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Abstract: Fatty liver disease constitutes a spectrum of liver diseases which begin with simple steatosis and
may progress to advance stages of steatohepatitis, cirrhosis, and hepatocellular carcinoma (HCC). The two
main etiologies are—alcohol related fatty liver disease (ALD) and nonalcoholic fatty liver disease (NAFLD).
NAFLD is a global health epidemic strongly associated with modern dietary habits and life-style. It is
the second most common cause of chronic liver disease in the US after chronic hepatitis C virus (HCV)
infection. Approximately 100 million people are affected with this condition in the US alone. Excessive
intakes of calories, saturated fat and refined carbohydrates, and sedentary life style have led to explosion
of this health epidemic in developing nations as well. ALD is the third most common cause of chronic
liver disease in the US. Even though the predominant trigger for onset of steatosis is different in these two
conditions, they share common themes in progression from steatosis to the advance stages. Oxidative stress
(OS) is considered a very significant contributor to hepatocyte injury in these conditions. Mitochondrial
dysfunction contributes to this OS. Role of mitochondrial dysfunction in pathogenesis of fatty liver diseases
is emerging but far from completely understood. A better understanding is essential for more effective
preventive and therapeutic interventions. Here, we discuss the pathogenesis and therapeutic approaches of
NAFLD and ALD from a mitochondrial perspective.
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Introduction its clinical presentation too varies from steatosis to more

Nonalcoholic fatty liver disease (NAFLD) is characterized advance stages of alcoholic steatohepatitis (ASH), fibrosis,

by excessive hepatic fat accumulation (more than 5%
of hepatocytes) in the absence of significant alcohol
consumption or other secondary causes of hepatic steatosis
(1,2). It is not a single entity but a disease spectrum ranging
from simple steatosis without inflammation, to steatosis
and inflammation [nonalcoholic steatohepatitis (NASH)]
with or without fibrosis, to NASH-cirrhosis, and NASH-
related hepatocellular carcinoma (HCC) (1,3,4). ALD is
due to heavy alcohol consumption and similar to NAFLD,
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cirrhosis, and HCC (5). While, simple steatosis without
inflammation is relatively benign condition and is potentially
reversible, progression to steatohepatitis is associated with
significant risk of further progression to cirrhosis and HCC.
ASH can also present with acute hepatitis and liver failure
and hence is associated with a very high mortality. Despite,
significant global health burden posed by these conditions,
there are very limited therapeutic options. One reason

for this is lack of clear understanding of the molecular
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pathogenesis of steatosis and its progression. Oxidative
stress (OS) is considered one of the significant contributors
to hepatocellular injury in these conditions and a critical
driver of transition from steatosis to steatohepatitis (6).
Mitochondrial dysfunction is associated with NAFLD
and ALD (7). As mitochondria are the main source of
reactive oxygen species (ROS) generation inside a cell,
mitochondrial dysfunction contributes significantly to the
OS. In following sections, we examine the potential roles of
mitochondrial dysfunction in steatosis and its progression
to more advanced stages.

Mitochondria
Mitochondria and oxidative phosphorylation (OXPHOS)

Mitochondria are the “power house” of cell as it is the main
site of energy currency (ATP) production. It is a double
membranous structure. Outer mitochondrial membrane
(OMM) and inner mitochondrial membrane (IMM) are
separated by intermembranous space. Glucose and fatty
acids derived from food are oxidized inside mitochondria
via citric acid cycle and beta oxidation, respectively. The
energy stored as chemical bonds in these food constituents
are released as high energy electrons by these metabolic
pathways. These electrons are captured by nicotinamide
adenine dinucleotide (NAD) and flavin adenine dinucleotide
(FAD) leading to generation of NADH and FADH,
respectively (8). NADH and FADH, molecules donate
these high energy electrons to electron transport chain
(ETC) (9). ETC is the main site of ATP generation and is
located in the IMM. It consists of five complexes—complex
I to V. Complex I receives electron from the NADH.
Complex II accepts electrons from FADH,. Complex I
and II donate electrons to coenzyme Q (CoQ). CoQ can
freely diffuse through the IMM to complex III. Complex
IIT accepts electron from the CoQ and reduces complex
IV. Electrons are finally passed on to oxygen by complex
IV to form water. As the electron moves along this chain,
free energy is released which is used to pump protons at
complexes I, III, and IV from the mitochondrial matrix to
the intermembranous space establishing a proton gradient.
Protons diffuse along this electrochemical gradient at
complex V where energy released by the proton drive across
the IMM is used to generate ATP from ADP (Figure I).
This process of AT'P generation is also called OXPHOS.
Thus, mitochondria have critical role in energy metabolism
and its association with disorders of energy metabolism such
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as fatty liver disease appears intuitive.

