism that involves the liver X receptor o (LXRa). LXRa promotes the
expression of SREBP-1c and its target genes fatty acid synthase (FAS), acetyl CoA carboxylase (4CC),
stearoyl-CoA desaturase (SCDI) and [lipin [37,38]. Carbohydrate-responsive element-binding
protein is activated by glucose independent of insulin. Although increased flux of FAs to the liver is
an important determinant of hepatic steatosis, de novo lipogenesis is now considered an important
contributing factor to NAFLD development [35].

2.2. Fatty Acid Uptake by the Liver

LCFAs can diffuse rapidly across phospholipid bilayers, however accumulating evidence support
a facilitated uptake in mammalian cells by a number of transmembrane proteins. FFAs generated
by adipose tissue lipolysis under fasting conditions circulate in the plasma bound to albumin. Several
transmembrane proteins have been implicated in the transport of plasma FFAs to the liver including
plasma membrane FA binding protein (FABPpm), fatty acid transporter protein (FATP), caveolins,
fatty acid translocase (FAT)/CD36. Six FA transport proteins (FATP1-6) have been identified in
mammalian cells [39]. Two FATPs (FATP2 and FATPS) are expressed in the liver and only FATPS is
liver specific. FATPS deletion significantly reduces LCFA uptake by hepatocytes isolated from FATPS
knockout animals and lowers hepatic TG [40]. Moreover, adenoviral knockdown of FATP2 or FATPS
reduces hepatic TG accumulation in mice fed a high fat diet [41,42]. Caveolins (caveolin 1-3) are
membrane proteins that are found in the membrane structures called caveolae which are important for
protein trafficking and the formation of lipid droplets. Caveolin-1 knockout mice exhibit lower TG
accumulation in the liver and showed resistance to diet-induced obesity [43]. FAT/CD36, the most
studied FA transporter/facilitator, is a transmembrane protein that is highly expressed in many tissues
active in lipid metabolism [44]. CD36 plays an important role in facilitating LCFAs uptake and
cellular lipid metabolism in rodents and humans. Basal expression of liver CD36 is low but increases
in experimental models of hepatic steatosis, such as genetic obesity and high-fat feeding [2,45].
CD36 upregulation in the liver is associated with insulin resistance, hyperinsulinaemia and increased
steatosis in nonalcoholic steatohepatitis [46]. CD36 is also involved in adipose tissue lipolysis;
its regulation of adipose tissue lipolysis affects fat accumulation in liver [47]. Adipose tissue
CD36 expression is negatively correlated with intrahepatic TG [48], and CD36 deletion in 0ob/ob mice
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reduces VLDL secretion and aggravates hepatic triglyceride content [2]. The plasma membrane
associated FA-binding protein (FABPpm) is identical to the mitochondrial aspartate aminotransferase,
an enzyme that functions in maintaining the cytoplasmic/mitochondrial nicotinamide adenine dinucleotide
NADH/NAD ratio [49]. FABPs are cytosolic lipid binding proteins that facilitate intracellular transport
of FFAs [50]. Among the isoforms identified, LFABP is the highly expressed FABP in the liver.
Targeted deletion of LFABP in mice abrogates fasting induced hepatic TG accumulation [51].

Depending on the physiological conditions, these FFAs have multiple destinations in the liver:
(1) FFAs are converted into complex lipid species, packaged into very low density lipoproteins
(VLDL) and released into the circulation; (2) oxidized by B-oxidation; or (3) esterified into TG and
stored as lipid droplets surrounded by lipid droplet proteins within the hepatocyte [52].

2.3. Disposal of Hepatic FFAs
2.3.1. Secretion of Hepatic TG

The liver secretes TG in the form of very low density lipoprotein (VLDL). VLDL consists of
hydrophobic core lipids containing TGs and cholesterol esters and apolipoprotein B (apoB). The
assembly of VLDL in the endoplasmic reticulum requires the crucial interaction between apoB and
microsomal triglyceride transfer protein (MTTP) which facilitates the secretion of the lipoprotein
particle. Mutations in apoB 100, or in MTTP cause lipid droplet accumulation in the liver [53,54].

Insulin plays an important role in the regulation of VLDL assembly and secretion. Insulin inhibits
posttranslational degradation of apoB 100 and inhibits MTP at the transcriptional level [55-58].
Insulin resistance results in increased TG secretion and hypertriglyceridemia; the hepatic steatosis
associated with insulin resistance results from increased TG synthesis exceeding liver capacity to
secrete TG. Both hypertriglycedemia and hepatic steatosis are observed in NAFLD patients [59].
However, advanced NASH is associated with reduced or complete loss of fat. The mechanisms for fat
loss are not understood but may implicate adiponectin [60].

