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Mitochondria and Redox Signaling in Steatohepatitis
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Abstract

Alcoholic and nonalcoholic fatty liver diseases are potentially pathological conditions that can progress to
steatohepatitis, fibrosis, and cirrhosis. These conditions affect millions of people throughout the world in part
through poor lifestyle choices of excess alcohol consumption, overnutrition, and lack of regular physical activity.
Abnormal mitochondrial and cellular redox homeostasis has been documented in steatohepatitis and results in
alterations of multiple redox-sensitive signaling cascades. Ultimately, these changes in signaling lead to altered
enzyme function and transcriptional activities of proteins critical to mitochondrial and cellular function. In this
article, we review the current hypotheses linking mitochondrial redox state to the overall pathophysiology of
alcoholic and nonalcoholic steatohepatitis and briefly discuss the current therapeutic options under investiga-
tion. Antioxid. Redox Signal. 15, 485–504.

Introduction

The mitochondrion has historically been described as
the powerhouse of the cell through the aerobic metabo-

lism of acetyl-CoA by the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation to produce adenosine triphos-
phate (ATP). With the dramatic increase in metabolic disor-
ders such as obesity, the metabolic syndrome, and fatty liver
disease (FLD) in Westernized societies, recent emphasis has
been placed on examining the role of mitochondrial dys-
function in these disorders. To date, numerous reports have
implicated hepatic mitochondrial dysfunction in the patho-
genesis of FLD, which has a histological spectrum ranging
from simple steatosis to steatohepatitis, advanced fibrosis,
and cirrhosis.

A major role of mitochondria is to maintain cellular ho-
meostasis through maintenance of oxidation–reduction (re-
dox) balance. Redox reactions lie at the heart of cellular
physiology, as a integral part of the production of ATP and
signaling the overall energy state of the cell. Small changes in
the mitochondrial redox state alters energy homeostasis and
the function of many enzymes whose activities are under re-
dox control. However, our knowledge of the cellular and
tissue-specific mitochondrial redox state and its role in the
initiation and progression of metabolic disorders is still in-
complete. This limited understanding of mitochondrial ener-
getics has led to lack of progress in development of
appropriate therapeutics for these disorders (213), making a

more complete understanding of mitochondrial energetics
within FLD critical.

FLD is currently the most common liver disorder affecting
the United States and world population with an estimated
prevalence of 35% among Americans (111, 149) and can be
classified into alcoholic liver disease and nonalcoholic fatty
liver disease (NAFLD). Steatohepatitis represents the pro-
gression of simple hepatic steatosis to a histopathology dis-
playing increased inflammation, fibrosis, and cell death.
Alcoholic steatohepatitis (ASH) has a prevalence of 2% in the
general population, whereas nonalcoholic steatohepatitis
(NASH) has a prevalence of 3%, increasing with other co-
morbidities, such as obesity, insulin resistance, type 2 diabe-
tes, dyslipidemia, and cardiovascular disease (CVD) (5, 123,
232). These estimates are complicated by the lack of an ac-
cepted noninvasive diagnostic technique for steatohepatitis
(51, 149), raising the possibility for an even greater prevalence
in the general population. NAFLD is considered an inde-
pendent risk factor for CVD (7, 181, 205), and is associated
with increased mortality (49, 150). Perhaps more importantly,
the presence of steatohepatitis drastically increases the like-
lihood of disease progression to more pathological, and per-
haps irreversible, liver diseases such as fibrosis, cirrhosis, liver
failure, and hepatocarcinoma (5, 123).

In this review, we examine the current hypotheses impli-
cating mitochondrial redox state in the pathophysiology of
ASH and NASH, and the current therapeutic options under
investigation.
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Hepatic Mitochondrial Biochemistry

Hepatic mitochondrial physiology

Mitochondrial function is critical to cellular physiology as
mitochondria play an important role in energy supply, fat and
glucose metabolism, antioxidant defense, Ca2 + homeostasis,
and apoptosis. A brief description of cellular and mitochon-
drial physiology in the liver will follow, with special emphasis
on the redox machinery and reactive oxygen species (ROS)
production capabilities within the hepatocyte.

Carbohydrate metabolism

The liver represents a major site of glucose uptake and
storage and the major site for insulin clearance. Under normal
insulin-sensitive conditions, insulin inhibits glycogenolysis
and gluconeogenesis by the liver, resulting in suppressed
glucose production. However, FLD is often associated with
hepatic insulin resistance in which the most common feature
is the inability of insulin to cease hepatic glucose production
(52).

During episodes of elevated plasma insulin and glucose,
the liver metabolizes glucose in four primary pathways: (i)
ATP production through glycolysis/TCA cycle/oxidative
phosphorylation, (ii) ketogenesis, (iii) glycogen storage, and
(iv) de novo lipogenesis of free fatty acids (FFAs), which ap-
pears to play a role in both ASH and NASH (207). Under
normal physiological conditions, insulin initiates a transient
prolipogenic state in hepatocytes to store the excess glucose as
FFAs and triacylglycerols (TAGs), primarily through activa-
tion of the sterol regulatory element binding protein-1c
(SREBP-1c) pathway. SREBP-1c activation results in increased
transcription of several enzymes directly related to fatty acid
synthesis/storage (acetyl-CoA carboxylase [ACC], fatty acid
synthase, glyceraldehyde-3-phosphate acyltransferase, dia-
cylglycerol acyltransferase), as well as upregulating SREBP-1c
expression and additional transcription factors (peroxisome
proliferator-activated receptor-c [PPARc], liver X receptor,
and cyclic adenosine monophosphate response element
binding protein) that can modulate the prolipogenic envi-
ronment. Considerable evidence implicates these transcrip-
tion factors in the presence of excess hepatic lipid in rodent
models of both disease states (72, 96, 131, 167, 191, 210, 227).
Recently, our group has reported elevated levels of several of
these enzymes and transcription factors in a rodent model
that spontaneously develops NASH (173, 175). Importantly,
human stable isotope studies have documented the involve-
ment of increased de novo lipogenesis in the development of
FLD (46, 47).

Lipid metabolism

Hepatic b-oxidation fuels gluconeogenesis and the syn-
thesis of ketone bodies, 3-hydroxybutyrate and acetoacetate,
which are utilized as alternative sources of energy by extra-
hepatic organs, like the brain, when blood glucose levels are
low. Liver cells are exposed to FFAs from four potential
sources: (i) circulating plasma FFAs derived from the adipose
TAG stores, (ii) hydrolysis of TAG within chylomicrons in the
portal blood supply, (iii) de novo lipogenesis, or (iv) hydrolysis
of intracellular TAGs. FFAs lipolyzed from visceral adipo-
cytes are dumped directly into the portal vein where they
circulate through the liver and, with the suppressed oxidative

capacity seen in insulin resistance, will overload hepatocytes
with lipid and promote hepatic TAG storage. Once taken up
and converted to acyl-CoAs, the metabolism of these FFAs in
the liver occurs through oxidation, ketogenesis, or esterifica-
tion into TAG, which can be stored in the cytoplasm or ex-
creted as very low-density lipoproteins (VLDL). The
oxidation of FFAs occurs primarily in mitochondria and
is controlled by carnitine palmitoyltransferase-1 (CPT-1)-
mediated conversion of acyl-CoA into acyl-carnitine, which is
transported into the mitochondrial matrix. Subsequently,
FFAs undergo b-oxidation with production of acetyl-CoA,
which can enter the TCA cycle, resulting in production of
NADH to drive oxidative phosphorylation or are converted to
ketone bodies for nonoxidative disposal (Fig. 1).