Mitochondrial and cellular OS

Mitochondria are important source of reactive oxygen species
(ROS) generation inside a cell (10,11). ATP is generated by
controlled movement of electrons along the ETC from a
high energy state to low energy state in a step wise fashion.
However, a very small fraction of high energy electrons
(approximately 2%) leak from the ETC and may react
directly to oxygen generating superoxide radicals. Superoxide
radicals are the main source of ROS inside mitochondria.
Superoxide radicals are short lived and get enzymatically or
spontaneously converted to hydrogen peroxide. Hydrogen
peroxide may react with superoxide radical or undergo
Fenton reaction to produce hydroxyl radicals (12,13). In
addition, superoxide radicals can react with nitrous oxide
to generate peroxynitrite radicals (14). Peroxynitrite and
hydroxyl radicals are highly reactive and can damage
membranes, proteins, enzymes, and DNA which may result
in cellular dysfunction and death. However, mitochondria
also have a very efficient antioxidant mechanism. It consists
of superoxide dismutase which converts superoxide radicals
to hydrogen peroxide which is then converted to water by the
enzymes, peroxiredoxins and glutathione peroxidase. Thus,
the production of toxic hydroxyl and peroxynitrite radicals
is minimized. This system is very effective and scavenges
most of the ROS produced locally in the mitochondria.
Mitochondria also play significant role in scavenging
ROS from other cellular sources such as peroxisomes.
ETC dysfunction may result in excessive electron leak
and thus excessive ROS generation and cellular injury. An
overproduction of ROS which exceeds cellular antioxidant
defense results in damage of cellular macromolecules
and alters cellular functions and viability. This is called
OS (15). OS is considered the most crucial mechanism
of hepatocellular injury in NASH (16). However, ROS is
not always toxic. It has important intracellular messenger
functions (17). Mitochondria play crucial role in maintenance
of physiological level of ROS and redox hemostasis inside
cells. Alterations in the redox status changes intracellular
signaling and leads to metabolic reprogramming resulting in
increased fat synthesis and storage (18).

Mitochondria and cell death

Pathophysiological mechanism of apoptosis consists of
activation of a group of proteases called caspases (19).
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Figure 1 Diagrammatic representation of the role of mitochondria in energy metabolism inside cell. Energy stored in food constituents are

captured by NAD and FAD. The high energy electrons are then transferred to ETC where it gradually moves from high energy state to low

energy state. The energy released in this process is harnessed to propel protons across the IMM creating a proton gradient across the IMM.

Protons then diffuse along its concentration gradient at V. The energy released in this process is harnessed to generated ATP from ADP. I,
Complex I; II, Complex II; III, Complex III, IV, Complex IV; V, Complex V; CoQ, Coenzyme Q; ETC, electron transport chain; FAD,

flavin adenine dinucleotide; IMM, inner mitochondrial membrane; NAD, nicotinamide adenine dinucleotide; OMM, outer mitochondrial

membrane; T'CA, tricarboxylic acid.

Caspases cause demolition of numerous cellular substrates
leading to cell death. Apoptosis can be initiated by intrinsic
and extrinsic pathways (19,20). Apoptosis by intrinsic
pathway can be initiated by different stimuli such as DNA
damage and ROS mediated cellular injury. The ultimate
outcome of these stimuli is mitochondrial outer membrane
permeabilization (MOMP) and release of proapoptotic
factors such as cytochrome ¢ and apoptosis inducing
factor (AIF) from the mitochondrial intermembranous
space to the cytoplasm. Cytochrome c activates a cascade
of reactions in the cytoplasm leading to caspase 3 (an
executioner caspase) activation resulting in apoptosis (21).
AIF localizes to nucleus and causes DNA fragmentation (22).
Extrinsic pathway is initiated by binding of death signals
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to extracellular receptors such as Fas and TNF-related
apoptosis inducing ligand (TRAIL) resulting in activation
of an intracellular pathway leading to caspase 8 activation.
Caspase 8 initiates apoptosis by several mechanisms
including activation of caspase 3, and MOMP. Apoptosis
is coordinated and energy dependent process. However,
necrosis is result of energy failure. Excessive ROS injury and
intramitochondrial calcium accumulation lead to creation
of mitochondrial permeability transition pores (MPTP) in
IMM which causes collapse of mitochondrial membrane
potential, ATP depletion, mitochondrial swelling, and rapid
cell death (necrosis) (23). Mitochondria play significant
role in hepatocellular apoptosis and necrosis in fatty liver
diseases.
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Figure 2 Origins of hepatic fat in nonalcoholic fatty liver disease.

