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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a multi-systemic disease that is
considered the hepatic manifestation of metabolic syndrome (MetS). Because
alcohol consumption in NAFLD patients is common, there is a significant overlap
in the pathogenesis of NAFLD and alcoholic liver disease (ALD). Indeed, MetS
also significantly contributes to liver injury in ALD patients. This “syndrome of
metabolic and alcoholic steatohepatitis” (SMASH) is thus expected to be a more
prevalent presentation in liver patients, as the obesity epidemic continues. Several
pre-clinical experimental models that couple alcohol consumption with NAFLD-
inducing diet or genetic obesity have been developed to better understand the
pathogenic mechanisms of SMASH. These models indicate that concomitant MetS
and alcohol contribute to lipid dysregulation, oxidative stress, and the induction
of innate immune response. There are significant limitations in the applicability of
these models to human disease, such as the ability to induce advanced liver injury
or replicate patterns in human food/alcohol consumption. Thus, there remains a
need to develop models that accurately replicate patterns of obesogenic diet and
alcohol consumption in SMASH patients.

Key Words: Non-alcoholic fatty liver disease; Alcoholic liver disease; Non-alcoholic
steatohepatitis; Animal models; Insulin resistance; Oxidative stress

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Experimental animal and cell culture models have been developed to study
the “syndrome of metabolic and alcoholic steatohepatitis” (SMASH), in which
concomitant non-alcoholic fatty liver disease and alcoholic liver disease risk factors
play a role in liver injury. These models demonstrate that obesity, metabolic syndrome,
and alcohol consumption synergistically contribute to lipid dysregulation, oxidative
stress, inflammation, and fibrogenesis. The pathogenesis of SMASH in these
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experimental models is dependent on obesogenic diet composition, alcohol
consumption patterns, alcohol dosage, and genetic background.
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INTRODUCTION

The two most common causes of liver disease worldwide are non-alcoholic fatty liver
disease (NAFLD) and alcoholic liver disease (ALD)!". NAFLD is a multi-system
disease whose major risk factors are genetic susceptibility, obesity, insulin resistance,
and metabolic syndrome (MetS). MetS is the constellation of obesity, insulin resistance,
hypercholesterolemia, hypertriglyceridemia, and hypertension; and NAFLD is
considered the hepatic manifestation of MetS*. ALD also has a multi-factorial
etiology, including alcohol consumption quantity and pattern, environmental factors,
and genetics. Alcohol consumption patterns can be described in terms of long-term
(chronic) or acute (binge) drinking episodes.

Clinicians recognize the existence of an overlap condition between NAFLD and
ALD, despite the absence of significant alcohol intake in NAFLD diagnostic criterial.
For example, among ALD patients, obesity increases the likelihood for the
development of alcoholic cirrhosis!), while both long-term alcohol consumption and
obesity have been found to independently promote advanced fibrosis'l. Obesity and
MetS also increase mortality in ALDF.. Obesity, insulin resistance, and MetS are the
most significant contributors to ALD severity, with as many as 50% of ALD patients
estimated to have liver disease as a consequence of both alcohol overconsumption and
obesity”'”l. Obese individuals who overconsume alcohol are more likely to develop
hepatic steatosis and cirrhosis compared to normal weight individuals. As the
obesity epidemic persists, this “syndrome of metabolic and alcoholic steatohepatitis”
or SMASH is expected to become a more common presentation in liver patients!"'.

Several experimental models have been developed to understand the metabolic
factors that exacerbate liver disease in patients with coexistent NAFLD and ALD risk
factors. Studies that incorporated both obesogenic diet (e.g., high-fat, high-fructose) or
genetic obesity and some form of alcohol consumption in a rodent model were
included in this critical review, while human retrospective studies, human clinical
trials, and in vitro models were excluded. While these models couple NAFLD risk
factors with alcohol exposure, they differ in the animal genetic background,
obesogenic diet composition, type and duration of alcohol consumption, and ability to
induce significant liver injury. Here, we review the pre-clinical experimental models
developed to study the interactive effects of NAFLD and ALD risk factors on hepatic
injury, as well as limitations of the various models with regards to human disease.

PATHOLOGICAL OVERLAP BETWEEN NAFLD AND ALD

Lipid dysregulation

Lipid metabolism dysregulation is a key factor in the pathogenesis of NAFLD and
ALD. De novo lipogenesis and fatty acid oxidation (FAO) are implicated in NAFLD
pathogenesis, although lipid uptake, storage, and export also play a role!'’.
Meanwhile, experimental models indicate that alcohol (EtOH) consumption further
exacerbates lipid dysregulation in MetS. AMP-activated protein kinase (AMPK) is a
key regulator of lipid metabolism, and its inhibition has been implicated in both
NAFLD and ALD"™*. AMPK has reciprocal effects on de novo lipogenesis and fatty
acid (FA) uptake through the regulation of the transcription factor sterol response
element binding protein 1 (SREBP-1)!"l. SREBP-1 is upregulated in NAFLD patients
and in high-fat diet (HFD)-induced NAFLD rodent models!”l. Pharmacological
inhibition of SREBP-1 increases insulin sensitivity and suppresses FA synthesis('’l.
AMPK also modulates FAO by regulating peroxisome proliferator-activated receptor
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(PPAR) a and sirtuin 1 (SIRT-1), the latter of which is inhibited by EtOH con-
sumption!**1. FAO is induced in NAFLD as a compensatory effect of increased lipid
uptake and de novo lipogenesis™”l. In obese patients, EtOH is also known to increase
adiponectin levels, which induces AMPK activation*l.

Oxidative stress

NAFLD risk factors and EtOH consumption also contribute to oxidative stress in fatty
liver disease by dysregulating oxidative biochemical processes and producing reactive
oxygen species (ROS). Obesogenic diet contributes to the formation of ROS such as
hydrogen peroxide (H,0,), superoxide (O,), 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA), and oxysterols as byproducts of FAO™1. EtOH metabolism
by alcohol and acetaldehyde dehydrogenases, and cytochrome P450 2E1 (CYP2E1) also
produces ROSP. CYP2E1, in particular, is implicated in the pathogenesis of both
NAFLD and ALD in humans®”l. CYP2E1 metabolizes EtOH and other xenobiotics in a
nicotinamide adenine dinucleotide phosphate (NADP*/NADPH)-mediated process
and produces H,0,and O, ™. Mouse models also indicate that CYP2E1 plays a role in
lipid dysregulation”! and diabetes!™. Inhibition of CYP2E1 has been found to be
protective against lipid metabolism dysregulation and oxidative stress induced by
combined FA and EtOH treatment in vitrol™.

Concomitant NAFLD risk factors and EtOH consumption also dysregulate the
unfolded protein response (UPR), resulting in the production of ROS in the
endoplasmic reticulum (ER)"™. In the UPR, misfolded proteins sequester binding
immunoglobulin protein (BIP), inducing the protein kinase R-like ER kinase (PERK),
activating transcription factor 6 (ATF-6), and inositol-requiring kinase (IRE-1)
transduction pathways. The UPR involves the formation of disulfide bonds, an
oxidative process that produces H,0, and other ROS. Protein folding dysregulation
is associated with oxidative stress in fatty liver diseasel™; saturated FA, oleic acid, and
cholesterol interact with the UPR and induce ER stress™. Lipids and EtOH have a
reciprocal relationship with the ER: PERK induces protein and lipid metabolism, and
apoptosis, while ATF-6 and IRE-1 mediate protein trafficking and inflammation™-1.