2.3.2. Fatty Acid Oxidation

Mitochondria play a central role in energy production (Figure 2). Sugars and fatty acids undergo
glycolysis and mitochondrial B-oxidation, respectively to produce acyl-CoA [61]. As demonstrated
in Figure 2, the entry of the acyl-CoA into the mitochondria is dependent on the carnitine
palmitoyltransferase-1 (CPT-1) present at outer mitochondrial membranes, which catalyzes the
formation of acylcarnitine from acyl-CoA and free carnitine. Acyl-carnitines are transported across
the inner mitochondrial membrane by CPT-2). Long chain acyl-CoAs are sequentially broken down by
B-oxidation cycle into acetyl-CoAs by four reactions that generate NADH and flavin adenine
dinucleotide (FADH2): (1) The first reaction involves the membrane associated very-long-chain
acyl-CoA dehydrogenases (VLCAD); (2) Hydration of the 2,3 double bond by 2-enoyl-CoA
hydratases (membrane associated mitochondrial trifunctional protein (MTP) a-subunit);
(3) Dehydrogenation of 3-hydroxy acyl-CoA esters by 3-hydroxy-acyl-CoA dehydrogenases
(membrane associated MTP a-subunit, containing LCHAD); and (4) Liberation of acetyl-CoA by
3-keto acyl-CoA thiolases (membrane associated MTP B-subunit). The NADH and FADH2 produced
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by both B-oxidation and the TCA cycle are used in the final common oxidative phosphorylation system
(OXPHOS) to generate ATP coupled with the transfer of electrons along the respiratory chain. FAs
are the primary energy substrate for the production of ATP in skeletal muscle and the heart.
Under normal conditions, the liver oxidizes FAs mainly when blood glucose is low such as in
prolonged fasting and increased physical activity. Hepatic B-oxidation provides ketone bodies
(acetoacetate and B-hydroxyacetate), which are important fuel for extra-hepatic organs such as the
brain when blood glucose levels are low [62,63].

Figure 2. Hepatic B-oxidation: Mitochondrial B-oxidation involves four individual
reactions (1-4) to generate NADH or FADH,, which are then oxidized to H,O by the
mitochondrial respiratory chain. The mitochondrial respiratory chain consists of four
respiratory complexes (I-IV) involved in the conversion of NADH and FADH, into
oxidized cofactors NAD and FAD. Leakage of electrons at complexes I and II results in the
formation of superoxide (O, ) which is then transformed to H,O; by superoxide dismutase
(SOD1) in the intermediate space and by SOD; in the matrix to H,O,. Both H,O, and
O, generated are reactive oxygen species (ROS). Mitochondrial antioxidant enzymes
(SOD and glutathione peroxidase GPX) play a role in scavenging mitochondrial ROS.
(Adapted with permission from [61]. Copyright 1999-2014 John Wiley & Sons, Inc.)
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In the postprandial state, high insulin and glucose favor de novo lipogenesis and suppress
mitochondrial fatty acid oxidation (FAO) by two mechanisms: Insulin inhibits white adipose tissue
lipolysis thereby reducing the flux FFA to the liver. On the other hand, glucose and insulin also
regulate the entry of fatty acids into the mitochondria [64]. Insulin facilitates de novo lipogenesis
through upregulation and activation of sterol regulatory binding protein (SREBP-1c¢) and induction of
acetyl CoA carboxylase (ACC). Glycolysis produces pyruvate which is then transformed within the
mitochondria into acety-CoA and citrate. In the cytosol, acetyl-CoA is transformed to malonyl-CoA
and then to palmitate by ACC and the fatty acid synthase (FAS), respectively. Elevated malonyl-CoA
produced by ACC activity inhibits CPT1 thereby decreasing the rate of B-oxidation by reducing
fatty acid entry to the mitochondria. In this scenario, FFAs are directed toward TAG formation and
VLDL secretion. Mitochondria are implicated in the oxidative phosphorylation (OXPHOS) and the
production of reactive oxygen species, molecules that play an important role in signaling. During the
fasting state, glucagon promotes FAO. Glucagon signaling activates AMP-activated protein kinase
(AMPK) which in turn inactivates ACC1 and ACC2 by phosphorylation [63]. This blocks the
synthesis of malonyl-CoA and is accompanied by activation of malonyl-CoA decarboxylase, which
enhances the elimination of malonyl-CoA [63]. These combined effects decrease FA synthesis and
activates ketogenesis. PPARa is also essential for glucagon-mediated FAO [65]. PPARa is a FA
activated nuclear hormone receptor that plays an important role in the transcriptional regulation of
lipid and glucose metabolism [66]. Activated PPARa forms a heterodimer with RXR, which binds
to specific DNA sequences known as peroxisome proliferator response element (PPRE). These
transcriptional complexes promote the expression of genes that mediate FAO. The fibroblast growth
factor 21 (FGF21), a PPARa target, promotes FAO and ketogenesis during fasting [67].

2.4. Alterations in Lipid Metabolism Leading to NAFLD

Increasing calorie intake and physical inactivity have caused a worldwide increase in obesity and
insulin resistance leading to ectopic lipid accumulation. Insulin resistance and hyperinsulinemia drive
de novo lipogenesis, and triglyceride synthesis. Increased formation of proinflammatory cytokines and
stellate cell activation results in collagen deposition and fibrosis [68]. Dysregulation of lysosomal
metabolism increases endoplasmic reticulum stress, leading to cell apoptosis and cell death [69].
Progress has been made in understanding how fat accumulates in the liver, however mechanisms
responsible for NASH are still under investigation. The proposed mechanisms for the progression
of NAFLD include oxidative stress and induction of proinflammatory cytokines and gut derived
bacterial endotoxins [70,71].