Mitochondrial biogenesis

Mitochondria have their own DNA. However, mitochondrial
DNA encodes for only a few components of the ETC and
mitochondrial t-RNAs. Rest of the ET'C and mitochondrial
translational machinery, and other mitochondrial constituents
are nuclear gene derived. Hence, mitochondrial biogenesis
requires concomitant and coordinated expression of
nuclear and mitochondrial genes. Peroxisome proliferator-
activated receptor gamma coactivator-la (PGC-1a) is
a key transcriptional activator and master regulator of
mitochondrial biogenesis (24,25). It regulates the process
of mitochondrial biogenesis by activating several other
transcription factors involved in nuclear and mitochondrial
gene expression (26). The activation of transcription factors,
nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2),
leads to induction of mitochondrial transcription factor A
(TFAM) (27). TFAM directly interacts with mitochondrial
genome along with mitochondrial transcription factors
leading to mitochondrial gene transcription (28). Moreover,
PGC-1a promotes mitochondrial fatty acid oxidation by
functioning as co-activator of peroxisome proliferator-
activated receptor o and & (PPARa and PPARS), which
leads to expression of mitochondrial beta fatty oxidation
genes (29). Thus, PGC-1a activation leads to increased
mitochondrial mass and substrate oxidation. Mitochondrial
biogenesis is physiological response to increased energy
demand which results in increased AMP: ADP/ATP
and NAD+: NADH ratios (30). PGCla activation can
be caused by elevated AMP mediated by AMP activated
protein kinase (AMPK), and increased NAD+ mediated by
Sirtuin-1 pathways (30-32). Moreover, PGC-1a activation
leads to reduced cellular OS by enhanced expression of
mitochondrial antioxidant enzymes such as superoxide
dismutase (33). These properties of PGC-1o makes it an
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important therapeutic target for efficient substrate handling
in fatty liver diseases. Mitochondria are source and victim
of OS in fatty liver disease. Damaged mitochondria are
removed by a specialized autophagy called mitophagy and
replaced by mitochondrial biogenesis (34). An abnormal
mitophagy or impaired biogenesis leads to gradual
accumulation of damaged mitochondria and depletion
of healthy mitochondria thus increasing the OS and
cellular dysfunction ultimately leading to cell death (35).
Impairment of mitophagy and mitochondrial biogenesis
plays significant role in hepatocyte injury in fatty liver
diseases.

Pathogenesis of fatty liver disease
Hepatic fat accumulation in NAFLD

Excessive free fatty acid (FFA) accumulation in NAFLD
is the result of increased FFA availability to hepatocytes
beyond its capacity of FFA removal by oxidation or export
in lipoprotein particles. The origins of FFA in hepatocytes
in NAFLD are shown in Figure 2 (36).

Adipose tissue in NAFLD

Adipose tissue lipolysis is the primary driver of hepatic fat
accumulation as approximately 60% of liver fat in NAFLD
is adipose tissue derived. NAFLD is usually associated
with surplus nutrition, obesity, and insulin resistance (IR).
Adipose tissue is the reservoir for excess fat. However,
adipose tissue is not merely a fat storage tissue but also an
endocrine organ. It modulates metabolism by secreting
adipokines (37). Hypertrophied and stressed adipocytes in
NAFLD have disturbed adipokine secretory pattern. There
is increase in secretion of proinflammatory adipokines
such as leptin and resistin, while decrease in adiponectin.
Adiponectin is an anti-inflammatory adipokine and an
insulin sensitizer. In addition, local hypoxia due to adipose
tissue hypertrophy and adipocyte OS due to excessive
ETC activity to compensate for excessive fatty acid
import in adipocytes leads to adipose tissue inflammation
and infiltration by macrophages (38,39). Macrophages
secrete proinflammatory mediators such as interleukin-6
(IL-6) and tumor necrosis factor a (TNF-a). Thus, the
imbalance between pro- and anti-inflammatory cytokines
and adipokines results in local and systemic inflammation.
The overall effect of altered adipokine milieu is chronic
inflammation leading to IR. IR in adipose tissue leads to
increased hormone sensitive lipase activity and lipolysis
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Figure 3 Primary pathway for alcohol metabolism in the
hepatocytes. ADH, alcohol dehydrogenase; ALDH?2, aldehyde
dehydrogenase 2.

resulting in increased plasma FFA. This excessive FFA is
shunted to liver.

De novo lipogenesis

IR in peripheral tissues such as skeletal muscles leads to
chronic hyperglycemia and hyperinsulinemia. IR in liver
lags behind other tissues. Thus, liver is exposed to high
concentrations of glucose and insulin. Hyperinsulinemia
leads to increased de movo fat synthesis in liver by
activation of the transcription factor, sterol regulatory
binding protein-lc (SREBP-1c) (40). High glucose on
the other hand stimulates lipogenesis by activation of the
transcription factor, carbohydrate response element binding
protein (ChREBP) (40). Progression of IR to hepatic level
leads to increased hepatic gluconeogenesis and decreased
glycogen synthesis. The increased hepatic glucose acts in
concert with the extrahepatic glucose to activate ChREBP,
thus contributing to lipogenesis.