Three enzymes are key to the elimination of ROS: Superoxide dismutase (SOD)
metabolizes O,- to O,and H,O,; while catalase and glutathione peroxidase (GPx)
metabolize H,0,to O,and H,0"*. H,0,oxidation by GPx is coupled to the
metabolism of reduced glutathione (GSH) to oxidized glutathione disulfide (GSSG).
GSSG is reduced back to GSH by glutathione reductase (GR), which requires
NADPH™1. Clinical observations indicate that patients with NAFLD have increased
SOD, GPx, and GR activities, as well as elevated levels of GSH"'*. Similarly, patients
with ALD have upregulated SOD activity!”, although GSH/GSSG ratio is
decreased.

Immune r esponse

Macrophage and neutrophil activation play important roles in liver injury in the
context of MetS and EtOH consumption*l. Macrophages adopt a number of
functional states that are traditionally categorized into two groups. Pro-inflammatory
M1 polarization is distinguished by the presence of cell surface marker CD68, and
secretion of interleukin (IL) 6, tumor necrosis factor a (TNFa), and other cytokines.
Conversely, anti-inflammatory M2 polarization is distinguished by CD163,
transforming growth factor p (TGFp), IL-10, and arginase 1 (ARG-1)*1. Saturated FAs
and cholesterol are known to induce a predominantly M1-like phenotype in Kupffer
cells, liver-resident macrophages!*). M1 polarization is associated with severity of
disease, CD68+ Kupffer cells, and TNFa expression were both found to be
significantly higher in non-alcoholic steatohepatitis (NASH) patients compared to
patients with simple steatosis*’l. However, CD45+ leukocytes and CD163+ Kupffer
cells are also increased in pediatric NAFLD patients™!. Meanwhile, hepatocyte damage
in ALD increases lipopolysaccharide (LPS) leakage into the liver by enhancing
intestinal permeability, resulting in TNFa and IL-10 secretion by Kupffer cells?”*?l. The
two-state model of macrophage polarization may thus be insufficient to describe
immune response under concomitant NAFLD and ALD risk factors. Kupffer cells also
release IL-1P in response to hepatic tissue damage and necrosis, which results in
neutrophil recruitment from bone marrow to the liver™. Neutrophil infiltration,
distinguished by upregulation in TNFa, IL-1, and osteopontin (OPN), contributes to
hepatocyte death and correlates with ALD severity™l.

Apoptosis and fibrosis
NAFLD pathogenesis involves hepatocellular apoptosis, which occurs via the extrinsic
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and intrinsic pathways. In the intrinsic pathway, apoptosis occurs as a result of
cellular, ER, or mitochondrial stress™.. In the extrinsic pathway, apoptosis arises as a
response to extracellular signaling™!. One particularly important extrinsic mechanism
in NAFLD is the tumor necrosis factor a (TNFa) pathway. TNFa activates anti-
apoptotic NF-xB and apoptotic caspase-3~l.

Oxidative stress, inflammation, and hepatocyte apoptosis contribute to hepatic
fibrosis in NAFLD and ALD, and these pathways are mediated by hepatic stellate cells
(HSC). One important fibrogenic mechanism in NAFLD and ALD is the TGFp
pathway, which induces the expression of collagens, a component of extracellular
matrix (ECM), via the signal transducer SMAD-3. Another important signaling
pathway is that of toll-like receptor 4 (TLR-4), which responds to LPS, and produces
pro-inflammatory cytokines*l. TLR-4 is upregulated in obese patients with
NAFLD"; and in patients with ALD, alcohol increases gut permeability and promotes
LPS-producing Gram-negative bacteria!. However, in one study, mRNA expression
of TLR-4 tended to decrease in biopsy-diagnosed NAFLD patients who drank at most
20 g/kg/d EtOH compared to those who did not drinkl. Activated HSCs also
produce tissue inhibitor of metalloproteinases (TIMP), which inhibits ECM-degrading
matrix metalloproteinases (MMPs)*l,

EXPERIMENTAL MODELS OF NAFLD AND ALD

Despite the pathological overlap between NAFLD and ALD, most studies model
NAFLD risk factors and EtOH consumption independent of each other. Although
individually these models are limited in their capacity to recapitulate SMASH
pathogenesis, they form the foundation for many SMASH models.

NAFLD models

A variety of animal models have been proposed for studying NAFLD, which can be
largely divided into three categories: dietary, genetic, and combined models. Dietary
manipulations can induce NAFLD development by using obesogenic or nutrient-
deficient diets. Obesogenic diets are typically rich in fat with additional sugar
and/or cholesterol, representing metabolic and histological features of human
NAFLD. There are a number of obesogenic diets, varying in the macronutrient
composition, sources of fat, types of sugar, and cholesterol content. Nutrient-deficient
diets, such as methionine- and choline-deficient, and choline-deficient L-amino acid-
defined (CDAA) diets, are also capable of inducing NAFLD!"**l. Choline-deficient and
CDAA diets are used because methionine and choline are required for
phosphatidylcholine synthesis, and are thus intimately involved in lipoprotein
synthesis, lipid storage, and lipid regulation!. Nutrient-deficient diets can rapidly
induce NAFLD within a few weeks of feeding, but some metabolic features including
body weight, hyperglycemia, and insulin sensitivity do not manifest as they do in
human NAFLD.

Various genetic animal models have also been created to study NAFLD, and are
especially valuable for studying the mechanisms of NAFLD pathogenesis!’”"l. Genetic
mouse models of NAFLD include leptin-deficient (ob/ob), leptin receptor-deficient
(db/db), insulin resistant (KK-A¥), SREBP-1c transgenic, PPARa null, phosphatase and
tensin homolog (PTEN) null, and acyl-coenzyme A oxidase (ACOX) null mice. For
rats, genetic models include leptin receptor-deficient (fa/fa) and cholecystokinin
knockout (OLETF). Dietary and genetic models are also combined to replicate the
multifactorial nature of human NAFLD. A detailed discussion of NAFLD animal
models is beyond the scope of this review and described in other reviews!®",

ALD models

Pre-clinical models have also been developed to understand the pathogenesis of ALD.
EtOH can be administered to animals either orally or intravenously. Four models have
been developed for studying ALD: (1) Binge feeding, in which animals are acutely
administered EtOH by gavage; (2) Chronic feeding, in which animals are given access
to EtOH through diet or drinking water for a prolonged period of time (e.g., Lieber-
DeCarli diet model™); (3) Intragastric (iG) infusion feeding (e.g., Tsukamoto-French
model”*"); and (4) Chronic-binge feeding, in which animals are given chronic EtOH
for a certain period of time, then administered EtOH acutely (e.g., Gao model”>").
Variations in these models exist, such as multiple binge feeding and combined models.
In addition, experimental models vary in EtOH concentration and feeding period.
Animal models should thus be selected depending on the purpose of the study, as
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there have been no animal models that fully recapitulate the full spectrum of ALD.

EXPERIMENTAL MODELS OF SMASH

Experimental rodent models (Table 1) of SMASH couple one of the dietary or genetic
models of NAFLD described above with EtOH consumption models of ALD. While
obesity and EtOH consumption models vary considerably, studies that combine the
two generally indicate a synergistic increase in steatosis, inflammation, and fibrosis by
obesity and EtOH.

Dietary models of SMASH

The most common type of dietary SMASH model couples HFD with either chronic or
binge (acute) EtOH consumption. For example, Gibele et al"! gave Balb/c mice ad
libitum access to either chow diet or HFD, along with water or 5% EtOH in drinking
water. HFD-EtOH diet upregulated TNFa, TGFp, collagen I, a smooth muscle actin
(aSMA) expression, synergistically contributing to inflammation and fibrosis. HFD
upregulated TLR-4 expression, but EtOH did not have an effect on TLR-4. However,
combined HFD-EtOH increased serum LPS levels and had increased fibrosis
compared to the other groups, suggesting that obesity increases LPS sensitivity by
upregulating TLR-4, while EtOH promotes fibrosis by increasing intestinal
permeability and LPS leakage.