Changes in fatty acid oxidation (FAO) in each of these
pathophysiologies will be discussed in greater detail below.
The dynamics of TAG synthesis and secretion in steatohepa-
titis lie outside the focus of this review; however, elevated
TAG is a prerequisite for the diagnosis of steatosis and VLDL
secretion has been observed to be diminished in individuals
with steatohepatitis (26, 62, 100, 137).

Energy homeostasis

Maintaining sufficient cellular ATP is the primary function
of mitochondria. Reducing equivalents (NADH/FADH2)
produced primarily through the b-oxidation of fatty acids and
the TCA cycle are utilized to pump hydrogen ions out of the
mitochondrial matrix into the intermembrane space (213). This
creates the mitochondrial proton electrochemical gradient
(DC) that is necessary not only to power the synthesis of ATP
by ATP synthase but also to generate heat and transport
proteins into the matrix. The electron transport chain (ETC) is
responsible for the movement of the hydrogen ions from the
matrix into the mitochondrial intermembrane space as elec-
trons from NADH/FADH2 are transported and ultimately
catalyze the reduction of O2 to water (Fig. 2). The production of
excess ROS through changes in reducing potential of NADH
and alterations in the ETC are observed in steatohepatitis.

Mitochondrial genome

The mitochondria are unique among cellular organelles in
that they contain DNA that is required for appropriate de-
velopment and function. This nucleic material is a circular,
double-stranded DNA of *16,500 nucleotides located in the
mitochondrial matrix (213). The mitochondrial DNA
(mtDNA) contains genes that encode 13 ETC proteins, 2 mi-
tochondrial ribosomal proteins, and all the mitochondrial
transfer RNA. Each mitochondria contains 5–10 mtDNA
molecules and the total copy number per cell approaches
several thousand (60, 86, 189). Within the matrix, mitochon-
dria possess simple DNA repair capabilities (44); however,
mtDNA is extremely sensitive to oxidative damage due to its
location near the inner mitochondrial membrane where most
of the ROS is produced, and also due to the lack of histones
and more sophisticated repair mechanisms (16, 60).

Mitochondrial Alterations in Steatohepatitis

As mentioned briefly above, the presence of steatohepatitis
has dynamic effects on mitochondrial physiology as observed
in alterations in b-oxidation and CPT-1 activity, dysfunctional
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ETC phenotypes, reduced ATP homeostasis (13, 86), as well as
other mitochondrial physiological processes. These alter-
ations in mitochondrial function can be attributed in large
part to interconnected disturbances in either redox nodes
(NAD/NADH, NADP/NADPH, reduced glutathione
[GSH]/oxidized glutathione [GSSG], and Thioredoxins) or
ROS and reactive intermediate production (Fig. 3), which
propagate further alterations in mitochondrial function
through additional changes in mitochondria physiological
processes influenced by the redox state.

Redox nodes

The intricate and expansive role of the mitochondrial redox
state in cellular physiology recently has been reviewed in
detail (213). The importance of mitochondrial redox control
encompasses not only oxidative phosphorylation leading to
ATP production but also redox balance throughout the entire
cell and signaling pathways that affect gene transcription. The
redox state of the cell is determined by the ratios of reduced-
to-oxidized state of soluble electron transport molecules and
redox-sensitive amino acids (e.g., NADPH, NADH, thior-
edoxins 1 and 2, GSH, and cysteine) (Fig. 4). Each of these

nodes is in some fashion coupled to the redox state of the other
nodes based on cellular localization. For example, in mito-
chondria, NADPH/NADP + node is dependent on the redox
state of thioredoxin 2 and GSH/GSSG (82). Together, these
nodes function to regulate ROS levels in mitochondria and the
redox state of thiol/disulfide in multiple cellular compart-
ments. Through changes in compartmental redox states, dy-
namic changes in a wide variety of signaling pathways can be
synchronized throughout the cell. This can be observed when
GSH levels are reduced in the liver of mice; alterations in
mitochondrial function and activation of various stress sig-
naling pathways result in increased steatosis, inflammation,
and mitochondrial injury (30). Also, the importance of these
redox nodes for cellular function can be observed in the
studies demonstrating embryonic lethality upon gene
knockout of key redox enzymes (39, 94).

Of interest to this review is the maintenance of mitochon-
drial NADH/NAD + , GSH/GSSG, thioredoxin 2, and
NADPH/NADP + nodes. As mentioned previously, reducing
equivalents are transferred from dietary calories through the
action of various catabolic pathways to the ETC utilizing
NADH as a soluble carrier. The movement of electrons
down the ETC produces ROS of varying degrees based on

FIG. 1. Cellular FAO. Long chain nonesterified fatty acids are actively transported through the plasma membrane, con-
verted to acyl-CoAs, conveyed through the cytoplasm by fatty acid binding proteins, and transported into the mitochondrial
matrix through the action of CPTs. The acyl-CoAs enter the beta-oxidation cycle that produces reducing equivalents as
NADH, acetyl-CoAs, and chained shortened acyl-CoAs. The beta-oxidation of acyl-CoAs requires four enzymatic reactions:
dehydrogenation by acyl-CoA dehydrogenase (AD), hydration by enoyl-CoA hydratase (2), oxidation by L-b-hydroxyacyl-
CoA dehydrogenase (3), and thiolysis by b-ketothiolase(4). The last three enzymatic steps of beta-oxidation are carried out by
MTP (2,3,4). The acetyl-CoA produced can then be shuttled to ketogenesis, enter the TCA cycle, or be used in steroidogenesis.
CPT, carnitine palmitoyltransferase; TCA, tricarboxylic acid; MTP, mitochondrial trifunctional protein; FAO, fatty acid
oxidation.
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mitochondrial conditions. The regulation of mitochondrial
ROS levels is primarily accomplished by the action of man-
ganese-superoxide dismutase (Mn-SOD) and glutathione
peroxidase. The action of Mn-SOD produces H2O2 from su-
peroxide produced by inefficient transfer of electrons through
the ETC, which is further reduced to H2O by glutathione per-
oxidase and peroxiredoxin. This reduction of H2O2 is powered

by the GSH/GSSG and thioredoxin nodes, respectively, which
is coupled to the NADPH/NADP + node by the action of
glutathione reductase and thioredoxin reductase, which cata-
lyze the reduction of the soluble carriers using NADPH as the
reducing equivalent (213). The mitochondrial NADPH/
NADP + node is then directly coupled back to NADH/NAD +

by the action of nicotinamide nucleotide transhydrogenase to
produce NADPH. Thus, any perturbation in the components
of this mitochondrial redox cycle would result in an increase in
mitochondrial redox state and the occurrence of oxidative
damage to mitochondrial structures (Fig. 4).

Sources of ROS and reactive intermediates

Both ASH and NASH produce deleterious changes in mi-
tochondrial and cytoplasmic redox nodes with subsequent
reduction in cellular antioxidant systems, resulting in in-
creased potential for the development of oxidative stress
within the cell. This oxidative stress is commonly manifested
as increased production of ROS and reactive intermediates
beyond the cellular capacity to mediate these species levels.
This elevation of ROS and reactive intermediates can result in
modified cellular constituents or initiation of stress-sensitive
signaling cascades. Under normal physiological conditions,
low-level, localized ROS production functions as a modulator
of metabolic pathways such as TCA cycle and mitochondrial
biogenesis (4, 84), and is a vital component to signal trans-
duction in cascades such as insulin signaling (73, 74, 119, 120).
However, elevated endogenous ROS production in the cell is

FIG. 2. Oxidative phosphorylation. Utilization of reducing
equivalents generated through b-oxidation and the TCA
cycle to fuel the pumping of hydrogen from the mitochon-
drial matrix into the intermembrane space by the flow of
electrons through the complexes of the ETC and, ultimately,
reducing molecular oxygen to water. The movement of hy-
drogen back into the mitochondrial matrix, down this elec-
trochemical gradient, through Complex V (ATP synthase)
provides the necessary energy for the production of ATP.
Cyt c, cytochrome c; FADH2, reduced flavin adenine dinu-
cleotide; NADH, reduced nicotinamide adenine dinucleo-
tide; Ubq, ubiquinone; ETC, electron transport chain; ATP,
adenosine triphosphate.