Dietary factors

Dietary fatty acids account for about 15% of hepatic fat.
Apart from dietary fat content, dietary fat composition
is an important determinant of hepatic steatosis. High
cholesterol stimulates hepatic lipogenesis by activation of
SREBP-1c. Trans fatty acids which are often present in
fast foods may increase lipogenesis by activating SREBP-
lc (41). Polyunsaturated fatty acids suppress SREBP-1c and
thus inhibit hepatic lipogenesis (42). In addition, chronic
fructose intake induces hepatic lipogenesis by activating

both SREBP-1c, and ChREBP (43).

Hepatic fat accumulation in ALD

Alcohol (ethanol) is primarily metabolized in liver. In
hepatocytes the main pathway for alcohol metabolism
is shown in the Figure 3. Alcohol is mainly metabolized
by alcohol dehydrogenase (ADH) to acetaldehyde in the
cytoplasm. Acetaldehyde is a toxic molecule and highly
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reactive. It can damage protein, nucleic acids, and lipids
inside cell. It is rapidly metabolized to acetaldehyde by
aldehyde dehydrogenase 2 (ALDH?2) inside mitochondria.
Both these reactions generate NADH from the NAD+
molecules thus increasing the NADH/NAD+ ratio inside
cell. This changed redox status favors fatty acid synthesis
and results in steatosis. In addition, alcohol oxidation
also exacerbates lipogenesis by activating SREBP-1c (44).
Acetaldehyde contributes to lipogenesis by inactivating
PPARa and thus inhibiting fatty acid oxidation (45).
Chronic alcohol intake is associated with enhanced lipolysis
and loss of adipose tissue mass. This enhanced flux of
FFAs in liver from the adipose tissue further contributes to
steatosis (46).

Progression from simple steatosis to advance stages

FFA is toxic to hepatocytes and can induce hepatocyte
apoptosis by several mechanisms. It can induce hepatocyte
apoptosis by both extrinsic and intrinsic pathways. FFA
activates cytochrome P450 2E1 (CYP2E1) and NADPH
oxidase (NOX) 4 in liver (47,48). Both are oxidizing
enzymes and generate free radicals. This increases OS inside
hepatocyte leading to MPTP formation and hepatocyte
apoptosis by release of cytochrome c in cytoplasm. FFA
also induces transcription of proapoptotic proteins leading
to MOMP. FFA and free radicals can induce endoplasmic
reticulum (ER) stress and release of calcium in cytoplasm
which can lead to apoptosis by activation of caspases (49).
ER is closely associated with mitochondria and release
of calcium at the ER-mitochondrial junction may cause
increased intramitochondrial calcium and MPTP formation
leading to necrosis. FFA is also toxic to lysosomes. It
induces pore formation at lysosomal membrane by
translocation of pore forming protein, BAX, from cytoplasm
to the lysosomal membrane. Subsequently, a protease
Cathepsin B is released in cytoplasm leading to activation of
mitochondrial intrinsic apoptosis pathway by MOMP (50).
Finally, extracellular FFA induces apoptosis by extrinsic
pathway by binding to extracellular receptors involved
in extrinsic apoptosis. This leads to caspase 8 activation
inside hepatocyte. Caspase 8 initiates apoptosis by several
mechanisms including activation of caspase 3, and induction
of MOMP (51). Thus, FFA can exert its toxic effects by
several mechanisms culminating in hepatocyte death. This
is also called lipotoxicity or lipoapoptosis (52). However,
storage of FFA as triglyceride (T'G) is protective as T'G does
not exert cellular damage. Hence, simple steatosis in fatty
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liver disease is considered a benign adaptive manifestation.
However, when the adaptive mechanisms to contain
FFA (increased mitochondrial oxidation and export from
hepatocyte as lipoproteins) are overwhelmed, hepatocyte
necroptosis, hepatic inflammation, and fibrosis ensue. Not
all simple steatosis progress to steatohepatitis, and simple
steatosis is not always a prerequisite for NASH. Genetic
risk factors are considered crucial in progression of steatosis

to NASH (53,54).

