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Abstract

Fatty liver disease (FLD), associated with chronic alcohol consumption or obesity, is a serious medical problem.
Strong evidence indicates that oxidative stress and dysregulation of redox-sensitive signaling pathways are
central to the pathobiology of FLD. Herein, this Forum summarizes current knowledge regarding mechanisms of
FLD from both clinical and experimental studies. Special emphasis is given to the role of redox biology dis-
turbances in the initiation and progression of FLD from both chronic alcohol consumption and obesity. Focus
areas in this Forum include discussions on the (i) multi-hit hypothesis; (ii) interaction of adipokines and redox
signaling pathways; (iii) role of sub-cellular organelle systems (i.e., endoplasmic reticulum and mitochondria);
and (iv) contribution of the innate immune system, in FLD. A state-of-the-art discussion is also included
highlighting key lessons learned from experimental studies using rodent models of FLD. Antioxid. Redox Signal.
15, 421–424.

Fatty liver disease (FLD), a pathology of chronic alcohol
consumption or obesity with or without type 2 diabetes

mellitus (T2DM), is a serious medical and public health
problem for many countries. Briefly, alcoholic and nonalco-
holic fatty liver disease (AFLD and NAFLD) are a spectrum of
liver pathologies encompassed by the initial early stage of
steatosis (hepatocyte triglyceride accumulation) to the more
serious conditions of steatohepatitis and fibrosis. Notably,
both alcoholic and nonalcoholic steatohepatitis (ASH and
NASH) are recognized as potential precursors to cirrhosis and
hepatocellular carcinoma. Heavy alcohol consumption is
ranked as the third leading cause of preventable death in the
United States, with AFLD continuing to be a significant cause
of morbidity and mortality. It is estimated that *12,000
deaths occur each year from alcohol-related chronic liver
disease and cirrhosis (18). It has been a long-standing belief
that AFLD is largely dependent on both the total dose and
duration of alcohol intake, with decades of heavy alcohol
drinking required to cause serious end-stage liver diseases
like ASH and cirrhosis. However, this simple mechanism of
AFLD causation has recently been expanded to include the
possibility of a complex interplay of genetic, epigenetic,
metabolic, viral, immune, and/or environmental factors with
chronic alcohol to facilitate the progression from steatosis to
cirrhosis and cancer (5). Importantly, metabolic derange-
ments linked to the cardiometabolic syndrome like obesity,
hyperlipidemia, and insulin resistance may even exacerbate

liver injury in the chronic alcohol consumer (2, 17, 25).
Therefore, future studies (clinical and basic) should be di-
rected at investigating the impact of cardiometabolic disease
risk factors like obesity and hyperlipidemia to increase the
hepatotoxicity of alcohol.

Unlike AFLD, NAFLD is a more recently recognized
pathology emerging onto the clinical scene in only the past
20 years to become the most common cause of chronic liver
disease for both adults and children (12, 20). It is currently
estimated that the prevalence of NAFLD is 20% in the
general U.S. population (24). Ludwig and colleagues (13)
first classified NASH as a sub-category of FLD that is his-
tologically identical to ASH but occurs in overweight and/
or T2DM patients who do not drink alcohol to excess; for
example, alcohol intake no greater than 40 g/day for men
and 20 g/day for women (20). NASH patients typically
present with moderate to severe steatosis with lobular in-
flammation and fibrosis present in the majority of patients
(3). As with AFLD, the pathobiology of NAFLD is linked to
multiple factors and stressors including obesity, central
adiposity, hyperlipidemia, and T2DM, with insulin resis-
tance postulated as an essential causative factor (7). Recent
data also support an involvement of insulin resistance in
AFLD (23); thus, highlighting the overlapping molecular
mechanisms and targets involved in liver disease develop-
ment from two dissimilar impacts: chronic alcohol intake
and obesity/T2DM.
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In addition to insulin resistance and disrupted lipid me-
tabolism, mitochondrial dysfunction, oxidative stress, and
dysregulated cytokine networks are proposed to be critical
factors or ‘‘hits’’ responsible for the progression from simple
steatosis to either ASH or NASH (15). Currently, the chief
mechanism for AFLD and NAFLD is the ‘‘multi-hit’’ hy-
pothesis, with the ‘‘first hit’’ being steatosis, which when ac-
companied by additional ‘‘hits’’ triggers the progression to
the more serious pathologies of ASH and NASH (Fig. 1).
Numerous examples of hits have been proposed and include
external factors like diet and environmental toxicants, and
internal factors like reactive oxygen species (ROS) and reac-
tive nitrogen species, inflammatory mediators, and hepato-
cyte death (necrosis and/or apoptosis), just to name a few.
Moreover, what many of these hits have in common is that
they induce oxidative and/or nitrative stress and disrupt re-
dox signaling in liver. A more precise understanding of the
molecular processes involved in dysregulated redox biology
will be critical in implementing efficacious therapies for
treating AFLD and NAFLD. In this Forum, we summarize
current knowledge about FLD pathogenesis (Fig. 1), together
with a comprehensive overview of new work highlighting the
instrumental role of oxidative stress and the ensuing disrup-
tion of redox signaling in development of AFLD and NAFLD.

