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Alcohol-associated liver disease (ALD) is a major public health issue that significantly
contributes to human morbidity and mortality, with no FDA-approved therapeutic
intervention available. The health burden of ALD has worsened during the COVID-19
pandemic, which has been associated with a spike in alcohol abuse, and a subsequent
increase in hospitalization rates for ALD. A key knowledge gap that underlies the lack of
novel therapies for ALD is a need to better understand the pathogenic mechanisms that
contribute to ALD initiation, particularly with respect to hepatic lipid accumulation and the
development of fatty liver, which is the first step in the ALD spectrum. The goal of this
review is to evaluate the existing literature to gain insight into the pathogenesis of alcohol-
associated fatty liver, and to synthesize alcohol’s known effects on hepatic lipid
metabolism. To achieve this goal, we specifically focus on studies from transgenic
mouse models of ALD, allowing for a genetic dissection of alcohol's effects, and
integrate these findings with our current understanding of ALD pathogenesis. Existing
studies using transgenic mouse models of ALD have revealed roles for specific genes
involved in hepatic lipid metabolic pathways including fatty acid uptake, mitochondrial -
oxidation, de novo lipogenesis, triglyceride metabolism, and lipid droplet formation. In
addition to reviewing this literature, we conclude by identifying current gaps in our
understanding of how alcohol abuse impairs hepatic lipid metabolism and identify
future directions to address these gaps. In summary, transgenic mice provide a
powerful tool to understand alcohol’s effect on hepatic lipid metabolism and highlight
that alcohol abuse has diverse effects that contribute to the development of alcohol-
associated fatty liver disease.

Keywords: alcohol, alcohol-associated fatty liver disease, steatosis, fatty acid uptake, de novo lipogenesis,
mitochondrial beta-oxidation, triglyceride metabolism

INTRODUCTION

Chronic excess alcohol consumption is a major public health issue, and one of the leading causes of
liver disease (Sherlock and Dooley, 2008; Bruha et al, 2012; WHO, 2018). Excess alcohol
consumption is associated with the development of alcohol-associated liver disease (ALD),
which includes a well-described spectrum of disease ranging from hepatic fat accumulation
(steatosis) to cirrhosis and hepatocellular carcinoma (Miller et al., 2011; Ceni et al., 2014). It is
estimated that 1 in 3 people drink alcohol around the world (GBD 2016 Alcohol Collaborators,
2018). While drinking patterns vary from country to country, the overall health burden of alcohol use
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Transgenic Mouse Models of ALD

TABLE 1 | Summary of study design and key findings from transgenic mouse models of ALD.

Author, year Gene Sex Alcohol feeding protocol ALD Putative mechanism

(PMID) (background) phenotype

Clugston et al. (2014) Cd367~(C57BL/6) Male LDeC, 5.1% (v/v) alcohol, 6 weeks Alleviated Impaired FA uptake (?),

(242804 15) decreased DNL

Nakajima et al. (2004) Ppara™" (Sv/129) Male LDeC, 4.0% (v/v) alcohol, 6 months Worsened Impaired mitochondrial B-oxidation

(15382117)

Jiet al. (2006) (16879892)  SrebpT1c™ (mixed) Male Intragastric infusion, 4.4% (v/v), 4 weeks Alleviated Decreased DNL

Lounis et al. (2016) Scd17~ Male LDeC, 5.0% (v/v) alcohol, 10 days plus Alleviated Decreased DNL

(27477676) (C57BL/6N) binge (5 g/kg)

Zhang et al. (2016) PPARyA-Hep Male LDeC, 5.6% (v/v) alcohol, 8 weeks Alleviated Decreased DNL, decreased TG

(27062444) (mixed) synthesis

Huang et al. (2018) Dgat1™~ (C57BL/6) Male LDeC, 5.1% (v/v) alcohol, 6 weeks Alleviated Decreased TG synthesis

(30192394)

Xuetal. (2016) (27075303) Ces1~~ (C57BL/6J) Not LDeC, 5.0% (v/v) alcohol, 10 days plus Worsened Increased DNL, impaired mitochondrial
mentioned binge (3 g/kg) -oxidation

Carr et al. (2014) Plin2™~ (C57BL/6J) Male LDeC, 2.71% (v/of calories from alcohol, Alleviated Impaired LD formation

(24831094) 6 weeks

is high, and ranks in the top ten risk factors for death and
disability-adjusted life-years (DALYs) GBD 2016 Alcohol
Collaborators (2018). Alcohol consumption and abuse are
prevalent in North America. In the United States, 85.6% of
adults reported drinking alcohol at some point in life, and
25.8% drink heavily (Redlich et al., 1998). In Canada, 78.2% of
the total population reported drinking alcohol in the past year
and 19.1% reported heavy drinking (Canadian Center on
Substance Use and Addiction, 2019). According to the World
Health Organization (WHO), global alcohol consumption
including that in the United States and Canada is predicted to
further increase by 2025 (WHO, 2018). While alcohol has always
historically been associated with ALD, this health burden has
worsened during the COVID-19 pandemic, which has been
associated with a spike in alcohol abuse, and a subsequent
increase in hospitalization rates for ALD (Shaheen et al.,, 2021;
Sohal et al., 2021; Stockwell et al., 2021).