Hepatic inflammation (steatohepatitis)

Liver inflammation and its consequences, apoptosis and
fibrosis are the main determinants of poor prognosis in
fatty liver diseases. NAFLD is associated with adipose
tissue dysfunction as mentioned above. There is increased
secretion of proinflammatory adipokines and decreased
anti-inflammatory adipokines from the adipose tissue. The
proinflammatory cytokines such as TNF-o and IL-6 act on
hepatic parenchyma and promote hepatic inflammation.
Gut is another source of proinflammatory materials in
NAFLD (55). NAFLD is usually associated with high
calorie diet rich in saturated fat and fructose. Saturated
fat and fructose impair intestinal motility and disrupt
intestinal mucosal barrier leading to increased release of
proinflammatory dietary constituents such as FFA and
fructose in circulation. In addition, intestinal dysmotility
promotes dysbiosis and overgrowth of harmful bacteria.
There is increased release of lipopolysaccharide (LPS)
from gram negative bacterial wall to the circulation. LPS
activates toll like receptor 4 (TLR4) on Kuppfer cells in
hepatic sinusoids leading to secretion of proinflammatory
cytokines such as IL6, IL8, and transforming growth factor
B (TGF-B) by Kuppfer cells, thus further promoting hepatic
inflammation (56). Similar to NAFLD, there is gut bacterial
overgrowth and dysbiosis in ALD (57). There is increased
gut permeability for bacteria and consequent translocation
to hepatic parenchyma leading to hepatic inflammation as
described above. Chronic hepatic inflammation mediates
hepatic insulin resistance and aggravates OS. OS is the main
mechanism of hepatocyte injury and apoptosis in NASH (58).

Hepatic fibrosis and HCC

Hepatic fibrosis is due to chronic liver inflammation and
hepatocyte injury. Proinflammatory cytokines particularly
TGF-B secreted by Kuppfer cells activate hepatic stellate
cells (HSC) which are normally quiescent cells residing in
perisinusoidal spaces (59). Once activated, they undergo
proliferation and secrete collagen causing hepatic fibrosis.
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Progressive hepatocyte loss leads to activation of progenitor
cells. Cirrhosis is end stage liver disease characterized
by replacement of much of the hepatic parenchyma by
fibrotic bands separated by regenerating nodules (60,61).
Uncontrolled expansion of progenitor cells also predispose
to HCC. However, HCC may develop with or without
cirrhosis (62-64).

Role of mitochondria in pathogenesis of fatty
liver diseases

OS is the main mechanism of hepatocellular injury and
resulting hepatic inflammation and fibrosis in NAFLD and
ALD (6,7,16,44). Mitochondrial dysfunction is the main
contributor of OS and hence mitochondria play critical role
in pathogenesis.

In NAFLD, there is increased flux of fatty acids in
hepatocytes which leads to increased mitochondrial fatty
acid import and oxidation. There is increased generation
of NADH and FADH, via fatty acid oxidation and
tricarboxylic acid cycle. These molecules donate electrons
to ETC where ATP is generated. However, a very small
fraction of high energy electrons (approximately 2%) leak
from the ETC and may react directly to oxygen generating
superoxide radicals which are the main source of ROS
inside mitochondria. Thus there is increased production
of ROS inside mitochondria which overwhelms the
antioxidant systems culminating in OS. ROS is damaging
to the mitochondrial membrane and mitochondrial
DNA. ETC constituents are damaged by free radicals
resulting in decline in ATP formation and enhanced leak
of electrons from ETC leading to further increase in ROS
generation creating a vicious cycle. OS is directly related
to pathogenesis of hepatocyte death, hepatic inflammation,
and fibrosis (16,58).

ROS is proinflammatory as they can activate nuclear
factor-kB (NF-kB) and nucleotide-binding oligomerization
domain-like receptor family, pyrin domain-containing
3 (NLRP3) inflammasome to stimulate production of
inflammatory cytokines such as IL-1p, IL-6, and TNF-a (65).
Thus, peripheral blood monocytes and other immune
mediator cells are recruited to hepatic parenchyma resulting
in hepatic inflammation and further potentiation of the
OS (66-68). ROS damage mitochondrial membranes and
may result in MPTP formation with consequent release
of mtDNA in cytoplasm which acts as danger associated
molecular pattern (DAMP) and may activate NLRP3
inflammasome with consequent maturation of the cytokine,
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Figure 4 Schematic representation of the role of mitochondria in pathogenesis of NAFLD. There is excessive electron leak from the
electron transport chain in NAFLD leading to excessive ROS and oxidative stress. The ROS activates inflammatory pathways via NF- «B
and NLRP3 pathways. The inflammatory cytokines activate Kuppfer cells in sinusoids. Mitochondrial oxidative stress also leads to MPTP
formation and release of mtDNA in cytoplasm and activation of apoptosis/necrosis machinery. mtDNA activates NLRP3 inflammasome
leading to maturation of the cytokine, IL-1B. mtDNA released after hepatocyte necrosis activates TLR9 on Kuppfer cells. Activated
Kuppfer cells produce inflammatory cytokines and activate HSC. HSC are fibrogenic. Persistent HSC activation leads to hepatic fibrosis.
The inflammatory cytokines released from hepatocytes, and innate immune cells lead to hepatic inflammation, perpetuation of oxidative
stress and hepatocyte necroptosis. Loss of hepatocytes, progressive fibrosis, and regenerating nodules from progenitor cell proliferation
results in cirrhosis. Uncontrolled proliferation of progenitor cells predisposes to hepatocellular carcinoma. NAFLD, nonalcoholic fatty liver
disease; IL, interleukin; HSC, hepatic stellate cells; mtDNA, mitochondrial DNA; NF-kB, nuclear factor-Kb; NLRP3, nucleotide-binding
oligomerization domain-like receptor family, pyrin domain-containing 3; ROS, reactive oxygen species; TGF-p, transforming growth

factor-p; TNF-o, tumor necrosis factor-a.