Wang et al”! used high-fat (HF) Lieber-DeCarli (LD) diet and observed increased
inflammation and apoptosis in HF-EtOH treated rats. Sprague-Dawley rats were given
ad libitum access to control LD or HF LD diet for 6 wk. The HF LD-fed rats were then
given either HF LD and HF-EtOH LD for another 4 wk. HF-EtOH LD increased
hepatic steatosis and number of inflammatory foci compared to controls. HE-EtOH LD
also increased TUNEL+ apoptotic hepatocytes compared to control diet, but EtOH did
not significantly affect TUNEL+ hepatocyte count, suggesting that obesogenic diet
contributes more to apoptosis than EtOH in this model. There was no difference in B-
cell lymphoma (BCL) 2 or BCL-2-associated X protein (Bax) between the groups, while
Fas death receptor and Fas ligand were upregulated in the HF-EtOH LD group,
suggesting that hepatocyte apoptosis occurs via the extrinsic pathway in SMASH.

Similarly, Gopal et al’”! developed a model using both solid diet and LD to
determine the effect of exogenous SOD-1 on inflammation and fibrosis in SMASH.
C57BL/6 mice were fed either chow or HFD for 10 wk, then either control LD or 5%
EtOH LD for an additional 4 wk. The HFD-fed mice were also administered SOD-1 for
2 wk. HFD-EtOH upregulated CYP2E1, ADH, catalase, FA oxidizing ACOX-1, pro-
inflammatory CCL-2, and pro-fibrotic MMP-12 compared to controls. These results
corroborate the findings in the other aforementioned HFD-EtOH models that dietary
obesity and EtOH both contribute to lipid dysregulation, inflammation, and fibrosis.
SOD-1 treatment attenuated the increases in CYP2E1, ADH, CCL-2, and MMP-12, but
further upregulated catalase, PPARa, and ACOX-1. The effects of SOD indicate that
dysregulation of antioxidant mechanisms plays a role in SMASH pathogenesis, but
targeting these mechanisms pharmacologically may have adverse effects on lipid
metabolism (Figure 1).

The aforementioned models used chronic EtOH feeding to induce liver injury, but
Duly et al™ took a different approach to modeling SMASH by coupling HFD to
repeated binge EtOH consumption. C57BL/6 mice were fed chow or HFD for 12 wk,
and administered saline or 2 g EtOH/kg BW twice per week. ALT/AST activity did
not differ between experimental groups, but HFD-EtOH increased hepatic TG levels
compared to controls. HFD-EtOH also upregulated SREBP-1 and stearoyl-CoA
desaturase 1, a transcriptional target of SREBP-1 involved in FA synthesis!”, compared
to controls. HFD-EtOH also increased vimentin+ cells in the hepatic parenchyma and
collagen deposition compared to controls, but did not affect expression of pro-fibrotic
collagen I, TGFp, and plasminogen activator inhibitor (PAI-1). These results suggest
that obesity and EtOH synergistically contribute to lipid dysregulation and fibrosis,
although through a yet unknown mechanism. The application of this study to human
disease is also limited because HFD alone did not promote TG accumulation, a
diagnostic criterion for NAFLD.

HFD intragastric infusion is also used in overfeeding models of SMASH. For
example, Lazaro et al*'! fed C57BL/6 mice high saturated fat, high cholesterol (HFHC)
diet for 2 wk, then liquid HFD or HFD-EtOH by intragastric infusion for 8 wk, with
some HFD-EtOH-fed mice also receiving additional EtOH by gavage. HFHC and
chronic-binge EtOH upregulated myeloperoxidase, CXCL-1, and OPN, and increased
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Table 1 Experimental studies modeling the effect of metabolic syndrome risk factors and alcohol consumption on liver injury outcomes

in rodent and cell culture models

Ref. Experimentalmodel oo omistry Anatomy and histology MRNA and protein
details expression

Alwahsh et all®*! (1) Animal: 10 wk male (1) T ALT; (2) 1 liver and (1) Portal inflammatory infiltration and (1) 1 leptin; (2) 1 ACC-2; (3) 1
Sprague- Dawley rat; (2) plasma TG; (3) T plasma stage 1 fibrosis (LD-EtOH); (2) lipase in LD-EtOH, but | in LD-
Initial weight: 270-310 g; (3)  leptin; (4) | plasma HDL; (5) Periportal macrosteatosis (LD- fructose and LD-fructose-EtOH;
Diet: LD control, LD with | plasma albumin; and (6) fructose); and (3) Portal inflammation,  (4) | IRS-1, IRS-2 (fructose
30% kcal from fructose, 30%  No dif. in leptin or hepatic ~ periportal macrosteatosis, fibrosis (LD-  groups); and (5) 1 CD36, CPT-1a,
keal from EtOH, or LD with TG between LD-EtOH and  fructose-EtOH) PPARa in LD- EtOH and LD-
both fructose and EtOH; and LD- fructose-EtOH fructose, but no change in LD-
(4) Duration: 28 d fructose-EtOH

Bucher et al'™”! (1) Animal: 7 wk male (1) T ALT, but | ALT (1) Mediovesicular and macrovacular (1) T genes for apoptosis
C57BL/6] Mouse; (2) Initial ~ compared to EtOH-naive steatosis and (2) No dif. in inhibition, acetyl-CoA synthesis,
weight: 20-23 g; (3) Diet: HFD; (2) 1 cholesterol, but | necroinflammation or perisinusoidal lipogenesis, mitochondrial
Control (3 kcal/g food; 16%  cholesterol compared to fibrosis between HFD and HFD-EtOH  functions (NADH
kcal protein) or HFD (5.5 EtOH-naive HFD; (3) 1 TG dehydrogenase, COX, ATP
kcal/g; 60% kcal SFA); 10 serum glucose; (4) 1 serum synthase), and proteolysis; (2) |
g/kg/d EtOH in drinking insulin; and (5) T MUFA genes for apoptosis (BCL-2
water; and (4) Duration: 4 and | SFA (compared to homologg), fibrosis (collagen),
mo HFD) chemotaxis, oxidative stress

(GPx, HMOX-1, SOD); and (3) |
CYP2E1 protein levels

Carmiel-Haggai (1) Animal: 15 wk male fa/fa (1) T ALT; (2) 1 NEFA; 3) T (1) Macrovesicular steatosis (EtOH- (1) | GSH, GPx, GR; (2) | GSSG

et all”! Zucker Rat; (2) Initial LPO by-products (4-HNE,  naive fa/fa) and (2) Lobular (EtOH-fed and EtOH-naive
weight: 595 + 35 g (obese), MDA); and (4) | CYP2E1 microvesicular, central macrosteatosis, fa/fa); (3) | catalase, SOD; (4) 1
316 + 32 g (lean controls); activity inflammation (EtOH-fed fa/fa) iNOS; (5) 1 caspase 3, caspase 8;
and (3) Diet: 35% v/v EtOH (6) T BCL-XL, FAS ligand; and
in saline every 12 h for 3 d; (7) 1 BCL-2, BAX (EtOH-fed and
final dose was 4 g/kg EtOH EtOH-naive fa/fa)