FIG. 3. Factors affecting mitochondrial dysfunction in
steatohepatitis. Observed clustering of interrelated factors
linked to mitochondrial antioxidant status and redox nodes
and steatohepatitis.

FIG. 4. Redox nodes in mitochondrial ROS management.
Involvement of four redox nodes (GSH/GSSG, Trx(SH)2/
TrxSS, NADP + /NADPH, and NAD + /NADH) in the re-
duction of ROS in the mitochondria. In this example, the
reduction of H2O2, produced through the dismutation of
mitochondrial superoxide (O2

- ) by Mn-SOD, is mediated by
several enzymes that require the efficient maintenance of the
mitochondrial redox nodes. GPx, glutathione peroxidase;
GSH, reduced glutathione; GSHR, glutathione reductase;
GSSG, oxidized glutathione; Mn-SOD, manganese-superoxide
dismutase; NAD + , nicotinamide adenine dinucleotide;
NADP + , nicotinamide adenine dinucleotide phosphate;
NADPH, reduced nicotinamide adenine dinucleotide phos-
phate; NNT, nicotinamide nucleotide transhydrogenase; Prx,
peroxiredoxin; TrxR, thioredoxin reductase; Trx(SH)2, reduced
thioredoxin; TrxSS, oxidized thioredoxin; ROS, reactive oxy-
gen species.
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capable of exerting pathophysiological effects on mitochon-
dria through direct modification of biomolecules or changes
in cellular signaling pathways. These potential sources for
reactive intermediates are outlined below and in Figure 5.

Mitochondria. Mitochondria are considered the major site
of cellular ROS production, with up to 1%–2% of mitochon-
drial oxygen consumption, resulting in ROS production
under normal conditions (18). This ROS production occurs
through reduction of molecular oxygen to superoxide (O2

- )
by Complex I and III of the ETC (9, 109, 147, 166, 230) (Fig. 6).
The O2

- produced is capable of rapidly generating additional
ROS and reactive intermediates through interaction with
various cellular components. However, under normal condi-
tions, mitochondrial Mn-SOD, localized in the matrix, cata-
lyzes the dismutation of the superoxide to H2O2 (160), which
is subsequently reduced to H2O by the action of glutathione
peroxidase and peroxiredoxin in a GSH-dependent reaction
(160). This leakage of electrons from the ETC to produce ROS
has been shown to be directly related to the magnitude of the
DC (18). Mitochondrial ROS production is elevated under
conditions where an increase in NADH production and sub-
sequent increase in DC is not coupled to an increase in ATP
production. Importantly, it has been observed that incre-
mentally small changes in DC result in significant changes in
mitochondrial ROS production (133). This can be observed
under conditions of increased b-oxidation of FFAs in NASH
(13) and elevated mitochondrial NADH due to alcohol me-
tabolism in ASH (165). Additionally, extra-mitochondrial
signaling events can alter mitochondrial ROS production. For
example, tumor necrosis factor a (TNFa) induced release of
cytochrome c from mitochondria decreases ETC efficiency
and results in increased mitochondrial ROS production (109,
161). Further, ROS-sensitive signaling pathways can lead to
activation of nuclear factor-kB-mediated increases in TNFa
expression (225), perpetuating the increase in oxidative stress.

NAD(P)H oxidase. The NAD(P)H oxidase (NOX) en-
zymes represent a family of membrane-bound enzymes ca-
pable of ROS production (superoxide and H2O2). The role of
NOX enzymes in the pathogenesis of steatohepatitis has been
reviewed previously (43, 78, 103). The NOX enzymes contain
a flavin-cytochrome subunit that is capable of oxidizing mo-
lecular oxygen to superoxide utilizing NAD(P)H as the re-
ducing equivalent (110). At least one NOX enzyme isoform is
expressed in all cell types that make up the liver and its vas-
culature [hepatocytes (80, 134), Kupffer cells (45), hepatic
stellate cells (176), and endothelial cells (98)]. Increases in
TNFa levels in the liver and systemic circulation in steatohe-
patitis have been observed to be directly responsible for in-
creased NOX activity and subsequently increased ROS
production (103, 104) resulting in increased fibrosis develop-
ment and apoptosis (12, 41, 42, 136, 176, 217).

Cytochrome P450. The cytochrome P450 enzymes, pri-
marily CYP2E1, are a family of mixed function oxidases. In
steatohepatitis, CYP2E1 and 4A10 are capable of producing
lipid peroxidation products and have been observed to have
increased liver expression and activation in steatohepatitis (25,
180, 216) and in comorbidities associated with steatohepatitis
(151). These observed increases in cytochrome P450 activity
make it an important source of ROS in hepatocytes under
pathophysiological conditions (31, 75, 188). Additionally, CYP
enzymes are upregulated in models of NAFLD (91). Of par-
ticular interest to this review is that CYP2E1 can be localized to
mitochondria and that this localization is dependent on spe-
cific signaling cascades (178, 179). Initially, the presence of an
inducible cytochrome P450 localized to the mitochondrial
matrix was described that shared the exact same n-terminus
and catalytic activity as CYP2E1 (178). Further, it was shown
that CYP2E1 can be localized to the mitochondrial matrix due,
in part, to cyclic adenosine monophosphate-dependent ser-
ine phosphorylation within the n-terminus of the protein
(179). The presences of ROS-producing CYP2E1 within mi-
tochondria could be responsible for many of the observed

FIG. 5. Sites of ROS production in steatohepatitis. Cel-
lular localization and enzymes responsible for ROS produc-
tion observed in steatohepatitis. AOX, acyl-CoA oxidase;
CYP, cytochrome P450 enzyme; ER, endoplasmic reticulum;
NOX, NADPH oxidase.

FIG. 6. Mitochondrial ROS production. Under normal
conditions, 1%–2% of electrons entering the ETC are trans-
ferred to molecular oxygen by Complexes I and III to pro-
duce superoxide (O2

- ). Increases in the mitochondrial
electrochemical gradient through uncoupling of the pro-
duction of reducing equivalents from ATP synthesis results
in increased production of O2

- . Additionally, any decrease
in expression or post-translational modification of ETC
components that further decreases the efficiency of electron
transport results in increased mitochondrial ROS production.
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mitochondrial pathophysiologies observed due to upregl-
uated cytochrome P450 in models of NAFLD.