Part of this Forum is comprised of five review articles.
In one review Maher (14) gives an inclusive perspective on
multiple rodent models of NAFLD and NASH. This review
focuses on many of the key lessons learned about NAFLD and
NASH pathogenesis from studies using rodents with a genetic

predisposition to overeat to rodents (wild-type or transgenic)
that are fed high-energy (fat or carbohydrate) diets. Empha-
sized in this review is that many, if not all, genetic or dietary
rodent models of FLD fail to precisely replicate the disease
found in human patients. Therefore, the continuing challenge
for FLD researchers is to find the correct combination of ge-
netic background, diet, and environment (e.g., exercise and
housing) that best reproduces the human disease. While not
discussed in this review, the same concerns exist for models of
AFLD and ASH. Indeed, proper characterization and under-
standing of the functional and pathological differences among
experimental models is required to elucidate the role of oxi-
dative stress in FLD.

Findings from numerous experimental and clinical studies
of FLD have demonstrated a clear role for the disruption of
adipokine (adipose tissue cytokines) networks in FLD path-
ogenesis. Importantly, adipose tissue inflammation alters the
pattern of adipokine secretion from adipose tissue with the
negative consequence of contributing, in part, to FLD from
both alcohol and obesity. On this topic, Parola and Marra (21)
provide a new understanding of the potential role of ROS in
affecting adipokine action in the development of NAFLD,
hepatic insulin resistance, inflammation, and fibrosis. Em-
phasis is given to understanding the interplay between adi-
ponectin, leptin, and resistin and ROS, and downstream
effects on key redox-sensitive signaling pathways.

Two articles in this Forum summarize advances in our
understanding of the role of key sub-cellular organelles, the
endoplasmic reticulum (ER) and the mitochondrion, in FLD.

FIG. 1. Current understand-
ing of the pathophysiology of
alcoholic steatohepatitis and
nonalcoholic steatohepatitis.
Recent advances point to the
following molecular events
being critical for fatty liver
disease (FLD) pathology. In-
sulin resistance from both
chronic alcohol consumption
and obesity is now recognized
as a critical event for develop-
ment of steatosis: the first-hit
of FLD. Early in the disease
process the liver adapts to ex-
cess free fatty acid (FFA) to
prevent triglyceride (TG) ac-
cumulation; however, over
time these adaptive mecha-
nisms fail resulting to TG ac-
cumulation, steatosis, and
lipotoxicity. Lipotoxicity can
trigger ER stress, lysosomal
permeability, and mitochon-
drial dysfunction. As a conse-
quence, there is increased
production of a wide variety of
reactive oxygen, nitrogen, and
lipid species (RONLS), which

dysregulate multiple redox-sensitive signaling pathways leading to increased TG accumulation. The ensuing disruption of
mitochondrial function triggers apoptotic and necrotic cell death: key second-hits in FLD pathobiology. In conjunction, release of
reactive species from hepatocytes can trigger activation of immune cells and convert the normally quiescent stellate cells to a
fibrosis-inducing cell. It is this combination of these events and others presented within this Forum that are involved in the
progression from steatosis to steatohepatitis to fibrosis/cirrhosis.
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Recent studies have reported that disruption in ER homeo-
stasis, termed ‘‘ER stress,’’ occurs in liver of obese and/or
NAFLD patients (10). Important to these observations is that a
key consequence of ER stress; the unfolded protein response
(UPR) is linked to lipid metabolism, insulin signaling, and
inflammation; pathways similarly altered under conditions of
oxidative stress. Gentile et al. (8) discuss the interaction of UPR
and redox signaling pathways in the context of NAFLD. Im-
portantly, several UPR-dependent pathways may be critical
in activating cellular defenses against oxidative stress in
NAFLD; however, when these protective systems fail, ER
stress-mediated disease progression may occur leading to
severe pathology in patients.