Duly et al™’) (1) Animal: 6-8 wk male (1) T TG (chow-EtOH, but (1) Steatosis and lipid accumulation; (2) (1) T SREBP-1; (2) 1 SCD-1; (3) 1
C57BL/6 Mouse; (2) Initial ~ not HFD or HFD-EtOH); (2) Collagen deposition; (3) 1 cellular PPARa; (4) | ACOX-1; (5) No
weight: 20 g; (3) Diet: chow 1 cholesterol, HDL, LDL infiltration; (4) 1 CD45+ leukocytes; (5)  dif. in TGF or HSP90; and (6) 1
(12% kcal fat) or HFD (45%  (but no difference between 1 F4/80+ Kupffer cells; and (6) T collagen I, PAI-1 (EtOH-naive
keal fat, 0.25% cholesterol); 2 HFD and HFD- EtOH); and  vimentin+ HSCs HFD)
g/kg EtOH in saline twice (3) 1 serum insulin
per wk; and (4) Duration: 12
wk

Everitt et all”’] (1) Animal: 12 wk male (1) 1 ALT/AST; (2) 1 hepatic  Steatosis in EtOH-fed ob/ob (1) t mTOR, PPARY, FGF-21,
ob/ob C57BL/6-]/Rj-ob TG; (3) 1 hepatic cholesterol; FSP-27; (2) 1 SIRT-1, pAMPKa,
mouse; (2) Diet: PUFA- (4) 1 hepatic lactate; (5) | AMPKa, pACC (ob compared to
enriched LD with 27.5% hepatic pyruvate; (6) No dif. lean; EtOH did not have an
EtOH or isocaloric in BAL between EtOH-fed; effect); (3) 1 adipose TNFa, |
maltodextrin; and (3) and (7) ob/ob and EtOH- hepatic TNFa; (4) T cytosolic
Duration: 4 wk fed lean mice lipin-1 protein levels; (5) |

nuclear lipin-1 protein levels; (6)
| PGC-1a; and (7) | ACOX-1

Gibele et all”’! (1) Animal: 12 wk female (1) 1 hepatic TG; (2) 1 portal (1) Steatosis in HFD-fed mice; (2) 1 4- (1) T p47phox, TNF, TGF,

Balb/c mouse; (2) Diet: blood LPS; and (3) | BAL HNE; (3) T aSMA+ cells; (4) 1 collagen  collagen I; (2) 1 TLR-4 in HFD
Chow or HFD [17% fat (50%  (not statistically significant) I; and (5) T ECM deposition mice, with no effect by EtOH; (3)
lard, 50% cacao-butter), 1 aSMA protein levels; and (4) |
1.25% cholesterol, 0.5% CYP2E1 protein levels in HFD

cholate]; 5% EtOH in ad
libitum; and (3) Duration: 6

wk

Gopal etal”! (1) Animal: 6-8 wk male (1) 1 ALT; (2) 1 FFA; (3) | (1) 1 adipose mass by HFD, but | (1) 1 adipose CYP2E1 protein
C57BL/6 mouse; (2) Diet: leptin; (4) nanoSOD fat/body weight ratio by HFD- EtOH;  levels, | CYP2E1 by nanoSOD;
Chow or HFD (45% kcal fat) ~ treatment counteracted the  (2) 1 microvesicular steatosis (in all (2) 1 hepatic CYP2E1, ADH,
for 10 wk, then LD control or above effects; and (5) No mice); (3) 1 macrovesicular steatosis; (4) catalase, | CYP2E1 and ADH,
5% v/v EtOH LD for 4 wk dif. in MDA between 1 inflammatory nodules; (5) 1 but 1 catalase by nanoSOD; (3) T
additionally; and (3) Drug:  groups hepatocyte ballooning; and (6) 1 MCP-1 PPARa, ACOX-1 in HFD, further
HFD mice also given 1000 protein levels, | MCP-1 in HFD-EtOH 1 ACOX-1 by EtOH, further 1 for
U/kg Cu/Zn SOD-1 with mice treated with nanoSOD both by nanoSOD; and (4) 1
polylysine- PEG copolymer CCL-2, MMP-12; | by nanoSOD
in 10 mM HEPES every 2 d
for 2 wk

Jung et all!*! (1) Animal: Female (1) 1 TG; | in beer-treated (1) T neutrophil granulocytes; | by beer (1) 1 IR, IRS-2 in FFC-EtOH and
C57BL/ 6] mouse; (2) Diet: FFC compared to EtOH- in FFC-fed mice; (2) T NAS; | by beer in  FFC- beer compared to naive; no

Control (69% carbohydrates, treated or naive and (2) | FFC-fed mice; (3) 1 iNOS protein levels; dif. in IRS-1; (2) | adiponectin in
12% fat, 19% protein) or FFC  glucose tolerance in all FFC- | by beer and EtOH in FFC-fed mice; FFC and FFC- EtOH, but 1 in

(60% carbohydrates, 25% fat, fed groups and (4) 7 4-HNE; | by beer and EtOH  FFC-beer; (3) 1 hepatic AdipoR1
15% protein, 50% wt/wt in FFC-fed mice and SIRT-1 in FFC-beer; and (4)
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Kanuri et all!*’]

Kita, awa
et all™

Lazaro et all®!}

Minato et all”’]

Nieto et all®’}

fructose, 0.16% wt/wt
cholesterol); Diets enriched
with 2.5 g/kg EtOH,
isocaloric beer (4.9% v/v
EtOH), or isocaloric diet;
and (3) Duration: 7 wk

(1) Animal: 6 wk male ob/ob
C57BL/6 mouse; (2) Diet: 2.5
g/kg/d EtOH in drinking
water; and (3) Duration: 6
wk

(1) Animal: 8 wk female KK-
AY mouse; (2) Diet: LD with
5% EtOH or isocaloric
maltodextrin; Single gavage
of 4 g/kg EtOH or gavage
on after 11 d; (3) Drug: 0.1
g/ L rifaximin (RFX); and (4)
Duration: 10 d

(1) Animal: Male WT and
OPN- knockout C57BL/6
mice and (2) Diet: High-fat,
high-cholesterol diet for 2
wk, then iG liquid HFD-
EtOH (36% kcal from corn
oil; 27 g/kg/d EtOH) or
isocaloric HFD for 8 wk;
Some HFD-EtOH given 4-5
g/kg/wk EtOH by gavage

(1) Animal: 30 wk male
OLET and OLETF rat; (2)
Initial weight: 620 +15 g
(OLETE), 460 + 10 g (OLET);
(3) Diet: 10 mL 10% EtOH by
gavage for 1-5 d/wk; and (4)
Duration: 3 wk

(1) Animal: 12 wk male
Lewis rat; (2) Initial weight:
100 g; (3) Diet: Choline
deficient (CD) diet; (4) 15
mL/kg whiskey by gavage 3
times per wk; and (5)
Duration: 3 mo

(1) 1 ALT/AST in ob/ob,
but | slightly by EtOH in
ob/ob; (2) 1 TG, cholesterol,
HDL, LDL in ob/ob, but no
effect by EtOH; and (3) No
dif. in FFA

(1) 1 ALT; (2) 1 serum and hepatic
TG; (3) 1 portal blood LPS; (4) T
CYP2E1 activity; and (5) | ALT,
TG, LPS (but not to basal levels)
in EtOH-fed treated with REX

(1) 1 ALT, but | with binge EtOH;
| ALT in binge-treated OPN KO
compared to binge-treated WT;
(2) 1 bilirubin, | albumin; (3) 1
TG; and (4) No dif. in BAL

(1) 1 ALT/AST; (2) 1 serum and
hepatic TG; (3) 1 serum glucose;
(4) 1 serum insulin in OLETF,
with no effect from EtOH; and (5)
1 serum adiponectin in OLETF, |
by EtOH in OLETF

(1) 1 ALT/AST; (2) 1 TG; (3) 1
NEFA; (4) 1 MDA, protein
carbonyls; (5) T serum TNFa, but
| in CD- whiskey; (6) T CYP2E1
activity; (7) 1 caspase-3, caspase-8
activity