Peroxisomes. Since peroxisomal fatty acid entry is not
carnitine dependent or sensitive to inhibitors of CPT-1, it is
thought that mitochondria and peroxisomes work in concert
to prevent lipid accumulation in a high-fat environment. In
the liver, peroxisomes function as a sight of b-oxidation of
FFAs, in particular, very long chain ( > C18) FFAs, branched
chain FFAs, and bile acid intermediates (190). However, ROS
production, primarily H2O2, is increased with the rate limiting
step in peroxisomal b-oxidation, acyl-CoA oxidase (190) and
may overwhelm cellular defense systems. Like mitochondria,
the peroxisome has an array of enzymes to neutralize the ROS
produced by the b-oxidation of FFA, including catalase.
However, under conditions that result in a fivefold tran-
scriptional increase in peroxisomal b-oxidative capacity, the
elevation in antioxidant enzyme transcription is < 10% (53,
168). This disparity in ROS production to ROS removal ca-
pacity represents a potential source of increased cellular ROS
in the elevated lipid environment of steatohepatitis. It is likely
that antioxidative enzyme systems, such as glutathione
peroxidase and superoxide dismutase, would need to be up-
regulated in concert with peroxisomal FAO in order for ben-
eficial effects to be realized.

Lipid peroxidation products. Lipid peroxides (LPO), most
commonly observed as the degradation products mal-
ondialdehyde and 4-hydroxynonenal, refer to any lipid that
has been oxidized by ROS to a peroxide form. This reaction
occurs most frequently with polyunsaturated FFAs as they
contain a number of the required methylene carbons between
unsaturated carbon–carbon double bonds. These products
can be produced anywhere in the cell that are exposed to ROS,
and the reaction results in the propagation of additional LPO
through creation of lipid peroxyl radicals. Within mitochon-
dria, LPO can be produced from ROS though the leakage of
electrons from the ETC or mitochondria-localized 2E1 (172). If
not properly neutralized by the antioxidant system, the LPO
produced can result in damage to mtDNA (40, 87, 88), in-
activation of COX IV of the ETC (28, 29), and initiation of
apoptosis through induction of the mitochondrial perme-
ability transition (MPT) (108).

Alcoholic Steatohepatitis

FLD attributable to alcohol consumption is a major cause of
morbidity and mortality and is one of the largest liver-related
disease states in the United States and the world (113, 123).
Human knowledge of excessive alcohol consumption pro-
ducing negative health outcomes has been documented for
thousands of years (113). However, in the past 50 years,
considerable work has begun to dissect the mechanistic im-
pact of alcohol exposure on liver function and pathology. In
this section, we review the current dogma and ongoing re-
search areas as they relate to alterations in hepatic mito-
chondrial function in conditions of acute and chronic alcohol
exposure.

Antioxidant status/redox nodes

Acute metabolism of alcohol by cytosolic alcohol dehy-
drogenase to acetaldehyde, and acetaldehyde to acetate by

mitochondrial aldehyde dehydrogenase, utilize NAD + as
electron acceptor, resulting in increased NADH production
(165). This increase in NADH can inhibit dehydrogenase re-
actions in the cytoplasm and mitochondria, such as in the
TCA cycle and b-oxidation, disrupting the energy supply and
reducing FAO (61, 114). The increase in NADH/NAD + ratio
does not appear to persist with chronic ethanol consumption
and may be insufficient to explain alcohol-induced fatty liver
(183). However, the change in redox status may be an initi-
ating factor in the future development of fatty liver during
chronic alcohol consumption due to the creation of a pro-
oxidant state through depletion of antioxidant capabilities as
described below.

After both acute and chronic alcohol consumption,
increases in Mn-SOD transcription and activity have been
observed in rodent models (102). Also, adenoviral over-
expression of Mn-SOD has been observed to protect hepato-
cytes against CYP2E1 alcohol-mediated cytotoxicity (158).
However, recent in vitro experiments describe ethanol-in-
duced cytotoxicity through inhibition of Mn-SOD through
oxidative modification of the enzyme via ethanol-induced
ROS-specific mechanism (221). Additionally, a reduction in
mitochondrial glutathione peroxidase activity (10) and GSH
levels (33, 35, 55, 56, 66, 85), resulting in lower antioxidant
capability, was observed in in vitro and in vivo models of al-
cohol exposure. These decreases are at least partially medi-
ated through decreased GSH transport into mitochondria (55,
56). Ethanol also sensitizes hepatocyte mitochondria to the
pro-oxidant effects of TNFa (34), which in turn perpetuates
greater mitochondrial ROS production (76, 153).

Fatty acid oxidation

Alcohol consumption has classically been accompanied by
decreased mitochondrial b-oxidation (165), and the control of
lipid metabolism to either oxidation or lipogenesis is a critical
axis in the pathophysiology of ASH. The regulation and
activity of adenine monophosphate-activated protein kinase
(AMPK) lies at the center of this axis and has been de-
scribed as the master switch in cellular metabolism (117). By
phosphorylating ACC, AMPK reduces production of mal-
onyl-CoA, which is a powerful allosteric inhibitor of CPT-1-
mediated mitochondrial FAO and an intermediate necessary
for de novo lipogenesis. Additionally, AMPK phosphorylates
and activates malonyl-CoA decarboxylase, which catalyzes
the elimination of malonyl-CoA, further reducing de novo li-
pogenesis and increasing FAO. Alcohol has been shown to
suppress AMPK activity and thus to increase ACC activity,
resulting in decreased palmitate oxidation (229) in cell culture,
presumably through increased ACC production of malonyl-
CoA. Addition of chemical activators of AMPK (metformin
and aminoimidazole carboxamide ribonucleotide) and con-
stitutively active AMPK abrogated the alcohol-induced in-
creases in ACC activity and increased oxidation of palmitate.
These in vitro data are corroborated by an observed reduction
in AMPK activity and lower FAO in livers from rodents after
ethanol feeding (71).

Additionally, transcriptional control of the enzymes in-
volved in FAO has been observed to be dysfunctional in ASH.
PPARa, a member of the nuclear hormone receptor family,
controls transcription of many of the enzymes involved in
cellular FAO (112, 231). In cell culture, alcohol exposure in-
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hibits PPARa reporter gene activation in the presence or ab-
sence of a PPARa agonist (64). This effect was blocked by
inhibition of alcohol dehydrogenase, but augmented by al-
dehyde dehydrogenase inhibition, implicating acetaldehyde
involvement in the experiments. In vivo studies also demon-
strate that PPARa activity and PPARa target gene transcrip-
tion was downregulated in rodent models of alcohol exposure
(58, 139). Whereas, in vivo administration of a PPARa agonist
during ethanol treatment increased PPARa target gene ex-
pression and FAO (58).

Increases in ROS observed in ASH also can lead to the
oxidative modification of amino acid residues that are critical
to the catalytic function of enzymes involved in FAO. The b-
oxidation enzymes (thiolase, acyl-CoA dehydrogenase, en-
oyl-CoA hydratase, and hydroxy-acyl-CoA dehydrogenase)
have been observed to be oxidatively modified in chronic
ethanol consumption (135), with 3-ketoacyl-CoA thiolase ac-
tivity being diminished (the other enzyme activities were not
measured) (135, 196) (Fig. 7). These changes in b-oxidation in
ASH are important as we have previously demonstrated that
a primary disruption in mitochondrial b-oxidation induces
hepatic steatosis in a rodent model of NAFLD (91). These
decreases in b-oxidation capacity could lead to significant
lipid accumulation during alcohol consumption through re-
ductions in lipid catabolism (228). Thus, an alcohol-induced
oxidative stress mechanism could explain the observed de-
creases in b-oxidation observed in ethanol-treated animals
(23).