3. Role of Mitochondria in NAFLD
3.1. Mitochondrial Structure

Mitochondria are organelles with a double membrane structure. The outer membrane delimits
the intermediate space while the inner membrane delimits the mitochondrial matrix. The structure of
the inner membrane is highly complex and consists of the complexes of the electron transport system,
the ATP synthase, and transport proteins. The matrix contains a highly concentrated mixture of
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enzymes involved in the oxidation of pyruvate and fatty acids in the TCA cycle. Human mitochondrial
DNA (mtDNA) is found in the matrix and consists of 13 structural genes that encode subunits essential
for respiratory complexes I, III, IV, and V of the mitochondrial respiratory chain (MRC) involved in
the generation of ATP [72].

3.2. Mitochondrial Function

Mitochondria are the power producer of the cell, which plays a central role in the generation of
energy from nutrient oxidation. In addition to the role of mitochondria in the oxidation of glucose and
fat to produce energy (discussed earlier here), mitochondria play an important role in the generation of
reactive oxygen species (ROS) [61] (Figure 2). Hepatocytes are rich in mitochondria; each hepatocyte
contains about 800 mitochondria. Fuel oxidation into acetyl-CoA and its subsequent oxidation by
the TCA cycle generate NADH and FADH2. The flow of electrons donated from NADH and
FADH2 through the ETC is coupled with pumping of protons from the mitochondrial matrix into the
inter-membrane space, thus creating an electrochemical gradient across the membrane resulting in
ATP synthesis [73] (Figure 2). Excessive flow of electrons to the ETC results in the production of
ROS [73]. Mitochondria are a major site for ROS species generation (90%). Under normal conditions,
about 1%-2% of mitochondrial oxygen consumption results in ROS production [74]. Excessive
production of ROS exceeding the cell’s antioxidant capacity can damage components of the cell such
as lipids, proteins and nucleic acids (particularly mtDNA) leading to oxidative stress and ultimately
apoptosis. This can be observed in conditions of increased oxidation of FFA such as in NASH [75] and
as a consequence of alcohol metabolism in ASH [76].

3.3. Mitochondria and NAFLD

Recent evidence suggests that NAFLD might be a mitochondrial disease. Mitochondrial dysfunction
contribute to the pathogenesis of NAFLD since it affects hepatic lipid homeostasis, promotes ROS
production and lipid peroxidation, cytokine release and cell death [75]. Selected recent published
studies linking mitochondrial dysfunction to NAFLD are listed in Table 1. NAFLD has been shown to
be associated with mitochondrial paracrystalline inclusions [77,78]. These paracrystalline inclusions
have been observed in many mitochondrial myopathies [79]. Uncoupling of the oxidation and the
phosphorylation and increased free radical production and lipid peroxidation causes cell injury [79].
ROS production causes lipid peroxidation of mitochondrial membranes which can contribute to impaired
mitochondrial function and perpetuate the ROS generation. Oxidative stress also triggers production of
inflammatory cytokines, causing inflammation and fibrogenic response. This ultimately results in the
development of NASH [80].

Several studies from our group support a role of mitochondrial dysfunction in the development of
NAFLD. We have generated mice deficient in mitochondrial trifunctional protein (MTP). Human MTP
deficiency causes Reye-like syndrome, cardiomyopathy, or sudden unexpected death [81]. MTP
defects were first reported in humans in 1992 [82]. While complete MTP deficiency occurs in about
1:38,000 pregnancies, it is estimated that 1% of the US population is heterozygous for a defect in
MTP [83]. Homozygous mice for MTP deletion die shortly after birth [81]. Using heterozygous mice
for MTP (HET), we have demonstrated that defects in B-oxidation predispose mice to NAFLD and
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systemic insulin resistance in an age dependent manner consistent with other studies suggesting a role
of mitochondrial dysfunction in the development of NAFLD [84,85]. Aging but not young MTP-HET
mice develop hepatic steatosis with elevated alanine aminotransferase (ALT), and increased insulin
compared to wild type (WT) control mice. In response to insulin challenge, aging mice display slower
rate of glucose disappearance [84]. Hepatic steatosis and insulin resistance develop concomitantly
around nine months of age [84]. In addition, aging MTP-HET mice exhibit higher hepatic oxidative
stress [84]. The primary defect in mitochondrial fatty acid B-oxidation causes hepatic insulin
resistance [84]. We have shown, in subsequent studies that defects in mitochondrial FA B-oxidation
(both in isolated mitochondria and in primary hepatocytes) cause hepatic insulin resistance
independent of obesity or HFD effect [85]. The hepatic insulin resistance was selective to hepatic
glycogen and independent from commonly known factors for insulin resistance such as diacylglycerides
and ceramides accumulation in the liver [85].

Table 1. Selected published reports on the role of mitochondria in NAFLD.

Authors Journal Title

Gastroenterology 2001, Nonalcoholic steatohepatitis: association of insulin resistance and
Sanyal et al. [78] . . ..