As a site critical for fat metabolism and ROS production, the
mitochondrion has been at the forefront of AFLD and NAFLD
research for many years. Indeed, mitochondrial ROS pro-
duction was proposed to be the key second hit responsible for
disease progression from simple steatosis to steatohepatitis
from alcohol or nonalcohol sources (16, 22). As presented, by
Morris et al. (19) the role of mitochondria in liver disease
pathogenesis continues to expand. Studies are presented in
this review showing the direct impact of mitochondrial ROS
on regulation of redox-sensitive signaling pathways like
AMPK and the use of antioxidants (coenzyme Q10) in the
treatment of FLD. Nonmitochondrial sources of ROS and re-
active nitrogen species are also chief contributors to oxidative
stress in AFLD and NAFLD especially from nonparenchymal
liver cells. Cohen et al. (4) discuss the critical role of cells of the
innate immune system in the pathobiology of AFLD. Studies
are highlighted which indicate that chronic alcohol con-
sumption (1) enhances TLR-4-mediated cytokine expression
presumably through dysregulation of key redox signaling
pathways and (2) decreases a key antioxidant thioredoxin, in
liver. Moreover, emerging evidence implicates alcohol-
mediated ROS production in activation of the complement
system, which worsens AFLD through induction of various
pro-inflammatory cytokine networks. Taken together, these
reviews showcase the complexity of AFLD and NAFLD
pathogenesis, which involves multiple cellular and sub-
cellular networks dynamically interacting to exacerbate liver
injury through dysregulation of redox-sensitive signaling
pathways and targets.

To complete this Forum, three original research contribu-
tions are presented highlighting the role of redox disturbances
in both AFLD and NAFLD. Liang et al. (11) show an interac-
tion between saturated fat and chronic alcohol to upregulate
hepatic adiponectin receptor 2 (AdipoR2) through a sirtuin 1
(SIRT1) and forkhead transcription O1-dependent mecha-
nism. These findings are significant as downregulation of
AdipoR2 occurs in response to chronic alcohol consumption
and contributes to AFLD (1). Importantly, the work presented
in this Forum shows for the first time that the alcohol-
dependent movement of SIRT1 from the nucleus to the cyto-
plasm is redox dependent. Thus, Liang et al. (11) provide
evidence to support the concept that nutritional and/or
pharmacological interventions targeting the SIRT1-forkhead
transcription O1-AdipoR2 axis may be novel therapies for
AFLD and NAFLD. Further evidence in support of redox
dysregulation in FLD comes from the work of Gornicka et al.
(9), showing the impact of a NASH-inducing diet (methio-
nine-choline deficient diet) on antioxidant gene expression
profiles. Specifically, this work shows increases in flavin-

containing mono-oxygenase 2, glutathione peroxidase, and
peroxiredoxins, whereas stearoyl-CoA desaturase-1 (SCD1)
was dramatically decreased in livers of mice with NASH
compared to controls. SCD1 facilitates the movement of free
fatty acids into triglycerides, phospholipids, and cholesterol
esters. The decrease in SCD1 is important as this could have
the effect of enhancing the delivery of free fatty acids to mi-
tochondria, resulting in increased mitochondrial ROS pro-
duction, which was indirectly verified through increased
markers of oxidative tissue damage (i.e., increased 4-hydro-
xynonenal adducts).

In the remaining article of this Forum, Eccleston et al. (6)
present novel findings demonstrating that chronic exposure
to a high-fat diet induces steatosis, modifies the liver mito-
chondrial proteome, and decreases nitric oxide (NO) bio-
availability in mice. Twenty-plus proteins were altered in
abundance in response to a high-fat diet, including proteins
involved in energy metabolism, chaperone function, beta-
oxidation, and sulfur amino acid metabolism. These results
reveal novel targets in mitochondria that might be suitable for
forthcoming NAFLD/NASH therapeutic studies. Moreover,
a chronic high-fat diet decreased NO concentrations in liver.
This is predicted to disrupt mitochondrial function as NO
functions through a redox-dependent mechanism to stimulate
mitochondrial biogenesis. Thus, low NO might be considered
as a second hit in the disease progression of NAFLD.

In summary, this Forum explores the complex mechanisms
through which chronic alcohol consumption and obesity
amplify oxidative stress and disrupt signaling pathways that
are under redox control in liver. Aggressive research efforts
are warranted to further elucidate the pathogenesis of AFLD
and NAFLD with the goal of developing accurate disease
biomarker tests for both diseases and novel agents and regi-
mens for treatment. We would like to thank the authors who
took time out of their busy schedules to make this Forum
possible, as well as to all the reviewers who provided out-
standing feedback on the articles. We hope that the articles
presented in this Forum will increase understanding of the
molecular mechanisms involved in ALFD and NAFLD and
stimulate new research investigations focused on redox bi-
ology and signaling in the context of these important diseases.
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Abbreviations Used

adipoR2¼ adiponectin receptor 2
AFLD¼ alcoholic fatty liver disease

ASH¼ alcoholic steatohepatitis
ER stress¼ endoplasmic reticulum stress

FFA¼ free fatty acid
FLD¼ fatty liver disease

NAFLD¼nonalcoholic fatty liver disease
NASH¼nonalcoholic steatohepatitis

NO¼nitric oxide
RONLS¼ reactive oxygen, nitrogen, and lipid

species
ROS¼ reactive oxygen species

SCD1¼ stearoyl-CoA desaturase-1
SIRT1¼ sirtuin 1
T2DM¼ type 2 diabetes mellitus

TG¼ triglyceride
UPR¼unfolded protein response
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