Oxidative phosphorylation

The ETC is composed of five polypeptide complexes
(complex I–V) and cytochrome c, which function to transfer
electrons from reduced NADH and FADH2 to the ultimate
electron acceptor of aerobic metabolism, oxygen, to produce
H2O (Fig. 2). Complexes I and III utilize energy from the
transfer of these electrons to pump protons out of the mito-
chondrial matrix, producing the DC. This gradient is used
primarily to provide the necessary energy for ATP synthase to
catalyze the creation of ATP from ADP. Complex I and II
transfer two electrons from NADH and FADH2, respectively,
to ubiquinone to produce ubiquinol. Complex III transfers the
electrons from ubiquinol to cytochrome c and then to Com-
plex IV, which catalyzes the reduction of molecular oxygen to
H2O. As mentioned previously, at normal efficiency and ox-
idative phosphorylation coupling, Complex I and III leak 1%–
2% of the electrons in the ETC to oxygen to produce super-
oxide (9, 18, 109, 147, 166, 230). Increases in the DC, either
through increases in reducing equivalents or decreased ETC
efficiency, lead to substantial increases in ROS production by
Complexes I and III (109, 161, 165) (Fig. 6). Together, all the
ETC complexes utilize multiple flavin, iron–sulfur centers,
copper centers, and cytochromes to transfer the electrons from
the reduced electron carriers to oxygen rendering their indi-
vidual function sensitive to oxidative modification under
conditions of oxidative stress (213).

Acute exposure of hepatocytes to ethanol increases ROS
production through complexes I and III (9, 11). Chronic ex-
posure of rodents to alcohol has been observed to lead to
decreased activities of Complex I, III, and IV in isolated mi-
tochondria (209). Additionally, ethanol exposure leads to
decreased expression of protein subunits of ETC complexes
(203, 209). As previously mentioned, ethanol exposure sensi-
tizes mitochondria to cellular TNFa signaling pathways. One
such pathway is the observed increase in TNFa-mediated
acidic sphingomyelinase production of ceramide in models of
chronic alcohol consumption (57). This increased ceramide
has been shown to directly inhibit Complex III with increases
in mitochondrial ROS production and apoptotic cell death (67,
77). Also, increased mitochondrial lipid peroxidation prod-
ucts inhibit Complex IV through adduct formation with his-
tidine residues of subunit IV (28), and ethanol-induced
production of mitochondrial malondialdehyde resulted in
Complex IV inhibition via formation of lysine adducts in both
subunit IV and V (29). Thus, increased mitochondrial ROS
production during alcohol consumption can perpetuate a
pathophysiological condition that favors greater ROS pro-
duction through decreases in ETC efficiency and capacity.

Uncoupling proteins

The production of ATP by oxidative phosphorylation
couples the creation of the DC during transport of electrons
through the ETC to ATP synthesis utilizing the potential en-
ergy of the DC. The uncoupling proteins (UCPs) represent a
family of mitochondrial proteins that function to dissipate the
DC, uncoupling mitochondrial respiration from ATP syn-
thesis (99). The contribution to initiation and progression of
steatohepatitis based on changes in expression and function of
UCPs has been proposed (194). In addition, a recent report
found a significant increase in liver UCP-2 expression in mice
after chronic exposure to ethanol (170). However, to date very

FIG. 7. Mitochondrial FAO. The mitochondria represents
the site of the majority of oxidation of cellular fatty acids, as
acyl-CoAs, and the entry and initiation of fatty acid metabo-
lism is controlled by the activity of CPT. Reduced expression
and activity observed in steatohepatitis limits mitochondrial
FAO and perpetuates excess cellular lipid levels. Fatty acids
within the mitochondria undergo b-oxidation through a 4-
enzyme pathway that produces acetyl-CoA and a 2-carbon
shortened acyl-CoA that can undergo further oxidation. The
produced reducing equivalents are utilized by the ETC,
whereas the acetyl-CoA enters the TCA cycle resulting in the
production of CO2 and additional reducing equivalents or
reduced to produce ketone bodies. Decreased functioning of
the enzymes of b-oxidation by oxidative modification or ge-
netic manipulation has been shown to result in increased
steatosis and is present in progressive steatohepatitis. KO,
knockout.
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little research in the study of ASH specifically has been fo-
cused in this area, and will be discussed in greater detail in the
section related to NASH.

mtDNA damage and replication

Considerable literature exists documenting the decrease in
mtDNA after acute and chronic exposure to alcohol (20, 40, 60,
124, 189), occurring mainly through ROS-mediated oxidative
damage upon acute ethanol exposure (20, 81, 124, 125, 198).
One possible consequence of changes in mtDNA structure
would be decreased replication through blockage of the rep-
lication enzymatic machinery (86). The apparent unsophisti-
cated nature of mtDNA repair mechanisms enhances the
build-up of oxidative mtDNA lesions (86), which results in
preferential degradation of damaged mtDNA (124). These
decreases in mtDNA during chronic ethanol consumption are
not only the result of increased ROS-mediated degradation
but also the apparent lack of an adaptive increase in re-
synthesis (40). These changes in mtDNA have been shown to
be directly associated with decreased expression of mito-
chondrial proteins encoded on mtDNA (38).

Mitochondrial permeability transition

Apoptosis has been observed as a frequent cellular outcome
after acute and chronic ethanol exposure (68, 69, 86). One
important component of the mitochondrial involvement in the
control of apoptosis is the precise, multi-point regulation of
the mitochondrial permeability transition (MPT). The activa-
tion of the MPT due to cellular stress results in opening of the
permeability transition pore across the inner and outer mito-
chondrial membrane (86). Pore opening results in mitochon-
drial swelling and dissipation of the proton electrochemical
gradient, with subsequent membrane rupture and release
of additional proapoptotic stimuli (e.g., cytochrome c, pro-
caspase-9, and apoptosis-inducing factor) (3). The status of the
MPT pore is regulated by several thiol groups (15), and is
susceptible to the oxidizing conditions observed under states
of elevated ROS production such as ethanol consumption.

As such, chronic ethanol consumption in rodents has been
observed to sensitize mitochondria from isolated hepatocytes
to numerous proapoptotic stimuli (154). ROS produced from
ethanol exposure due to CYP2E1 activation and the ETC
has been implicated in the initiation of apoptosis through
MPT activation with resultant increases in cell death (24, 220).
Also, a dynamic augmentation of ethanol-mediated MPT ac-
tivation has been observed in numerous studies with the co-
administration of TNFa utilizing immortalized and primary
hepatocytes (153–155, 220). One widely observed mechanism
for this observed potentiation is the ethanol-mediated hepa-
tocyte sensitization to TNFa, resulting in greater ceramide
production with subsequent increases in apoptotic cell death
via inhibition of ETC complex III (6, 67, 77).

Also, this interaction between ethanol and TNFa has a
substantially negative impact on the cytosolic and mito-
chondrial GSH pool (68, 69). The lowering of both of these
pools of antioxidant reducing power potentiates a proa-
poptotic cellular physiology under conditions of oxidative
stress. Additionally, ROS-mediated elevations in lipid per-
oxidation products, particularly 4-hydroxynonenal, have
been shown to be powerful inducers of the MPT (108). This is
mediated, in part, through an increase in the observed num-

ber of protein adducts of proteins involved in the control of
the MPT and apoptosis (145, 203). Finally, an additive effect of
ethanol-induced reductions in mtDNA and increased sus-
ceptibility to ethanol-induced MPT activation and apoptosis
may exist in chronic alcohol consumption (86).