120,1183-1192 mitochondrial abnormalities

Gastroenterology 2005, Mice heterozygous for a defect in mitochondrial trifunctional
Ibdah et al. [84] . . . . )

128, 1381-1390 protein develop hepatic steatosis and insulin resistance

Hepatology 2008, Mitochondrial dysfunction contributes to the increased

Zhou et al. [86]

Thyfault et al. [87]

48, 1087-1096

J. Physiol. 2009,

vulnerabilities of adiponectin knockout mice to liver injury
Rats selectively bred for low aerobic capacity have reduced hepatic

mitochondrial oxidative capacity and susceptibility to hepatic

587,1805-1816 . .
steatosis and injury

Mitochondrial dysfunction precedes insulin resistance and hepatic
J. Hepatol. 2010,

steatosis and contributes to the natural history of
52,727-736

Rector et al. [88]
non-alcoholic fatty liver disease in an obese rodent model
Hepatology 2013,

57,2213-2223

Rector et l, [85] Selective hepatic insulin resistance in a murine model heterozygous
ector et al.
for a mitochondrial trifunctional protein defect

Using a rat model of obesity and type 2 diabetes, the obese and hyperphagic Otsuka Long-Evans
Tokushima Fatty (OLETF) rat [89], we found that reduced hepatic mitochondrial content and function
precede development of NAFLD and insulin resistance in these rats, suggesting that mitochondrial
biogenesis and function contribute to the development of obesity associated NAFLD [88]. The OLETF
rat exhibits insulin resistance at 13-20 weeks of age associated with impaired mitochondrial FA
oxidation and hepatic steatosis without significant liver injury. More advanced stages of NAFLD
in these rats are observed at 40 weeks of age in association with increased oxidative stress, loss of
hepatic anti-oxidative capacity, aggravation of the glycemic control, and ultrastructural changes in
mitochondria [88].

Obesity and particularly visceral obesity are associated with NAFLD. Adiponectin is an adipokine
secreted by adipocytes into the circulation that has protective role in obesity related fatty liver
disease [60,90,91]. Lower adiponectin levels have been found as an independent risk factor for
NAFLD; NASH patients have lower adiponectin levels than controls [92-94]. Adiponectin deficient
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mice show an increased lipid accumulation due to impaired mitochondrial function [86]. Adiponectin
treatment restores the activities of mitochondrial respiratory chain (MRC) through upregulation of
uncoupling protein-2 (UCP2) and inhibition of ROS production from mitochondria [86,95]. The role
of mitochondrial dysfunction in NAFLD is illustrated in Figure 3.

Figure 3. Role of the mitochondria in NAFLD. Impairment of mitochondrial function by
genetic factors, aging, and overnutrition causes insulin resistance and mitochondrial
dysfunction. Defective mitochondrial B-oxidation causes fatty liver and increases lipid
toxic metabolites which may in turn causes insulin resistance, thus creating a vicious
cycle between insulin resistance and mitochondrial dysfunction. Improved mitochondrial
function by weight loss through caloric restriction and/or exercise improves insulin
resistance. Regulators of mitochondrial biogenesis and function include genes such as
peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a) and sirtuins.
AMP-activated protein kinase (AMPK), fatty acid oxidation (FAO), mitochondrial
respiratory chain (MRC), long chain fatty acid CoA (LCFA), Adenosine triphosphate
(ATP), reactive oxygen species (ROS).
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Studies in both humans and rodents have shown a strong association between ab normal
intramyocellular lipid metabolism, mitochondrial dysfunction and insulin resistance. Evidence of
mitochondrial dysfunction in skeletal muscle has been shown in type 2 diabetes and insulin resistant
subjects [96]. In these subjects, insulin resistance has been shown to be associated with reduced
mitochondrial function, decreased mitochondrial size and reduced mitochondrial density, reduced
activity of mitochondrial enzymes, lower expression of oxidative phosphorylation genes and lower
ATP production.

Similar to the molecular mechanisms observed in hepatic insulin resistance associated with
NAFLD, the cellular mechanisms by which intramyocellular lipids cause insulin resistance are not
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well understood. The relationship between the intramyocellular accumulation of lipids, mitochondrial
dysfunction and insulin resistance is complex and a role of mitochondrial dysfunction in skeletal
muscle insulin resistance is still to be proven. Several studies have shown a strong relationship
between reduced mitochondrial content and activity, intramyocellular lipid content and insulin
resistance [97,98]. Reduced mitochondrial content was not associated with changes in the expression
of PGC-la (a gene involved in mitochondrial biogenesis) and its target genes [97]. However reduced
mitochondrial content in these subjects was associated with lower expression of lipoprotein lipase
suggesting a potential role of LPL in the FAs delivery to the muscle and the regulation of
mitochondrial content [99]. In addition, moderate weight loss in the resistant offspring was beneficial
in improving peripheral insulin resistance without changes in mitochondrial content suggesting that
improved insulin resistance was most likely due to reduced FAs delivery to the myocyte during weight
loss treatment [100]. The findings, both in the liver and the skeletal muscle, implicate the mitochondria
in insulin resistance, type 2 diabetes and NAFLD. Whether changes in mitochondrial energetic
efficiency are a causative or adaptive response is still under investigation but a two-way system is
plausible (Figure 3).