Osaki et all'"!] (1) Animal: Male Sprague- (1) | ALT; no dif. in AST; (2) |
Dawley rat; (2) Initial ammonia, urate; (3) No dif. in
weight: 106 g; (3) Diet: HFD  serum glucose, FFA, cholesterol,
(30% beef tallow, 20% HDL, bilirubin, alkaline
casein, 20% sucrose); 1%-2% phosphatase levels, urea,

v/v EtOH ad libitum; and (4) creatinine, lactate, acetate; (4) No

Duration: 12 wk dif. in hepatic TG, MDA; (5) No
dif. in hepatic, renal, or
pulmonary thiobarbituric acid-
reactive substances

Robin et all*’] (1) Animal: Male ob/ob (1) 1 ALT in ob/ob; no effect by
C57BL/6] mouse; (2) Initial ~ EtOH; (2) 1 caspase-3,CYP2E1,
weight: 49-56 g (obese), 26-  SOD activities; | caspase 3 by
30 g (lean); (3) Diet: 2.5 PTX; (3) | GPx, cytosolic GT
g/kg/d EtOH by gastric activity in ob/ob, but no effect by
intubation; (4) Drug: 100 EtOH; (4) | mitochondrial GT
mg/kg/d pentoxifylline activity by EtOH; and (5) No dif.
(PTX) by iP; and (5) in GR activity
Duration: 4 d

Song et all'*!] (1) Animal: 6 wk male (1) 1 ALT/AST; (2) 1 plasma TG,
C57BL/ 6] mouse; (2) Diet: NEFA, cholesterol by EtOH, but
high-fructose diet (20.2% not fructose; (3) 1 plasma glucose
kcal protein, 66.96% kcal by fructose diet, | glucose by
carbohydrates, 12.9% kcal EtOH; (4) 1 insulin by fructose
fat); 10% v/v EtOH for 2 d, and EtOH, but not combined
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(1) Steatosis, hepatomegaly in ob/ob;
(2) Macrovesicular steatosis in EtOH-
naive ob/ob; (3) Microvesicular
steatosis in EtOH- fed ob/ob; and (4) |
hepatic neutrophils

(1) Lipid droplet accumulation in
hepatic lobule; (2) Hepatomegaly;
(3) 1 4-HNE; and (4) REX
counteractedthe aboveeffects

(1) Steatosis, hepatomegaly,
mononuclear cell inflammation,
neutrophil infiltration,
perisinusoidal and percellular
fibrosis in HFD-EtOH and (2)
Splenomegaly, T TLR-4 in binge-
treated mice; effect of binge
greater in OPN KO

(1) Mild pericentral
microvesicular steatosis in EtOH-
naive OLETF; (2) Steatohepatitis,
focal hepatic necrosis, and
hepatocyte ballooning in EtOH-
treated OLETE; (3) 1 hepatic
CYP2E]; and (4) 1 4-HNE

(1) Minimal steatosis in whiskey-
naive CD rats and (2) Periportal
and percentral microvesicular
steatosis in CD-whiskey rats

No dif. in hepatic TG, MDA No
dif. in weight of liver, epididymal
adipose tissue, perirenal adipose
tissue, or gastrocnemius muscle

(1) Steatosis, caspase-3 activation
in ob/ob; (2) TUNEL+
hepatocytes; and (3) Necrosis,
inflammation in EtOH-naive
ob/ob

(1) 1 microvesicular steatosis and
(2) T macrovesicular steatosis in
EtOH-naive fructose; | by
fructose-EtOH diet

January 7, 2021

No dif. in PPARy, AdipoR2,
FASN, SREBP-1c, ACOX-1
between groups

(1) 1 PLIN-2, PLIN-3, TNFa,
PAI-1in ob/ob, | PAI-1, PLIN-2,
PLIN-3 by EtOH; (2) | IRS-1,
IRS-2, adiponectin, SIRT- 1 in
ob/ob; 1 adiponectin, SIRT-1 by
EtOH; (3) No effect by EtOH on
PPARy, ACOX-1, SREBP-1c, IRS-
1, IRS02, GLUT-4, glucokinase,
PEPCK; and (4) No dif. in
hepatic ACOX-1, PPARy

(1) 1 ACCa, FASN; TNFq, IL-6,
ILNy; CCL-2; CD14, TLR-4, TLR-
2; HMOX- 1, NOX-1; (2) | CPT-
1a; (3) T CYP2E1 protein levels;
no effect by RFX; and (4) RFX
counteracted effects of EtOH on
ACCa, FASN, TNFa, IFNy, TLR-
4, HMOX-1, and NOX-2, CPT-1a

(1) 1 collagen I, aSMA, TIMP-1
by EtOH; further 1 by EtOH
binge; (2) 1 myeloperoxidase,
CXCL-1, OPN in binge-treated;
and (3) T myeloperoxidase, IL-
17a in binge-treated OPN KO

(1) 1 PPARy in OLETF, with no
effect from EtOH and (2) 1 TNFa

(1) 7 collagen 1, aSMA,
cytochrome ¢, HSP47, CYP2E1;
(2) 1 leptin, TIMP-1, and BAX
protein levels by CD, with no
effect by whiskey; and (3) |
MMP-2, MMP-9, MMP-13, BCL-
2, BCL-XL by CD, with no effect
by whiskey

No dif. in TNFa, adiponectin,
insulin-like growth factor
binding protein 1, hemoglobin

(1) T TNFa protein levels; | by
PTX; (2) 1 IxBa protein levels, |
NF-xB p65; | NF-kB activity; (3)
1 iNOS, BCL-XL; (4) | cytosolic
GSH, mitochondrial GSSG; and
(5) T HSP70

(1) 1 hepatic CYP2E1 protein
levels; (2) 1 KHK in EtOH-naive
fructose; (3) 1 F4/80, CD68, and
TNFa, MyD88, IRF-3, and TRAF-
6; (4) 1 CCL-2, TLR-4, and IRE-7
only in fructose-EtOH; (5) T
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Sun et all'")

Suzuki et all”’]

Wang et all”"]

Xu et al®

15% for 5 d, 20% for 17 wk;
and (3) Duration: 18 wk

(1) Animal: Male Sprague-
Dawley rats; (2) Initial
weight: 80-100 g; (3) Diet:
HFD (38% fat, 2%
cholesterol, 1% cholate) or
control (38% kcal from fat); 4
g/kg/d EtOH by gavage
beginning after 3 wk; and (4)
Duration: 12 wk

(1) Animal: 8 wk male KK-A
Y mouse; (2) Diet: LD
containing 5% EtOH or
isocaloric maltodextrin; 4
g/kg EtOH or isocaloric
maltodextrin by gavage on
day 11; (3) Drug: 120
mg/kg/d phenylbutyric
acid (PBA); and (4)
Duration: 10 d

(1) Animal: 8 wk male
Sprague-Dawley rat; (2)
Diet: LD control (35% kcal
from fat) or LD HFD (71%
keal from fat) for 6 wk; then
LD HFD were given either
solid HFD (55% kcal fat) or
HF-EtOH diet (55% kcal fat,
16% kcal EtOH) for 4 wk; (3)
Duration: 10 wk

(1) Animal: 8 wk male
C57BL/ 6] mouse; (2) Diet:
580 kcal/kg/d (control) or
986 kcal/kg/d (overfed) of
liquid HFD (37% kcal corn
oil) by iG infusion for 45 d;
23 g/kg/d (low dose) or 32
g/kg/d (high dose) via iG
infusion added to diet after
45; controls received
isocaloric amount of diet;
and (3) Duration: 10 wk

fructose-EtOH; (5) | copper by
fructose and EtOH, but not
combined fructose-EtOH

No dif. in plasma LPS levels

(1) T ALT/AST in chronic-binge
mice; no dif. in ALT/AST
between chronic-only and
controls; (2) T serum and hepatic
TG; (3) No dif. in blood glucose;
and (4) PBA | ALT/AST, TG in
EtOH-fed mice compared to PBA-
naive