Nonalcoholic Steatohepatitis

The increase in high-fat/high-carbohydrate caloric intake
coupled with decreased levels of physical activity is the pri-
mary initiator of the clustering of disease states that have
become known as the metabolic syndrome. The development
of FLD has been shown to be associated with many of the
comorbidities within the metabolic syndrome and thus has
been deemed the liver manifestation of the metabolic syn-
drome (5). Considerable research in NAFLD has focused on
areas and mechanisms already studied for alcoholic FLD.
Nevertheless, there is a paucity of data on the natural history
and progression of NAFLD. Recently, our group has begun to
describe the natural history of NAFLD in a hyperphagic Ot-
suka Long-Evans Tokushima Fatty (OLETF) rat that sponta-
neously develops steatohepatitis (173–175). However, the
natural history and progression of steatosis to steatohepatitis
in human NASH is still poorly understood. Below is a review
of the current theories behind the development of NASH and
the involvement of the liver mitochondria in these processes.

Antioxidant status/redox nodes

Oxidative stress is a widely observed phenotype in NASH
(122, 148, 177, 222), which may partially be due to decreased
antioxidant capacity. As such, microarray analysis of liver
biopsies from patients with NASH demonstrate decreased
transcriptional capacity for the removal of mitochondrial ROS
(199). This decreased transcriptional capacity observed in the
microarray data is supported by the observed reduction in
antioxidant capacity through decreases in hepatic GSH con-
tent and SOD activity in patients with NASH (211). In addi-
tion, the observed decreases in liver antioxidant capacity
coincide with increased systemic oxidative stress from sub-
jects with NASH (106). Further, we have recently demon-
strated that the hepatic activity of SOD is significantly
reduced in young OLETF animals, with a subsequent increase
in GSSG levels in older OLETF animals, a rodent model of
obesity and NASH (175). As mentioned during the discussion
of ASH, these changes in antioxidant capacity, particularly
low mitochondrial glutathione and SOD activity, predispose
mitochondria to various oxidative injuries with perpetuation
of mitochondrial dysfunction and elevated ROS production.

Interestingly in NASH, hepatic mitochondria are able to
maintain a relatively normal NADH/NAD + ratio in the face
of dysfunctional ETC (13), due in large part to the observed
elevation in ketogenesis in NASH (132, 185) and the utiliza-
tion of NADH to produce ketone bodies from acetoacetate.
The NADH/NAD + being maintained may also be related to
the lowering of the DC by increased expression of UCPs,
which could improve the efficiency of the ETC. This possi-
bility will be discussed below.

Fatty acid oxidation

Many studies have recognized the potential importance of
impaired hepatic FAO and speculated that mitochondrial
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abnormalities may be involved in NAFLD (13, 21, 54, 91, 144,
162, 185). Previous studies have shown that mitochondrial
oxidative capacity is decreased in liver tissue of patients and
animal models with hepatic steatosis (70, 157), and hepatic
CPT-1 expression has recently been shown to be decreased in
NASH patients (138) and in rodent models of NASH (194).
However, observations in NASH patients and rodent models
of NASH regarding hepatic FAO are mixed (25, 132, 175, 185).

To better understand the importance of mitochondrial
function and FAO in the etiology of NAFLD and progression
to NASH, our laboratory has employed the strategy of utili-
zation of three different animal models: (i) with a primary
genetic mutation in mitochondrial b-oxidation, (ii) a model of
overeating and obesity, and (iii) a model of low aerobic fitness
and the metabolic syndrome (91, 173–175, 206). We have
generated a mouse model for a null mutation causing com-
plete mitochondrial trifunctional protein (MTP) deficiency.
The MTP is a heterotrimeric protein that consists of four a-
subunits and four b-subunits and catalyzes three of the four
chain-shortening reactions in the mitochondrial b-oxidation
of long-chain fatty acids (Fig. 7). The homozygous (MTPa - / - )
mice lack both MTP a- and b-subunits, have biochemical
changes identical to those of human deficiency, and suffer
neonatal hypoglycemia and sudden death 6–36 h after birth.
Analysis of the histopathologic changes in the MTPa - / - pups
revealed rapid development of hepatic steatosis after birth,
followed by acute degeneration and necrosis of the cardiac
and diaphragmatic myocytes, which may be the reason for the
underlying etiology for sudden death (90). We have more
recently documented that aging in mice heterozygous for the
MTP defect (MTPa + / - ) causes development of insulin resis-
tance and hepatic steatosis when rodents are fed normal
chow, in association with an age-dependent decline in hepatic
MTP expression in our mice. This provided direct evidence
that genetic impairment of mitochondrial b-oxidation of fatty
acids causes both hepatic steatosis and insulin resistance in
mice. MTP heterozygous animals also had higher hepatic
antioxidative activity, increased expression of cytochrome P-
450 2E1, and mitochondrial ultrastructural abnormalities,
consistent with increased hepatic oxidative stress. We also
have preliminary data to suggest that a high-fat diet, in
combination with the genetic defect, induces hepatic steatosis

at a much earlier age in the MTPa + / - mice and further in-
creases ROS formation in these animals ( J.A. Ibdah, unpub-
lished results).

In our second series of studies, we have characterized the
natural progression of NAFLD and NASH in the OLETF rat, a
hyperphagic, obese, rodent model (175) that we liken to
overweight, overeating, sedentary humans. Young OLETF
rats display reduced hepatic cytochrome c protein content,
mitochondrial CPT-1 activity, and complete (to CO2) and total
FAO before the development of hepatic steatosis or insulin
resistance (175). In addition, OLETF animals exhibit a pro-
gressive loss of hepatic mitochondrial content and function
that contributes to the progression of NAFLD and occurs in
conjunction with the worsening in glycemic control and a loss
of hepatic antioxidative capacity, increased hepatic oxidative
stress, reduced hepatic mitochondrial content and function,
and disruption in hepatic mitochondria health. Shown in
Figure 8 are representative electron microscopy images of
livers from OLETF and Long-Evans Tokushima Otsuka (lean
controls) animals. Figure 8 demonstrates huge lipid droplets
and the apparent disruption in nuclear health in the OLETF
liver, as well as hypodense and more rounded mitochondria
in the OLETF animals. This occurs in conjunction with dis-
ruption in outer and inner mitochondrial membrane integrity
and an apparent disruption in mitochondrial cristea (175).

Our third rodent model for studying NAFLD is the high-
and low-capacity rats (HCR/LCR) that were created by Drs.
Steve Britton and Lauren Koch (101). These animals were
selectively bred over several generations for high and low
endurance running, resulting in 2 divergent strains with
grossly different intrinsic endurance exercise capacities (*7-
fold different) and aerobic fitness (*30% different) (219). The
LCR rats display a higher incidence of both CVD and meta-
bolic syndrome risk factors than HCR rats. Using these ani-
mals, we sought to investigate if low aerobic capacity was
linked to impaired hepatic metabolism and steatosis devel-
opment (206). Indeed, hepatic mitochondrial content (citrate
synthase activity and cytochrome c protein), mitochondrial
FAO, and peroxisomal activity (acyl-CoA oxidase and cata-
lase activity) were significantly reduced in the LCR compared
with the HCR rats. LCR livers also displayed a lipogenic
phenotype with higher protein content of both SREBP-1c and

FIG. 8. Ultrastructural changes in steatohepatitis. Representative transmission electron microscopic images of from Otsuka
Long-Evans Tokushima Fatty rats (A) with steatohepatitis and healthy controls (B). In image A, the Otsuka Long-Evans
Tokushima Fatty liver demonstrates large, perinuclear lipid droplets and a disruption in nuclear integrity.
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acetyl CoA carboxylase. These differences in the LCR rats
were associated with hepatic steatosis and lipid peroxidation
at an early age and elevated markers of liver injury (fibrosis
and apoptosis) at the time of natural death, findings not ob-
served in the HCR rat. The LCR rats also developed charac-
teristics of the metabolic syndrome, including increased
abdominal fat, hyperinsulinemia, hyperlipidemia, and hy-
pertension (206).