4. Mechanisms Regulating Mitochondrial Function

Proper mitochondrial function is critical for the maintenance of the life of the cell Mitochondria are
dynamic organelles; their mass, morphology and positioning in cells are tightly regulated by processes
of fission and fusion, biogenesis and mitophagy. Because of their critical role in the cell’s function,
mitochondria have been implicated in various metabolic and age related disorders.

4.1. Role of the Peroxisome Proliferator-Activated Receptor-y Coactivator 1 (PGC-1)

A number of transcription factors and co-regulators are involved in the regulation of cellular and
mitochondrial metabolism. The transcriptional co-regulators sense changes in metabolism and regulate
gene expression accordingly. One of the most characterized co-activators is PGC-1. Three members of
the PGC-1 family have been identified: PGC-1a, PGC-1p, and the PGC related co-activator (PRC).
PRC is present in all tissues and has been implicated in the regulation of the respiratory chain
function [101,102]. PGC-1a and PGC-1f are highly expressed in tissues with high oxidative capacity
such as brown fat, heart, kidney, skeletal muscle, and brain where they activate genes involved in
cellular energy production [103—105]. Mice with deletion of both PGC-1a and PGC-1 die shortly
after birth due in part to cardiac failure [106]. Mice with deletion of either PGCI1-1a or PGC-1p are
normal under normal conditions but exhibit abnormal response to various physiologic stimuli such as
fasting and exercise [107—110]. In addition to their common central role in oxidative metabolism,
PGC-1la and PGC-1p regulate specific cellular pathways. PGC-1la is involved in the adaptation to
fasting and is involved in gluconeogenesis which is the de novo synthesis of glucose in the liver,
whereas PGC-1f is involved in the process of de novo lipogenesis through activation of the sterol
response element binding protein (SREBP1) [37,111,112]. Selective activation of PGC-1p within
hepatocytes protects the liver from hepatic steatosis and from progression to fibrosis by inducing
mitochondrial oxidative phosphorylation, FAO and TG secretion in the blood stream as well as
decreasing oxidative stress caused by dietary-induced steatosis and steatohepatitis [113]. PGC-1a is
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the most studied and the most characterized PGC1 and has been shown to physically interact with the
nuclear receptors PPARa, HNF4 and FXO1 which are essential for the hepatic adaptation to fasting [104].
The liver is a major metabolic tissue responsible for glucose homeostasis in mammals; the brain and
red blood cells depend on glucose as an energy source, which is particularly crucial during fasting.
Fasting blood glucose levels are maintained through gluconeogenesis, which occurs mainly in the
liver. Two hormones control blood glucose levels: insulin and glucagon. Insulin inhibits glucose
production in the fed state while glucagon stimulates it in the fasting state. Alteration in the production
or the sensitivity to these hormones leads to constant activation of neoglucogenesis and glucose
production such as in the case in diabetes. Insulin and glucagon achieve glucose homeostasis through
transcriptional regulation of PGC-1a. Glucagon, through cAMP, activates the transcription factor
ChREBP which is an essential regulator of PGC-1a. Once activated, PGC-1a co-activates transcription
factors required for the PGC-1a-mediated induction of neoglucogenic genes such as HNF4a and FOXOI.
Mice with liver-specific deletion of PGC-1a exhibit hepatic steatosis due at least in part to impaired
mitochondrial oxidative capacity and mitochondrial dysfunction. We have recently demonstrated that
overexpression of hepatic PGC-Ia and subsequent increases in FAO through elevated mitochondrial
content and/or function result in reduced triglyceride storage both in vivo and in vitro [114]. PGC-1a
overexpression in rat primary hepatocytes results in an increase in markers of mitochondrial content
and function (citrate synthase, mitochondrial DNA, and electron transport system complex proteins)
and an increase in FAO [114]. Exercise also increases hepatic PGC-1a levels in rat models with access
to running wheels [115]. Chronic HFD however reduces hepatic PGC-1a levels in sedentary WT mice
resulting in reduced hepatic mitochondrial respiration [116].

Both PGC-1a and PGC-1B co-activate a variety of nuclear receptors and transcription factors
including PPARs, estrogen-related receptors (ERR), and nuclear respiratory factors (NRF1 and NRF2)
to activate expression of genes implicated in FAO and oxidative phosphorylation [117,118]. It is now
proposed that PGC-1a is controlling global oxidative metabolism by both regulating mitochondrial
biogenesis and the intrinsic properties of the mitochondria. Besides the regulation of PGC-la
expression, PGC-1a activity has also been shown to be regulated by protein modification such as
acetylation, methylation, or phosphorylation [119]. PGC-1a is activated by SIRT1 deacetylation and
by p38 MAP kinase through phosphorylation [119,120]. The inhibition of PGC-1a is mediated through
protein phosphorylation by AKT and Clk2 and through acetylation by GCN5 [119].