IL-1p and perpetuation of inflammation (69). These
proinflammatory cytokines also activate Kuppfer cells which
then release proinflammatory cytokines potentiating the
hepatic inflammation. MPTP formation leads to hepatocyte
necrosis and extracellular release of mitochondrial
components such as mitochondrial DNA and N-formyl
peptide which trigger activation of toll like receptor 9
(TLRY) and formyl peptide receptor 1 (FPR1) on immune
mediator cells perpetuating inflammation (70-72). In
addition, proinflammatory cytokines induce hepatocyte
apoptosis by activating hepatocyte death receptors such as

© Translational Gastroenterology and Hepatology. All rights reserved.

Fas and TRAIL (73). Thus, mitochondrial dysfunction is the
primary driver of hepatic inflammation and hepatocellular
necroptosis. The proinflammatory cytokines secreted by
hepatocyte and Kuppfer cells, particularly TGF-f activate
HSC resulting in hepatic fibrosis. Figure 4 outlines the role
of mitochondrial dysfunction in NAFLD.

Mitochondrial dysfunction also plays crucial role in
pathogenesis of hepatocyte injury in ALD. Apart from
the cytosolic ADH, ethanol is oxidized to acetaldehyde by
cytochrome P450 2E1 (CYP2El) in smooth ER. CYP2E1
is an inducible enzyme and its levels are elevated by chronic
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alcohol consumption. CYP2E1 induction leads to increased
production of ROS such as hydroxyethyl and hydroxyl
radicals leading to cellular OS (47). Moreover, the altered
redox status by increased NADH/NAD+ ratio in ALD leads
to enhanced formation of ferrous iron from ferric iron.
Ferrous iron can undergo Fenton reaction to generate very
reactive hydroxyl radicals from hydrogen peroxide. Thus,
there is increased generation of ROS in hepatocytes in ALD
which damages mitochondrial DNA and the ETC among
other cellular constituents leading to mitochondrial DNA
deletion and mitochondrial dysfunction (74,75). An alcohol
binge causes massive deletions in mice mitochondrial
DNA (75). The damaged mitochondria are removed
by mitophagy and replaced with healthy mitochondria
by mitochondrial biogenesis. However, chronic alcohol
consumption may lead to accumulation of mitochondrial
damage and gradual depletion of mitochondria leading
to mitochondrial dysfunction (75,76). Mitochondrial
dysfunction will further accelerate ROS generation and a
vicious cycle is created. Moreover, acetaldehyde itself has
proinflammatory and fibrogenic properties and is a potent
mediator of chronic hepatic inflammation and fibrosis in
ALD (77). Acetaldehyde produced from ethanol in gut
mucosa damages gut barrier leading to increased LPS
release in portal circulation and consequently hepatic
Kuppfer cells activation (77,78).

Loss of hepatocytes leads to compensatory proliferation
of progenitor cells leading to regenerating nodules
separated by fibrotic bands characteristic of cirrhosis.
Proliferation of progenitor cells in the environment
of chronic inflammation and OS puts them at risk of
accumulating nuclear and mitochondrial mutations and
consequent malignant transformation to HCC. In addition,
there is activation of pro-oncogenic pathways such as c-Jun-
N-terminal kinase (JNK), signal transducer and activator
of transcription 3 (STAT3), and Janus kinase 2 (JAK2)
pathways by the proinflammatory cytokines resulting in
malignant transformation of hepatocytes (73,79).

Therapeutic implications
NAFLD

NAFLD is a global health epidemic and major cause of
mortality and morbidity worldwide. However, currently
there are no FDA approved medications for NAFLD/
NASH. However, better understanding of molecular
pathways of NAFLD pathogenesis has led to development
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of novel but currently investigational medications. As it is a
lifestyle disease, it is not surprising that lifestyle modification
is the mainstay of treatment (80). Life style modifications
consist of dietary changes, exercise, and weigh loss.