Collectively, these findings provide strong evidence and
possible mechanistic links between low or impaired mito-
chondrial FAO and the development and progression of FLD.
However, these observations in rodent models need to be
more closely examined in human conditions.

Oxidative phosphorylation

The activities in all five complexes of oxidative phosphor-
ylation have been observed to be lower in subjects with NASH
(83, 157). In addition, we have recently shown that hepatic
cytochrome c protein content is reduced in a rodent model of
NASH (175). Also, lower cytochrome c oxidase and mito-
chondrial membrane potentials were observed in mice that
developed NAFLD after high-fat diet feeding (126). Lower
liver ATP levels have been observed in rodent models of
NASH (193), and human subjects with NASH demonstrate
impaired ability to produce ATP after ATP-depleting chal-
lenge, which is due in part to reduced ATP synthase activity
(157). This reduction in ATP synthase activity could be due in
part to observed oxidative modification of the bF1 subunit as
described in rodents (208). However, recent rodent experi-
ments have demonstrated that maximal ATP synthase activity
was not decreased through NASH development, and the
observed decreases in ATP levels were hypothesized to be due
to the observed decreases in Complex I and II activity (193).

Uncoupling proteins

As indicated previously, expression and activity of UCPs
are described to uncouple mitochondrial respiration from
oxidative phosphorylation by diminishing the proton elec-
trochemical gradient. As such, under conditions of hyperpo-
larization of the inner mitochondrial membrane, UCPs may
function to protect the cell through decreasing the production
of mitochondrial ROS (141) and regulating mitochondrial
apoptosis signals (170). In the liver, expression of UCP-2 has
been observed to be increased in steatosis (27, 175, 201) and
hepatocytes exposed to lipid (37), which may be due in part to
elevations in lipid peroxidation products (50). However, it
also has been found that obesity-related FLD is unaltered in
UCP-2 deficient mice (8). Increased expression of UCP-2
during NASH has been associated with compromised ATP
synthesis capability (27, 36), possibly through the lowering
of the proton electrochemical gradient (95). This UCP-2-
mediated decrease in hepatocyte ATP levels is associated with
the observed aggravation of Fas-mediated hepatocyte cell
death in a rodent model of steatosis (63). The acute increase in
UCP-2 expression under increased lipid load and increased
proton electrochemical gradient may occur as a cytoprotective
mechanism to limit elevated ROS production. However,
chronically elevated hepatocyte UCP-2 expression in NASH,
with resultant decreases in ATP levels, may be associated with
a pathophysiological phenotype by increasing the suscepti-
bility to proapoptotic signals.

mtDNA damage and replication

Although not completely characterized, mtDNA has been
observed to be severely depleted in patients with NASH (83),
and the levels of oxidative damage in mtDNA is inversely
associated with hepatic ROS levels in both mice models of
FLD (65). As mentioned previously, mtDNA is particularly
susceptible to oxidative damage, and the depletion of mtDNA
may be due in part to the pathological increases in ROS ob-
served in NASH (13). Additionally, the decrease in mtDNA
attributable to increased ROS production in NASH may form
an additive association with the commonly observed age-
related decreases in mtDNA (163). These observed decreases
in mtDNA lead to decreased expression of mtDNA encoded
proteins, which could contribute to the documented alter-
ations in mitochondrial function observed in NASH (83, 184).

Mitochondrial permeability transition

The activation of the MPT pores in NASH follows many of
the same paradigms as in ASH, as the underlying increase in
ROS and decreases in antioxidant status in both pathophy-
siologies lead to MPT activation (68, 69). The lipotoxicity in-
duced by elevated hepatic lipids in steatosis and increased
ROS is a hallmark of apoptosis in NASH (128). Recently our
group has observed increased apoptosis in a novel rodent
model of steatosis that demonstrate reduced hepatic oxidative
capacity (206). TNFa signaling in steatohepatitis also is
prevalent in the apoptosis observed in NASH (153). Ad-
ditionally, elevated lipids initiate apoptosis through activa-
tion of endoplasmic stress signaling pathways in hepatoytes
and rodent models of steatosis (214, 215).

Clinical Management of ASH and NASH

Currently, the treatment of steatohepatitis is complicated
by the lack of acceptable noninvasive diagnostic techniques,
presence of comorbidities, incomplete knowledge of natural
history, and poor patient compliance with all modes of long-
term care regimens. However, considerable work has been
published outlining strategies that can be employed to man-
age and treat steatohepatitis (143, 212). Below is a brief de-
scription of current therapeutic options for the management
and treatment of steatohepatitis.

Lifestyle modification

Lifestyle modifications targeted at increasing physical ac-
tivity and reducing energy intake are recommended by
healthcare providers for optimal health and are the most
common prescribed therapy for individuals found to have
NASH. In addition, the most important modification for an
individual with ASH is the cessation of alcohol consumption
and improved dietary habits. Considerable recent work has
reviewed the previous studies, strategies, and recommenda-
tions of lifestyle modification as treatment for steatohepatitis
(59, 97, 130, 143, 156), and new human trials continue to be
reported describing successful treatment of liver pathology
utilizing lifestyle modification paradigms (89, 152, 164).
Managing body weight is likely the best overall method in the
treatment of NASH. Since insulin resistance and obesity play
a central role in NASH, weight loss is the mainstay of treat-
ment. The weight loss program should be centered on the
caloric restriction rather than alteration of dietary contents,
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with a prescription of both aerobic and resistance training
exercise. Initial goals from the patient should be a 10% re-
duction in body weight by the combination of exercise train-
ing and energy restriction. This should be targeted over a 6-
month period, and it is important that individuals continue
exercising to maintain the lost weight and for overall cardio-
metabolic health. Recent investigations support these rec-
ommendations and suggest that being habitually more
physically active (159), doing higher amounts of physical ac-
tivity during leisure-time (233), and routinely performing or
increasing one’s physical activity levels to q150 min/week is
inversely associated with NAFLD (200). In addition, having
higher cardiorespiratory fitness also is inversely associated
with NAFLD and NASH (32, 107). Further, a recent ran-
domized controlled trial found that body weight reduction of
7%–10% through a lifestyle modification of caloric restriction
and exercise training improved liver histology in biopsy-
proven NASH patients (164). Moreover, our recent findings in
the OLETF and the HCR/LCR rodent models further support
daily exercise and increased aerobic fitness in the protection
from development of NAFLD and the importance of hepatic
mitochondrial content and function in this process (173, 174,
206). However, it should be noted that not all individuals are
able and/or willing to successfully adopt a regularly active
lifestyle or successfully lost weight and keep it off. Therefore,
additional therapeutics are desperately needed for the man-
agement of NASH.

Specific nutrient supplementation as a part of the improved
dietary habits of lifestyle modification also has been investi-
gated. Activation of the PPAR family may produce beneficial
outcomes in steatohepatitis. The lipid dietary component,
omega-3 polyunsaturated fatty acids (n-3 PUFAs) are known
PPAR agonists (129), and dietary supplementation with n-3
PUFAs has been observed to ameliorate steatosis and de-
crease the degree of liver injury in a rodent model of NASH
(204). In addition, it recently was demonstrated that dietary
supplementation with L-carnitine significantly reduced
serum TNFa and improved liver function and histology in a
cohort of patients with steatohepatitis (121). Carnitine sup-
plementation has the potential benefit of detoxifying accu-
mulated acyl-CoA intermediates and replenishing the
intramitochondrial carnitine pool; however, carnitine sup-
plementation has been questioned because of the accumula-
tion of long-chain fatty acylcarnitines that may cause cardiac
arrthythmias (17).