4.2. Emerging Role of Sirtuins

Sirtuins are a family of NAD-dependent protein deacetylases that are implicated in many cellular
and physiological functions including hepatic fatty acid metabolism, mitochondrial function, hepatic
gluconeogenesis, insulin secretion and the maturation of fat cells [121-123]. There are seven sirtuins
(SIRT1-SIRT7) in mammals that all share the same conserved NAD binding site and catalytic core
domain but with different N and C termini [124]. The different sirtuins have distinct functions and
subcellular distribution and expression [124]. SIRT (1, 6, and 7) are localized predominately to the
nucleus. SIRT 3, 4 and 5 contain the N terminal mitochondrial targeting sequences and reside in the
mitochondrial matrix while SIRT2 is mainly cytoplasmic [124]. The most studied sirtuins are SIRT1
(nuclear) and SIRT3 (mitochondrial). These sirtuins have specific molecular targets with SIRTI
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playing a role in several processes ranging from cell cycle regulation to energy homeostasis while
SIRT3 plays an important role in mitochondrial function [124,125].

4.2.1. SIRTI

In humans and mice, caloric restriction has been shown to reduce glucose and insulin levels and
improve insulin sensitivity [126,127]. These beneficial effects of caloric restriction appear to be
mediated by SIRTI1. SIRT1 regulates central metabolic functions such as cellular fuel metabolism,
inflammation, mitochondrial function, and liver regeneration through deacetylation of SIRT1 targets [128].
SIRT1 is upregulated during negative energy balance, as occurs during fasting and caloric restriction
and links nutritional status with metabolic homeostasis [129]. Studies have shown that SIRTI
expression in the liver is significantly decreased in an NAFLD model of rats fed a high-fat diet [130,131].
SIRTI overexpression in mice with caloric restriction protects mice from developing NAFLD [132].
Indeed SIRT1 transgenic mice exhibit several metabolic benefits that are similar to the caloric
restriction phenotype. Mice overexpressing SIRT1 are leaner and resistant to hepatic steatosis and
insulin resistance [133]. However, liver specific deletion of SIRT1 promotes hepatic steatosis [134].
It has been shown in another study that liver specific deletion of SIRT1 in mice impairs peroxisome
proliferator-activated receptor a (PPARa) signaling and decreases FAO and ketogenesis [135]. This
contributes to the high fat induced hepatic steatosis, inflammation, and ER stress in these mice [135].
SIRTI deletion in the liver impairs PPARa signaling which is involved in FAO while SIRTI
overexpression enhances PPARa activity [135]. SIRT1 appears to stimulate PPARa signaling through
deacetylation and activation of PGC-Ia [135,136]. Moreover, hepatic overexpression of the fibroblast
growth factor 21 (FGF21), a metabolic hormone predominantly produced by the liver that is involved
in FAO, in liver specific SIRTI knockout mice increases the expression of genes that regulate fatty
acid oxidation and decreases fasting-induced steatosis [134].

4.2.2. SIRT3

SIRT3 is the most studied mitochondrial sirtuin, it is a soluble protein located in the mitochondrial
matrix. Interestingly, mice lacking SIRT3 appear to be phenotypically normal under basal conditions
but show high levels of mitochondrial protein hyperacetylation [137]. Mice lacking SIRT3 are viable
and fertile, develop normally, and exhibit no significant differences in body weight, energy balance
and adaptive thermogenesis under normal physiological conditions [137]. Recent studies show that
65% of all proteins in mitochondria have at least one lysine acetylated in liver tissue of SIRT3
knockout mice [138]. Several SIRT3 targets have been identified such as long chain acyl-CoA
dehydrogenase (LCAD), an enzyme involved in the first reaction of the fatty acid oxidation spiral [139],
the mitochondrial enzyme 3-hydroxy-3-methylglutaryl CoA synthase 2 (HMGCS2) which is involved
in ketone body formation [140], and the mitochondrial enzyme acetyl-CoA synthase (AceCS) that
converts acetate to acetyl-CoA [141]. SIRT3 also regulates the acetylation levels of mitochondrial
electron transport Complex I and regulates ATP synthesis [142]. Indeed, ATP levels are reduced by
more than 50% in the heart, liver and kidney of mice lacking SIRT3 [142]. Succinate dehydrogenase
(one of complex II subunits) has been identified as a direct target of SIRT3 suggesting a role of SIRT3
in the regulation of complex II [143,144].
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SIRT3 is upregulated during nutrient distress conditions such as caloric restriction, fasting and
nutrient excess. Recent studies in SIRT3 deficient mice have demonstrated that fasting reduces fatty
acid oxidation and ATP production, and this was associated with increased hepatic TG content [139].
Fasting induces deacetylation of LCAD and increases its activity [139]. Deacetylation of this enzyme
is also induced by SIRT3 expression both in vivo and in vitro suggesting that SIRT3 modulates FAO
by controlling the acetylation levels of mitochondrial proteins. Interestingly, LCAD deficiency is
also associated with accelerated development of insulin resistance and steatohepatitis in mice [145],
attributed primarily to lipid accumulation from reduced fatty-acid oxidation [146].