(1) T TUNEL+ hepatocytes; (2) T
cleaved caspase-3 levels; and (3)
No dif. in 4-HNE or MDA levels
between HFD and HFD-EtOH,
but T compared to controls

(1) 1 hepatic TG, hepatic MDA,
BAL in EtOH-treated overfed
mice and (2) T ALT in overfed
mice; dose- dependent T ALT by
EtOH

(1) 1 steatosis, fibrosis in HFD
mice compared to HFD-EtOH
and (2) 1 Kupffer cell and HSC
activation in HFD mice compared
to HFD- EtOH

(1) 1 steatosis, PMN infiltration,
ccCK18+ hepatocytes, 4-HNE+
cells in chronic-binge mice and
(2) PBA alleviated liver injury,
but did not decrease 4-HNE+ cell
count

(1) Lipid droplet accumulation;
(2) 1 steatosis; and (3) T number
of inflammatory foci

(1) Steatosis, mononuclear cell
infiltration in EtOH-treated (high
dose) control mice; (2)
Steatohepatitis and pericellular
fibrosis in EtOH-treated (high
dose) overfed mice; (3) 1
macrophage infiltration in WAT
in EtOH-treated overfed mice;
and (4) No dif. in liver histology
between EtOH-naive overfed
mice and controls

CD163, IL-1B, or ARG-1 by
EtOH, but no effect by fructose;
and (6) No dif. in IL-6, IL-10

1 inflammatory cytokines
(TNFa, CXCL-1, CXCL-2, IL-1p,
IL-6), pro- fibrotic markers
(aSMA, collagen, TGF-, TIMP-
1, MMP-2, MMP-9) in HFD
compared to HFD-EtOH

(1) 1 inflammatory cytokines
(TNEa, IL-6), ER stress markers
(BiP, uXBP-1, sXBP-1, IP3R1,
CHOP), and HMOX-1 by
chronic-binge; PBA |
aforementioned genes; (2) T BiP,
uXBP-1 in chronic, but not sXBP-
1, IP3R1, CHOP, HMOX-1; and
(3) 1 CYP2E1; PBA had no effect

(1) 1 Fas death receptor and
ligand; (2) No dif. in caspase-3
expression; (3) No dif. in
CYP2E1, TNFa, TNFR-1, IL-14,
IL-12 between HFD and HFD-
EtOH, but 1 compared to
controls

(1) 1 M1 polarization markers
(iNOS, TNFa) in liver and WAT
for overfed-EtOH mice; (2) T M2
markers (IL-10, ARG-1) in WAT,
but |in liver for overfed- EtOH
mice; (3) | AdipoR,
mitochondrial function genes
(PGC-1a, PPARa, COX,
cytochrome ¢, ACOX-1), in
overfed-EtOH; (4) T SREBP-1, |
pACC in EtOH; and (5) No effect
on AMPK, PPARS by
overfeeding or EtOH

Results listed refer to experimental groups with concomitant metabolic syndrome risk factor and alcohol consumption compared to healthy or EtOH-naive
controls, unless stated otherwise. ACC: Acetyl-CoA carboxylase; ACOX: Acyl-CoA oxidase; AdipoR: Adiponectin receptor; ALT: Alanine
aminotransferase; aSMA: Alpha smooth muscle actin; AUC: Area under the curve; ARG: Arginase; AST: Aspartate aminotransferase; BCL: B-cell
lymphoma; BAX: BCL-2-associated X protein; BiP: Binding immunoglobulin protein; BAL: Blood alcohol level; CPT: Carnitine palmitoyltransferase; CHOP:
C/EBP homologous protein; DGAT-2: Diacylglycerol O-acyltransferase 1; ER: Endoplasmic reticulum; EtOH: Ethanol; FA: Fatty acid; FASN: Fatty acid
synthase; FAO: Fatty acid oxidation; FGF: Fibroblast growth factor; GTT: Glucose tolerance test; GSSG: Glutathione, oxidized; GSH: Glutathione, reduced;
GPx: Glutathione peroxidases; GR: Glutathione reductase; GT: Glutathione transferase; H&E: Hematoxylin and eosin stain, HMOX: Heme oxygenase; HSP:
Heat shock protein; HSC: Hepatic stellate cells; HCC: Hepatocellular carcinoma; HDL: High density lipoprotein; HFD: High-fat diet; HFHC: High-fat, high
cholesterol diet; FFC: High-fat, high-fructose, high-cholesterol diet; 4-HNE: 4-hydroxynonenal; iNOS: Inducible nitric oxide synthase; IP3R1: Inositol
trisphosphate receptor type 1; IR: Insulin receptor; IRS: Insulin receptor substrate; IFN: Interferon; IRF: Interferon regulatory factor; IL: Interleukin; iG:
Intragastric; iP: Intraperitoneal; JNK: c-Jun N-terminal kinase; KHK: Ketohexokinase; LD: Lieber- DeCarli; LDL: Low density lipoprotein; MDA:
Malondialdehyde; MMP: Matrix metallopeptidase; MCP: Monocyte chemoattractant protein; MUFA: Monounsaturated fatty acids; MyD88: Myeloid
differentiation primary response 88; NOX: NADPH oxidase; NOX: NAFLD activity score; OLET: Otsuka Long-Evans Tokushima; OLETF: Otsuka Long-
Evans Tokushima fatty; PLIN: Perilipin; PPAR: Peroxisome proliferator-activated receptor; PEPCK: Phosphoenolpyruvate carboxykinase; PAI-1:
Plasminogen activator inhibitor 1, PUFA: Polyunsaturated fatty acids; PGC-1a: PPARYy coactivator 1 a; PHH: Primary human hepatocytes; Akt: Protein
kinase B; SFA: Saturated fatty acids; SIRT-1: Sirtuin 1; SCD-1: Stearoyl-CoA desaturase 1; SREBP-1: Steroid response-element binding protein 1; SOD:
Superoxide dismutase; TGFf: Transforming growth factor §; TG: Triglycerides; TNFa: Tumor necrosis factor a; TRAF: TNF receptor associated factor;
WAT: White adipose tissue; XBP-1: X-box binding protein 1.

the presence of necrotic hepatocytes, suggesting increased hepatic neutrophil
infiltration. HFHC-EtOH with additional EtOH binge also upregulated collagen I,
aSMA, and TIMP-1 compared to controls. Unlike the Gibele study, EtOH also
upregulated TLR-4 expression in HFHC-fed mice. Since OPN is associated with
increased ALD severity®™, HFHC-EtOH diet was also given to OPN-knockout (KO)
mice to determine the role of OPN in liver disease. HFHC-EtOH diet increased
neutrophil infiltration, plasma ALT activity, and aSMA in OPN KO mice, suggesting
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Figure 1 Pathogenesis and progression of the syndromes of metabolic and alcoholic steatohepatitis. Metabolic syndrome (MetS) is a cluster of
factors—obesity, insulin resistance, hypertension, high triglyceride levels, and low high-density lipoproteins cholesterol levels—that arise from obesogenic diet and
genetic factors. Coupled with heavy alcohol consumption, MetS promotes lipid dysregulation, oxidative stress, and endoplasmic reticulum stress. These biochemical
processes reciprocally mediate each other and contribute to lipotoxic cellular dysfunction, immune response, inflammation, and fibrosis in syndromes of metabolic
and alcoholic steatohepatitis.
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that OPN plays a protective role in fatty liver disease. Similarly, Xu et all*! overfed
C57BL/6 mice HFD by iG infusion for 45 d, after which different dosages of EtOH was
introduced for another 4 wk. Compared to controls, overfeeding and EtOH elevated
hepatic TG levels, increased fibrosis, upregulated induced nitric oxide synthase (iNOS)
activity, and induced the PERK and IRE-1 pathways. HFD and high-dose EtOH
increased liver weight, hepatic TG levels, plasma adiponectin levels, ALT activity, and
fibrosis compared to low-dose EtOH treatment. These results suggest that concomitant
overfeeding and EtOH consumption induce fibrosis, oxidative stress, and ER stress.
Furthermore, these results indicate that the effects of EtOH on NAFLD progression are
dose-dependent, as evidenced by the differential effects on liver injury by low and
high dose EtOH.