Dietary changes
NAFLD is associated with hypercaloric diet rich in
saturated fat, cholesterol, and refined carbohydrates. High
fructose intake from excessive soft drink consumption and
trans fat consumption from processed and fast foods further
increases the risk of developing NAFLD (41,42). Hence,
dietary changes along with calorie restriction and weight
loss is cornerstone of NAFLD therapy. A “high quality
healthy diet” low in saturated fat, rich in monounsaturated
fatty acid (MUFA) and poly unsaturated fatty acid (PUFA),
and complex carbohydrates is recommended (81,82).
Mediterranean diet contains high proportions of vegetables,
fruit, nuts, olive oil, fish, and low proportions of red meat,
processed food, and refined sugar. Even though it is high
in fat, it is rich in antioxidative and anti-inflammatory
ingredients and hence is the recommended diet for
NAFLD (83,84). Olive oil is rich in monounsaturated fat
while fish is rich in polyunsaturated fats, both beneficial
for NAFLD. However, consumption of wine associated
with Mediterranean diet should be only in moderation and
individualized according to the severity of NASH. It might
be altogether avoided for advance stages of NASH. In
addition, a reduction or elimination of processed red meat,
processed food rich in fructose, and high fructose soft drinks
is recommended. Coffee drinking has favorable outcome on
NAFLD. Consumption of coffee is associated with reduced
risk of HCC in the setting of NASH (85). Following are the
general recommendations based on current evidence (83).
However, direct cause to effect relation for most of these
is lacking and high quality future research is needed to
substantiate.
% Follow a plant-based diet containing legumes,
vegetables, and fruits which is rich in antioxidant
and anti-inflammatory ingredients such as a
Mediterranean diet.
% Avoid highly processed foods and soft drinks rich in

°,
o’

fructose or high fructose corn syrup. Instead, replace
processed and fast food, sweets, and commercial
bakery products with whole grain and unprocessed
food rich in complex carbohydrates and fiber.

% Increase consumption of PUFA and MUFA from
fish, extra virgin olive oil etc. Among PUFAs, o-3
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PUFA (found in fish oil, flaxseed, and chia seed) are
more beneficial, whereas ©-6 PUFA (found in canola
oil, corn oil, sunflower oil) has proinflammatory
properties. Hence, a higher intake of -3 PUFAs
and maintaining the ®-6: -3 intake ratio close to 1:1
is recommended (86,87).

% Avoid excess alcohol consumption (>30 g/day for
men and >20 g/day for women) (83,88).

Weight loss

Although dietary changes are vital to stop the progression
of NAFLD, a hypocaloric diet leading to weight loss is
essential for improvement in NASH. A weight loss of 10%
or more has been associated with significant improvement
in liver fibrosis and inflammation in NASH (89). Hence, a
weight loss of 7-10% is recommended (80,81). Weight loss
should be gradual and can be achieved by a combination
of hypocaloric diet and exercise. However, for individuals
with body mass index (BMI) of 35 or more, bariatric
surgery should be considered when lifestyle interventions
have failed to achieve desired outcome. After achievement
of weight reduction, maintenance of reduced weight is
vital. Behavioral intervention programs may be helpful
in promoting healthy life style and prevention of weight
regain (90). Hypocaloric diet not only prevents weight
gain but also has other beneficial effects. It leads to
mitochondrial biogenesis and alleviation of systemic
inflammation and increases insulin sensitivity. The main
molecular pathways affected by calorie restriction are:

% Sirtuin pathway: sirtuins (1 and 3) are deacetylase
regulated by cellular NAD+ level. Calorie restriction
leads to decline in NADH and consequent increased
NAD-+ level. An increase in NAD+/NADH ratio
leads to increased sirtuinl. Sirtuinl is important
regulator of various intracellular processes. Increased
sirtuin expression leads to increase in PGCla and
hence increase in mitochondrial biogenesis and
mitochondrial fat oxidation, and reduction in OS (91).
Resveratrol (found in blueberry, red grape, dark
chocolate) is a SIRTI (gene for sirtuinl) activator.
It has been found to improve insulin resistance
associated with NAFLD (92,93). Although, the
evidence is lacking in humans, it has been found to
ameliorate liver fibrosis and inflammation in mouse
model of NASH (94).

% AMP-activated protein kinase (AMPK) pathway—
AMPK acts as energy sensor and is activated by
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increase in AMP/ADP or AMP/ATP ratio. AMPK
attempts to restore energy homeostasis by inhibiting
energy consuming anabolic pathways such as lipid
synthesis. In addition, it increases mitochondrial
function by activation of PGCla resulting in
increased mitochondrial biogenesis, fat oxidation,
and anti-oxidative defense. Calorie restriction leads
to increase in AMP/ATP ratio and hence activation
of AMPK (95). Thiazolidinediones are antidiabetic
medications which increase insulin sensitivity in
skeletal muscle by AMPK activation (96,97). In
PIVENS trial, pioglitazone (a thiazolidinedione)
was associated with improvement in hepatic
inflammation and steatosis, but not in fibrosis (98).
It may be considered for individuals with type 2
diabetes.