Caloric restriction induces SIRT3 and reduces oxidative stress by SIRT3 mediated activation of
SOD2 [138,147]. However, caloric excess such as in obesity and chronic HFD reduces liver SIRT3
activity, impairs mitochondrial function and induces hyperacetylation of various mitochondrial
proteins [116,148]. Wild type mice fed a high-fat diet develop obesity, hyperlipidemia, type 2 diabetes
mellitus, insulin resistance, and nonalcoholic steatohepatitis [149—151]. These effects of high fat
feeding are significantly accelerated in mice lacking SIRT3 [148]. Chronic HFD reduces SIRT3
mRNA and protein levels in the liver leading to hyperacetylation of mitochondrial proteins [148,152].
The suppression of SIRT3 occurs at the transcriptional level and is primarily driven by the HFD-induced
suppression of PGC-1a, a major regulator of SIRT3 expression [153]. Overexpression of exogenous
PGC-1a is sufficient to rescue the loss of SIRT3 in HFD-fed mice [154]. A similar finding is found in
the muscle [155]. HFD feeding is also associated with increased fatty-acid oxidation and increased
mitochondrial acetyl-CoA levels, and SIRT3 expression is induced early after initiation of high-fat
feeding [148]. However, in contrast to caloric restriction or fasting-induced S/IRT3 expression, chronic
HFD feeding suppresses SIRT3 expression, increases mitochondrial protein acetylation, and ultimately
reduces fatty-acid oxidation. Interestingly, mice lacking S/R73 under HFD show accelerated
characteristics of the metabolic syndrome such as obesity, insulin resistance, hyperlipidemia and
steatohepatitis compared to WT [148].

SIRT3 also modulates oxygen consumption and ROS levels in hepatocytes [156]. SIRT3 regulates
the antioxidant capacity of the cell by directly modulating key antioxidant enzymes which act to
prevent oxidative damage. SIRT3 antioxidant effects are mediated in part by its interaction with MnSOD
and isocitrate dehydrogenase 2 (IDH2). SIRT3 deacetylates and activates isocitrate deshydrogenase 2
(IDH2), an enzyme of the tricarboxylic acid cycle which produces NADPH [157-159]. SIRT3 also
controls the acetylation and the activity of superoxide dismutase 2 (SOD2), the primary mitochondrial
antioxidant enzyme that converts O to H,0,, which is further converted to water [160]. SIRT3
directly deacetylates SOD2 in mitochondria and enhances its ability to scavenge ROS [147,161].
SIRT3™" mice exhibit decreased SOD2 activity and increased oxidative stress suggesting a role of
SIRT3 in NASH [147,161].

SIRT3™" mice subjected to methionine choline deficient diet (MCD) exhibit increased serum ALT
levels, increased hepatic content, higher expression of inflammatory and fibrogenic genes and reduced
(SOD2) activity. Conversely, overexpression of SIRT3 results in opposite effects suggesting that SIRT3
ablation aggravates MCD induced NASH while SIRT3 overexpression alleviates the MCD induced
phenotype [162].



Int. J. Mol. Sci. 2014, 15 8727

4.3. Molecular Pathways Regulating Mitochondrial Content

Mitochondrial biogenesis and mitochondrial specific autophagy (mitophagy) are two pathways that
regulate mitochondrial mass. Imbalance between mitochondrial biogenesis and mitophagy is a highly
regulated process that influences both mitochondrial and cellular homeostasis. Increasing evidence
suggests that mitochondrial biogenesis and autophagy play an important role in lipid metabolism,
insulin resistance and may therefore play a role in NAFLD [163—-165]. Several studies involve
autophagy in hepatic steatosis, however the role of specific autophagies such as mitophagy remains
unclear [163-165].

Mitochondrial biogenesis is a multistep process, requiring the coordinated transcription and
translation of both mitochondrial and nuclear-originated transcripts and recruitment of newly
synthesized proteins and lipids. The known regulators of mitochondrial biogenesis are PGC-la,
adenosine monophosphate (AMP)-activated protein kinase (AMPK), SIRT1 and SIRT3, endothelial
nitric oxide synthase (eNOS), NRFs, mitochondrial transcription factor A (TFAM). PGC-1la plays
a crucial role in the regulation of mitochondrial biogenesis by coordinating the activity NRFs and
ERRs [166]. NRF1 and NRF2 regulate the transcription of mitochondrial transcription factor A
(TFAM) and transcription factor B proteins (TFBs) which are major regulators of mitochondrial DNA
transcription and replication [167]. ERRs is also a downstream target for PGC-I/a. ERR-o is known to
regulate the transcription of nuclear genes encoding mitochondria-related factors, including those
involved in oxidative phosphorylation, fatty acid oxidation, Kreb’s cycle and mitochondrial fission and
fusion [35,166]. Moreover, expression of PGC-1a or PGC-1f in human cells deficient of complex III
or IV showed that expression of PGC-Ia or PGC-1f improves mitochondrial respiration suggesting
a major role for PGC-1a in mitochondrial biogenesis and function [168]. PGC-1a itself is the subject
of modulations through metabolic sensors such as AMPK, which senses the cellular energy demands,
and p38, which senses fluctuations in cytoplasmic calcium levels. AMPK also promotes SIRT1
activity by increasing cellular NAD" levels. SIRT1 deacetylates PGC-1a and promotes mitochondrial
content and oxidative metabolism. In addition, cytosolic calcium concentration affects mitochondrial
biogenesis through the activation of p38 mitogen-activated kinase and calcium/calmodulin-dependent
kinase (CaMK) which in turn modulate PGC-1a activity [119,120]. The increase in SIRT3 expression
is important for PGC-1a mediated induction of mitochondrial biogenesis [169,170]. SIRT3 deletion
inhibits PGC-1a-induced mitochondrial biogenesis [169]. PGC-1a is an upstream activator of SIRT3;
deletion of PGC-1a reduces the expression of SIRT3 and reduces mitochondrial biogenesis [169,171].