To recapitulate SMASH pathogenesis, EtOH is also coupled with other dietary
models of NAFLD other than HFD. These other dietary models of SMASH are similar
to the HFD-based models in that they induce lipid dysregulation, oxidative stress,
apoptosis, and fibrosis. Alwahsh et al*! fed Sprague-Dawley rats either control LD,
fructose LD, EtOH LD, or combined fructose-EtOH LD diet for 28 d. EtOH and
fructose independently elevated hepatic TG and cholesterol, and upregulated PPARa
and carnitine palmitoyltransferase I (CPT-1) compared to controls. However,
combined fructose-EtOH decreased cholesterol, and downregulated PPARa and CPT-
1 compared to controls. Combined treatment also upregulated leptin receptor and
acetyl-CoA carboxylase (ACC). This study suggests that in either NAFLD or ALD,
PPARa compensates for the increase in lipid accumulation, but FAO capacity is
diminished under concomitant in SMASH. Nieto et al*”! developed a model in which
Lewis rats were administered a choline-deficient (CD) diet and multiple whiskey
gavages. Compared to controls, CD-whiskey treatment elevated MDA and protein
carbonyl levels, upregulated TNFa, collagen I, aSMA, and B-tubulin, increased
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collagen deposition, and increased caspase-3 and caspase-8 activity. These results
suggest that CD-whiskey induces oxidative stress, inflammation, and fibrosis. CD diet
also downregulated BCL-XL, suggesting greater susceptibility to apoptosis, although
whiskey did not affect its expression.

Genetic models of SMASH

Experimental rodent models of SMASH also employ genetic models of NAFLD
coupled with EtOH consumption. One commonly used genetic mouse model is ob/ob
leptin deficiency. For example, Robin ef al*! developed a model in which ob/ob mice
were administered EtOH daily by gavage for 4 d. EtOH upregulated TNFa and heat
shock protein 70 (HSP70) expression, increased caspase-3 activity, and downregulated
NF-xB expression and activity in obese mice compared to controls. Treatment with
TNFa inhibitor pentoxifylline attenuated these effects in EtOH-treated obese mice.
These results suggest that combined multiple binge EtOH dysregulates TNFa
signaling and induces hepatocellular apoptosis in genetic obesity. However, EtOH did
not increase serum ALT in either lean or obese mice, suggesting that it does not
contribute to acute liver injury in this model.

Everitt et a1 also used ob/ob mice to determine the effect of polyunsaturated fatty
acids (PUFA) and chronic EtOH on obesity. EtOH increased ALT/AST, TG and
cholesterol levels, and AMPK expression in obese mice compared to controls. EtOH
also downregulated SIRT-1 and SFRS-10, a SIRT-1 target. SFRS-10 modulates splicing
for the transcription factor lipin 1, which has two isoforms: FA oxidizing lipin 1a and
TG synthetic lipin 1Bl The decrease in SFRS-10 resulted in an upregulation of the 3
isoform, which is also seen in human obesity and in vitro models®). In PUFA-fed
ob/ob mice, EtOH also upregulated PPARy which regulates adipocyte differentiation,
glucose homeostasis, lipogenesis, and lipid droplet formation™. Although PPARYy is
not upregulated in NASH patients”, increased PPARy and lipin-1f in the Everitt
model underscores the potential synergistic effects of obesogenic factors and EtOH on
AMPK-mediated de novo lipogenesis in human disease.

Another genetic mouse model is KK-AY, which induces obesity and hyper-
insulinemia by dysregulating appetite suppression. Suzuki et al”” fed KK-AY mice
control or 5% EtOH LD diet for 10 d, then administered a single 4 g/kg EtOH dose by
gavage in a chronic-binge EtOH model. In obese mice, EtOH upregulated spliced and
unspliced XBP-1, BIP, inositol trisphosphate receptor, and C/EBP homologous protein,
and oxidative stress markers CYP2E1 and heme oxygenase 1 (HMOX-1). Treatment
with the chemical chaperone 4-phenylbutyric acid decreased the aforementioned UPR
genes, ALT/AST activity, and hepatic TG levels. These results suggest that EtOH
induces the UPR, exacerbates ER stress, and promotes oxidative stress in genetic
obesity. In another study from the same lab, Kitagawa ef al””! used a similar feeding
regiment and found elevated serum LPS, and upregulated inflammatory cytokines
TNFa, IL-1p, and interferon y, and upregulated TLR-4. Furthermore, with regards to
the small intestinal microbiota, EtOH decreased Lactobacillales and increased
Erysipelotrichales in the KK-AY mice. Treatment with rifaximin, an antibiotic, restored
the Erysipelotrichales population and increased Bacteroidales, while restoring cytokine
expression to basal levels.

In rat studies, one commonly used genetic model is the fa/fa Zucker rat. For
example, Carmiel-Haggai et al™! administered fa/fa Zucker rats multiple binges of
35% EtOH or saline over 3 days to determine the effect of concomitant genetic obesity
and EtOH consumption on oxidative stress. In obese fa/fa rats, EtOH decreased basal
GSH levels, increased GSSG levels, and upregulated CYP2E1 and iNOS compared to
controls. EtOH also decreased SOD, catalase, and GR activity in obese rats, suggesting
that EtOH exacerbates oxidative stress in obesity by straining antioxidant mechanisms.
Another genetic rat model is the Otsuka Long Evans Tokushima Fatty (OLETF) rat,
which is a cholecystokinin KO model that dysregulates appetite suppression'™. Minato
et al”! administered lean OLET and obese OLETF rats 10% EtOH gavage every few
days for 3 wk in a multiple binge EtOH model of SMASH. In obese rats, EtOH
increased inflammation, CYP2E1 protein levels, TNFa expression, 4-HNE levels
compared to controls. However, EtOH did not affect PPARy expression or steatosis in
OLETF rats compared to EtOH-naive OLETF rats. These results suggest that while this
model recapitulates inflammation and oxidative stress in SMASH, it does not feature
lipid metabolism dysregulation.