Physical activity and exercise

Sedentary life style is another independent risk factor for
NAFLD. Sedentary behaviors such as excessive television
watching, prolonged hours working on computer etc.
increase the risk of NAFLD. Exercise, on the other hand is
beneficial. Similar to calorie restriction, exercise activates
AMPK and sirtuin pathways by increasing AMP/ATP and
NAD+/NADH ratios, respectively. Thus, mitochondrial fat
oxidation is augmented and there is reduction in OS.

Antioxidant therapies

OS is important contributor to the pathogenesis of
NAFLD. Role of antioxidant therapies, both natural and
artificial, is being explored in the treatment of NAFLD.
Vitamin E has been found to be beneficial in NAFLD. It
showed improvement in hepatic inflammation and steatosis,
but not in fibrosis in PIVENS trial (98). Role of more
potent mitochondria targeted antioxidants such as MitoQ
(mitochondria targeted ubiquinone) are currently being
explored as potential therapeutic agents (clinicaltrials.gov
ID: NCT01167088).

Other experimental therapies

Currently there is no approved medication for NAFLD.
However, few medications are under trial (Tzble I). These
medications target mitochondrial fatty acid oxidation
and apoptosis pathways. Interestingly, mitotherapy which
consists of intravenous infusion of healthy mitochondria
has been tried in mice model of NAFLD and was found to
be associated with reduced lipid accumulation and OS in
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Table 1 Clinical trials in nonalcoholic fatty liver disease
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Drug Class

Mechanism of action

Study information

Elafibranor PPAR- a/5 agonist

Saroglitazar PPAR- a/y agonist

Increased mitochondrial fatty acid oxidation, enhanced
OXPHOS, decreased activation of Kupffer cells in liver

Increased mitochondrial fatty acid oxidation, enhanced
OXPHOS, improved insulin sensitivity in adipose tissue,

clinicaltrials.gov ID:
NCT02704403

clinicaltrials.gov ID:
NCT03061721

decreased flux of fatty acids from adipose tissue to liver

IVA 337 Pan-PPAR agonist

Increased mitochondrial fatty acid oxidation, enhanced
OXPHOS, decreased activation of Kupffer cells in liver,

clinicaltrials.gov ID:
03459079

enhanced adipose tissue insulin sensitivity, decrease flux of
fatty acids from adipose tissue to liver

Emricasan Caspase inhibitor

and fibrosis

Inhibits hepatocyte apoptosis and thus mitigates inflammation

clinicaltrials.gov ID:
NCT03205345

PPAR, peroxisomal proliferator-activated receptor; OXPHOS, oxidative phosphorylation.

hepatocytes and hepatocyte function was restored (99).

ALD

Abstinence from alcohol is the main treatment for all forms
of ALD. Apart from this, anti-inflammatory medications
such as steroids and infliximab (anti TNF-o antibody) are
used in ALD. Given the role of OS in pathogenesis of ALD,
several antioxidants have been tried either as monotherapy
or in combination with steroids but no significant benefit
was demonstrated (100,101). However, replenishment of
hepatic reduced glutathione (GSH) store by its precursors
N-acetyl cysteine (NAC) and S-adenosylmethionine (SAMe)
were found to be of some benefit when combined with
steroid (102,103). Although, NAC and SAMe increase
cytosolic glutathione concentration their import in
mitochondria is inhibited by increased intramitochondrial
cholesterol associated with ALD. Hence, a mitochondria
permeable form of GSH, GSH-ethyl ester was tried and
was found to be beneficial (104). Mitochondria targeted
antioxidants such as MitoQ and redox nanoparticles are
promising therapeutic candidates (105).

Future considerations

NAFLD and ALD are major global health problems.
Current therapy is mainly preventive and effective only
when implemented in early stages. However, there is lack
of non-invasive biomarkers to assess the risk of progression
to life threatening complications. These conditions are
associated with OS not only in the liver parenchyma but
also systemic inflammation and OS. Peripheral blood cells

© Translational Gastroenterology and Hepatology. All rights reserved.

contribute to this systemic inflammation and show signs
of OS and bioenergetic crisis (106). Thus, assessment of
peripheral blood bioenergetic health may be an effective
way to assess the systemic OS and may serve as a useful
diagnostic and prognostic tool (107).

Better understanding of the molecular pathogenesis is
essential for effective therapy. Mitochondrial dysfunction
has emerged as one of critical mediator of hepatocyte injury
in these conditions. Targeting mitochondria by diet, other
lifestyle interventions, and medications provides a unique
perspective for approaching these major health conditions
and further research is urgently needed.
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