Mitophagy is the selective removal of damaged mitochondria by autophagosomes and their
subsequent catabolism by lysosomes [172]. Mitophagy is crucial for the maintenance of mitochondrial
content and integrity. Mitochondria undergo fission before mitophagy, supporting the separation of
healthy mitochondria from dysfunctional ones [173—175]. The most well-studied components of
fission machinery are dynamin related protein-1 (Drpl) and fission protein 1 (Fisl) [173]. Mitophagy
is triggered by loss of mitochondrial membrane potential. Various proteins have been implicated in the
regulation of mitophagy including the phosphatase and tensin homolog-induced putative kinase 1
(PINK1) and Parkin. The serine/threonine kinase PINK1 plays a central role in communicating the loss
of membrane potential to Parkin [176]. It has been shown that the recruitment of Parkin to impaired
mitochondria requires PINKI expression and its kinase activity [177,178]. The E3 ubiquitin ligase
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Parkin is predominantly cytosolic under basal conditions but rapidly translocates to mitochondria upon
loss of mitochondrial membrane potential. Parkin promotes ubiquitination of proteins in the mitochondrial
membrane which triggers the degradation of the damaged mitochondria by autophagosomes and
lysosomes. The substrates identified for parkin are voltage-dependent anion channel 1 (VDACI),
mitofusin-1 and mitofusin-2 (MFN1/2) and the mitochondrial Rho GTPases (Miro) [177,179,180].
Parkin is proposed to prevent mitochondrial fusion through mediating the degradation of MFN1 and
MFN?2, thereby segregating depolarized mitochondria from healthy mitochondria [180,181].

5. Prevention and Treatment of NAFLD

Current therapies to improve NASH include life style modification through caloric restriction
and/or exercise [182—-190]. Exercise has been shown to improve insulin resistance and liver histology
in NAFLD patients [182]. Physical activity has been shown to improve mitochondrial function in
patients with NAFLD [185]. Endurance exercise improved the impaired bioenergetics and the
structural damage induced by NASH [186]. Studies from our group have shown that exercise increases
the activity of mitochondrial fatty acid oxidation and prevents hepatic fat accumulation [190]. Moreover,
rats bred for high aerobic capacity have higher oxidative capacity and reduced hepatic fat [87].

The current pharmacological therapies used for the treatment of NASH include the use of
antioxidants such vitamin E and insulin sensitizers. Vitamin E is present at low levels in patients with
NASH and is recommended for treatment of NASH in the absence of diabetes or cirrhosis; however
some studies linked vitamin E to prostate cancer and hemorrhagic stroke [191]. Insulin sensitizers
used as a therapy for NASH include thiazolidinedione (TZDS) and metformin. Pioglitazone is a
thiazolidinedione that has been shown to improve insulin sensitivity through activation of the nuclear
peroxisome proliferator activated receptor gamma which is involved in the regulation of many genes
involved in glucose and lipid metabolism. Pioglitazone treatment is associated with improvement of
insulin resistance and liver histology but was also associated with weight gain. Metformin, a biguanide
used to treat type 2 diabetes, has been shown to improve insulin sensitivity, and liver TG content but
requires long term treatment for the prevention of the disease and was associated with weight loss. In a
recent study from our group using obese type-2 diabetic rats, aerobic exercise training was more
effective (through improvement of mitochondrial function) than metformin in the management of
NAFLD and type 2 diabetes [190,192]. Combining metformin and exercise had no significant
improvement compared to exercise alone [192]. Treatment with resveratrol, a polyphenol found in
wine and grapes, has been shown to mimic caloric restriction and prevent high fat diet induced
steatosis through regulation of key metabolic regulators of energy: SIRT1 and AMPK. The therapeutic
efficacy of resveratrol in clinical NAFLD is not yet established due to inconsistent data and variability
in the dosage, the health of the patients, and the duration of the treatment [132,193—-196]. As mentioned
above, rats fed high fat diets have impaired liver bioenergetics. Berberine, an isoquinoline alkaloid
with anti-diabetic properties, improved the effect of a high fat diet. The effect of berberine is
associated with increased SIRT3 levels and activity in the mitochondria [197]. More controlled studies
in animals and humans are required to determine the efficacy of sirtuins in the treatment of NAFLD.
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6. Conclusions

NAFLD has become a world-wide epidemic aggravated by the consistent increase in obesity over
the recent years. The development of advanced forms of NAFLD implicates factors such as FFAs,
cytokines, adipokines, mitochondrial dysfunction and oxidative stress. The interplay of these factors in
the pathogenesis of NAFLD in not completely understood. Recent findings on mechanisms regulating
mitochondrial content and function offer new potential therapeutic avenues for the treatment of NAFLD.
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