Pharmaceutical and antioxidant therapies

The most widely utilized pharmacological interventions for
the treatment of type 2 diabetes represent attractive tools for
the treatment of steatohepatitis; these include the PPAR ag-
onists, fibrates and thiazolidinediones (TZDs), and the AMPK
activator, metformin. TZDs and metformin are oral glucose-
lowering medications used to treat type 2 diabetes that en-
hance insulin sensitivity and signaling. TZDs bind to the
PPARs and improve insulin sensitivity, in part, by facilitating
enhanced TAG storage by adipocytes, suppressing the ectopic
storage of lipids into liver and skeletal muscle. It has been
shown that PPAR agonists (fibrates, PPARa; TZDs, PPARc)
not only improve insulin sensitivity by suppressing the ec-
topic storage of lipids into liver, but also increase hepatic FAO
and improve hepatic insulin sensitivity (226). Several human

trials have observed improvement in steatosis and liver his-
tology in steatohepatitis after TZD therapy alone or in con-
junction with other treatment modalities (2, 14, 142, 171, 186).
However, the observed beneficial effects of TZD on steato-
hepatitis disappear after cessation of therapy, suggesting that
long-term TZD administration is necessary for continued
therapeutic benefit in NASH (118). With the current safety
issues regarding long-term TZD therapy (146), the usefulness
of this agent in the treatment of steatohepatitis is questionable.

The activation of PPARa with n-3 PUFA supplementation
has been shown to decrease the severity of NASH in rodents
(204). Additional studies utilizing pharmaceutical PPARa
agonists have also described improvement in steatosis po-
tentially through the increased expression of enzymes in-
volved in lipid oxidation, and decreased fibrosis in a rodent
model of NASH (92, 93, 169). In addition, the biguanide,
metformin, also has been used extensively as an insulin-sen-
sitizer in the treatment of diabetes and has been shown to
have efficacy in the treatment of steatohepatitis (115, 127, 202).
Metformin also has been shown to reduce hepatic lipogenesis
and increase FAO in the ob/ob mouse model of hepatic stea-
tosis (115). Metformin can activate AMPK in liver (234) and
this activation can result in increased CPT-1 activity and in-
creased expression of proteins involved in mitochondrial
respiration (218). Metformin also reduces apoptosis by in-
hibiting the MPT (79).

Inhibition of the inflammatory and proapoptotic action of
TNFa also has been observed to be beneficial in the treatment
of ASH and NASH. In NASH, administration of the TNFa
inhibitor, pentoxifylline, has been observed to improve liver
function and histology in a rodent model of steatohepatitis
and in human clinical trials (1, 105, 187). While in a rodent
model of ASH, administration of the TNFa antibody formu-
lation, infliximab, resulted in attenuation of ethanol-induced
liver injury (224). However, human clinical trials utilizing
infliximab, in conjunction with steroid administration as a
therapy of ASH, have produced equivocal results (140, 197).

Due to the observed elevations in oxidative stress in stea-
tohepatitis, antioxidant therapies could play a role in disease
treatment, and considerable literature is dedicated to the
study of various antioxidant molecules. Corticosteroids,
pentoxifylline, propylthiouracil, and anti-TNFa have all been
used to treat patients with alcoholic hepatitis with marginal
success. In particular, studies have observed the potential
beneficial effects of vitamin E and vitamin E derivatives in
treating NASH (48, 116), but findings are mixed in the treat-
ment of ASH with antioxidant therapies (19). Additionally,
ursodeoxycholic acid has been shown to increase mitochon-
drial GSH levels and protect the mitochondrial proton elec-
trochemical gradient in rodents (192). Recently, a randomized
human clinical trial documented a significant improvement in
NASH in nondiabetic subjects after long-term vitamin E ad-
ministration compared to pioglitazone (186). Additionally,
the observation of reduced systemic coenzyme Q10 levels in
patients with NAFLD (223) has lead to limited investigation of
the effects of dietary supplementation of coenzyme Q.
Coenzyme Q10 supplementation has been observed to lower
oxidative stress and markers of inflammation in a mouse,
without modulating lipid peroxidation or improving systemic
insulin resistance (195). Additionally, coenzyme Q9 mono-
methyl ether administration increased VLDL assembly in
rats with high-fat-diet-induced steatosis (22, 182), with no
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observed improvement in NAFLD or systemic insulin resis-
tance (182).

However, as with other pathophysiologies, the use of an-
tioxidant therapies for the treatment of patients with steato-
hepatitis needs greater investigation due to the equivocal
nature of the observations. Most importantly, these investi-
gation need to encompass additional randomized control
studies to evaluate the use of vitamin E or ursodeoxycholic
therapies in the treatment of human NASH.

Conclusions

In this review we have outlined mechanisms by which
mitochondrial function is observed to be negatively impacted
in the presence of steatohepatitis. The observed changes in
mitochondrial function and alterations in redox status in
steatohepatitis are strikingly similar in overall phenotype
within ASH and NASH. With such similarities, a detailed
understanding of all research that spans steatohepatitis is
critical for researchers and healthcare professionals. Con-
tinued research into the resolution of the inflammatory state
observed in steatohepatitis and its effects on mitochondrial
function are vital. In addition, critical evaluation of potential
therapies for the prevention and treatment of FLD, including
lifestyle modifications, is strongly encouraged.
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Abbreviations Used

ACC¼ acetyl-CoA carboxylase
AMPK¼ adenine monophosphate activated protein kinase

AOX¼ acyl-CoA oxidase
ASH¼ alcoholic steatohepatitis
ATP¼ adenosine triphosphate
CPT¼ carnitine palmitoyltransferase

CVD¼ cardiovascular disease
CYP¼ cytochrome P450

Cyt c¼ cytochrome c
ETC¼ electron transport chain

FADH2¼flavin adenine dinucleotide
FAO¼ fatty acid oxidation
FFA¼ free fatty acid
FLD¼ fatty liver disease
GPx¼ glutathione peroxidase
GSH¼ reduced glutathione

GSHR¼ glutathione reductase
GSSG¼ oxidized glutathione
HCR¼high capacity rat

KO¼ knockout
LCR¼ low capacity rat
LPO¼ lipid peroxides

Mn-SOD¼manganese-superoxide dismutase
MPT¼mitochondrial permeability transition

mtDNA¼mitochondrial DNA

MTP¼mitochondrial trifunctional protein
NAD + ¼nicotinamide adenine dinucleotide
NADH¼ reduced nicotinamide adenine dinucleotide

NADP + ¼nicotinamide adenine dinucleotide phosphate
NADPH¼ reduced nicotinamide adenine dinucleotide

phosphate
NAFLD¼nonalcoholic fatty liver disease

NASH¼nonalcoholic steatohepatitis
NNT¼nicotinamide nucleotide transhydrogenase
NOX¼NADPH oxidase

OLETF¼Otsuka Long-Evans Tokushima fatty
PPAR¼peroxisome proliferator-activated receptor

Prx¼peroxiredoxin
PUFA¼polyunsaturated fatty acid

ROS¼ reactive oxygen species
SREBP¼ sterol regulatory element binding protein

TAG¼ triacylglycerol
TCA¼ tricarboxylic acid

TNFa¼ tumor necrosis factor a
Trx¼ thioredoxin

TrxR¼ thioredoxin reductase
TrxSS¼ oxidized thioredoxin
TZD¼ thiazolidinediones
Ubq¼ubiquinone
UCP¼uncoupling protein

VLDL¼very low density lipoprotein
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