Apparent alleviation of NAFLD/NASH by ethanol

Some experimental models that couple obesity and EtOH consumption do not induce
severe liver injury, and instead show evidence for a possible protective effect by
moderate EtOH consumption in NAFLD. The amount of alcohol that constitutes “mild
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or moderate” (referred to as “moderate” hereafter) consumption is difficult to define,
and there are varied definitions of moderate alcohol consumption in both humans and
rodent models. In retrospective studies of NAFLD, moderate alcohol consumption is
less than 20-40 g EtOH daily™ ), although other studies define it as less than 2
alcoholic drinks per day""l. Moderate alcohol consumption is associated with
improved insulin sensitivity, decreased fibrosis, and improved cardiovascular
outcomes in NAFLD/NASH patients!'”'*, which is a significant finding because
fibrosis is a major factor in NAFLD mortality"*. However, the effects of BMI, insulin
resistance, socioeconomic status, drinking pattern, or type of alcoholic beverage on
human fatty liver disease have not been fully elucidated"”. Nevertheless, there are
rodent models that describe an apparent alleviation of NAFLD symptoms associated
with moderate alcohol consumption. Moderate alcohol consumption is less rigorously
defined for rodent models, although of the studies reviewed in this paper, those that
model “moderate alcohol consumption” generally have less than a daily 5 g EtOH/kg
body weight dosage for rodents!"**l,

Osaki et al"™! developed a model in which chronic consumption of 1%-2% v/v EtOH
reduced blood markers for liver injury in HFD-fed Sprague-Dawley rats for 12 wk.
EtOH did not affect body weight, liver mass, or adipose tissue mass, nor did it affect
serum cholesterol, FFA, or TG levels. EtOH decreased serum ALT activity, lactate
dehydrogenase, urate, and ammonia levels. In a similar study by Sun et al'""}, a 4 g/kg
EtOH binge by gavage downregulated expression of pro-inflammatory TNFa, CXCL-
1, CXCL-2, and IL-1p, and pro- fibrotic aSMA, collagen, TGFp, TIMP1, MMP2, and
MMP?9 in Sprague-Dawley rats fed HFHC for 12 wk. Using a genetic obesity model,
Kanuri et al""! determined the effect of chronic EtOH consumption on lipid storage
and thrombosis. Ad libitum access to 2.5 g/kg EtOH was not found to affect TNFa,
insulin receptor substrate (IRS)-1, or IRS-2 expression in ob/ob C57BL/6 mice. EtOH
downregulated the expression of lipid droplet-associated proteins perilipin (PLIN) 2
and PLIN-3, suggesting decreased lipid accumulation due to EtOH. PLIN2 expression
and lipid accumulation are known to be upregulated in ALD!""], but PLIN3 may
instead play a protective role by facilitating lipid export from the ERI"l. Expression of
pro-thrombotic PAI-1 was comparable between EtOH- treated ob/ob mice and control
WT mice, despite upregulation of PAI-1 in EtOH-naive ob/ob mice compared to WT.

Experimental animal studies have suggested the possible role of adiponectin
signaling and sensitivity in apparent EtOH-mediated amelioration of NAFLD. For
example, Bucher et al"'? found a decrease in serum adiponectin levels in C57BL/6 mice
administered HFD and 10 g/kg/d EtOH in drinking water compared to mice fed HFD
only. Decreased adiponectin in EtOH-treated mice accompanied lower serum TG and
cholesterol levels, and downregulated collagen I, collagen III, and CYP2E1 expression.
Similarly, Jung et al'™ found upregulated SIRT-1 and insulin receptor expression in
high-fat, high-fructose, high-cholesterol-fed C57BL/6 mice administered pure EtOH or
beer, compared to alcohol-naive mice. Beer, but not pure EtOH, also upregulated
adiponectin and adiponectin receptor 1 expression. In both of the aforementioned
studies, AMPK activation by adiponectin suggests a possible compensatory effect in
response to concomitant EtOH and lipid intake. However, the differential effects of
beer and pure EtOH suggest that the alcohol-associated alleviation of fatty liver may
instead be due to other components in alcoholic beverages. In an intervention study,
serum adiponectin was elevated, although not significantly, in overweight (BMI > 27
kg/m?) adults who consumed 100 mL whiskey daily for 4 wk, compared to
overweight adults who were asked to drink mineral water?.

CONCLUSION

Various pre-clinical experimental models have been developed to study the interactive
effects of NAFLD and ALD risk factors on hepatic injury resulting in SMASH. While
each model differs in obesity etiology, as well as pattern and duration of alcohol
consumption, they all demonstrate that obesity and heavy alcohol consumption
synergistically contribute to hepatic injury. The models suggest that both sets of risk
factors contribute to increased steatosis and fibrosis, as well as an M1-like phenotype
in activated macrophages. There is also evidence that obesity and alcohol consumption
synergistically interfere with antioxidant defense, but the effect of alcohol seems to be
dose-dependent. Despite the advantages of these animal models, there are still
limitations with regards to replicating what we understand from human disease.

New models should consider the effect of alcohol consumption patterns on fatty
liver disease pathogenesis. For example, the highest risk group for ALD are
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individuals who already drink heavily, then dramatically increase alcohol intake in a
short period!"”l. There are already models, such as the NIAAA model™), that replicate
chronic-binge alcohol consumption patterns in ALD. In the NIAAA model, mice are
fed Lieber-DeCarli EtOH diet for 10 d and given EtOH gavage on the eleventh day,
with a set of chronic-binge feedings that can repeated multiple times. However,
repeated sets of chronic-binge feedings only slightly elevate ALT/AST levels
compared to a single set, and does not result in liver fibrosis. Thus, future models
should also induce advanced liver injury in the context of repeated chronic-binge
alcohol consumption to fully recapitulate fatty liver disease in humans.

Furthermore, while most current experimental models use high-fat diets to induce
obesity, future models should more closely replicate the diets that are composed of
high-fat and high glycemic index foods that are commonly found in Western countries
and have been identified as risk factors for NAFLD/NASH!""l. Fructose, in particular,
is known to increase hepatic de novo lipogenesis and impair fatty acid oxidation in
humans, and promote gut permeability in mice. Fructose also promotes insulin
resistance in both the liver and skeletal muscle!"”l. There are studies that model
NAFLD progression that combine saturated fats, cholesterol, and fructose into a single
diet"'*"""], but the specific composition of fats and fructose source (e.g., sucrose or high
fructose corn syrup) varies between studies. Future experimental models should thus
also determine the effect of fructose on multi-system lipid dysregulation, insulin
resistance, and inflammation.

Animal studies are also limited in replicating the genetic factors for NAFLD and
ALD. For example, genetic models for obesity and insulin resistance in mice include
ob/ob (leptin), db/db (leptin receptor), and foz/foz (ALMS-1)"“l. These do not
parallel genetic polymorphisms known to predispose humans to NAFLD/NASH.
Human genetic predispositions to fatty liver disease include polymorphisms in
PNPLA3, TM6SF2, GCKR, MBOAT7, HSD17B3, PPARy, IRS-1, PLIN2, and
adiponectin, among others!'*'?!l. Furthermore, different rodent strains may also have
an inherent bias towards certain disease states. For example, TNFa and iNOS are
upregulated in C57BL/6 mice compared to Balb/c mice, despite being administered
the same diet. Likewise, ARG-1 is increased in Balb/c compared to C57BL/6!'.
C57BL/6 mice may thus have a bias towards M1 polarization; and Balb/c, to M2
polarization. Future studies should further compare the roles that different human
polymorphisms play in fatty liver disease pathogenesis, while also controlling for
possible bias in the animal model used.

Finally, further research is needed to determine the interaction between multiple
factors in fatty liver disease pathogenesis. In the established “two-hit” model of
NAFLD pathogenesis, lipid accumulation results in a cascade of other dysfunctions,
such as inflammation and fibrogenesis. Meanwhile, in the competing “multi-hit”
model, multiple factors, such as insulin resistance and gut microbiome dysregulation,
along with lipid metabolism dysregulation, synergistically result in liver injury!*. For
example, approximately 70% of all patients with insulin resistance will develop
NAFLD. To determine possible interactions or causal relationships between these
factors and alcohol, future experimental models should monitor fatty liver disease
progression over time.

The development of novel pre-clinical experimental models may help elucidate new
mechanisms and the interactions between alcohol and metabolic abnormalities in fatty
liver disease. Specifically, feeding regimens that better model food and alcohol
consumption in patients with SMASH should be developed. These models should
incorporate both chronic-binge alcohol consumption and Western diet and also
consider how those dietary factors interact with human genetics.
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