Strikingly, there are no FDA-approved therapies for the
treatment of ALD (Osna et al., 2017; Singal and Shah, 2019).
This represents an unmet need to treat patients with ALD and has
its origins in an incomplete understanding of ALD pathogenesis.
The initial phase of ALD is the development of hepatic steatosis,
which develops in approximately 90%-100% of heavy drinkers
(consuming >60g/day of alcohol) and predisposes these
individuals to more severe liver disease (Crabb, 1999; Mann
et al.,, 2003; Singal and Shah, 2019). Alcohol is known to have
wide-ranging effects on hepatic lipid metabolism leading to the
accumulation of hepatic fat, as recently reviewed by others (You
and Arteel 2019; Jeon and Carr 2020; Hyun et al., 2021).

The goal of this review is to evaluate the existing literature to
gain insight into the pathogenesis of alcohol-associated fatty liver,
with a specific emphasis on information garnered from transgenic
mouse models (summarized in Table 1). This approach allows for
a genetic dissection of alcohol’s effects on hepatic lipid
metabolism, which we integrate with our current
understanding of ALD pathogenesis in humans. In addition to
reviewing this literature, we aim to discuss the limitations of
working with transgenic mouse models, identify current gaps in

FIGURE 1 | General mechanisms linking chronic alcohol consumption

with hepatic lipid accumulation. Chronic alcohol consumption impacts hepatic
lipid metabolism and drives the accumulation of hepatic triglycerides in several
ways, including: 1) increased FA uptake, 2) decreased mitochondrial -
oxidation, and 3) increased hepatic de novo lipogenesis. These effects
increase the hepatic FA pool available for esterification into triglyceride and
lipid droplet formation. This effect is further compounded by 4) decreased
VLDL triglyceride secretion. Red arrows indicate the detrimental effects of
alcohol. Image created with BioRender.com.

our understanding of how alcohol abuse impairs hepatic lipid
metabolism, and identify future directions to address these gaps.

ALCOHOL'’S EFFECTS ON HEPATIC LIPID
METABOLISM

The liver is of central importance in whole-body lipid metabolism
in mammals (Alves-Bezerra and Cohen, 2017). The liver also
serves as the primary organ for alcohol detoxification, the
metabolic burden of which directly and indirectly affects the
complex and interconnected pathways of hepatic lipid
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metabolism, precipitating the development of hepatic steatosis.
As reviewed elsewhere (You and Arteel, 2019; Jeon and Carr,
2020), alcohol impacts multiple aspects of hepatic lipid
metabolism including increased hepatic fatty acid (FA) uptake,
increased hepatic de novo lipogenesis (DNL), decreased
mitochondrial B-oxidation, and decreased very low density
lipoprotein (VLDL) secretion, the net effect of which is
increased hepatic lipid accumulation (Figure 1). In terms of
increased hepatic FA uptake, chronic alcohol consumption
increases adipose tissue lipolysis, which leads to an increase in
circulatory free FA available for hepatic uptake (Kang et al., 2007;
Zhong et al, 2012; Wei et al, 2013). Regarding DNL, the
predominant mechanism is alcohol-induced activation of
sterol regulatory element binding protein 1 (SREBPIc), a
transcriptional regulator of multiple genes in the DNL
pathway, including Acetyl CoA Carboxylase (Acc), FA
Synthase (Fasn), and Stearoyl CoA Desaturase 1 (Scdl) (You
et al, 2002). Alcohol’s ability to impair mitochondrial B-
oxidation is multifactorial, but is primarily driven by two
factors: first, an increase in the hepatic NADH:NAD + ratio
secondary to alcohol oxidation, favoring this process over FA
oxidation (Lieber, 1988); and second, by decreasing Peroxisome
Proliferation Activator Receptor-a (PPARa) activity, a
transcriptional regulator of several genes associated with
mitochondrial p-oxidation (Nanji et al., 2004). Alcohol’s ability
to impair VLDL secretion is linked to impaired lipidation of Apo-
B, resulting in reduced VLDL particle formation and export of
hepatic lipids (Sugimoto et al., 2002; Kharbanda et al., 2012). As
noted above, these broad effects of alcohol on hepatic lipid
metabolism leads to an increase in the hepatic FA pool, which
can be esterified and stored in lipids droplets as triglycerides
(TGs). The following sections will further explore each of these
pathways, and the importance of using transgenic mice to
understand their contribution to ALD.

HEPATIC FA UPTAKE

Chronic alcohol consumption induces the lipolysis of TGs stored
in white adipose tissue (WAT), which enter the circulation and
can be taken up by the liver (Figure 1). Insulin is the major
hormone that supresses adipose lipolysis (Stumvoll et al., 2001).
Chronic ethanol feeding induces insulin resistance that markedly
impairs the anti-lipolytic effects of insulin in WAT, enhancing
TG breakdown to release free FA into the circulation (Kang et al.,
2007). Circulating free FAs derived from adipose lipolysis are
directly taken up by hepatocytes with the help of FA transport
proteins (FATPs) or FA translocase/CD36 (Kang et al., 2007; Jeon
and Carr, 2020). Among the multiple FATP family members,
FATP2 and FATPS5 are highly expressed in the liver (Stahl et al.,
2001). CD36 expression is normally low in the healthy liver but its
expression is induced in the alcohol exposed liver (Ge et al., 2010;
Clugston et al., 2011; Ronis et al., 2011; Zhong et al., 2012). This
observation led to the hypothesis that alcohol-induced
upregulation of CD36 promotes the uptake of circulating FAs,
contributing to the development of alcohol-associated fatty liver.
Clugston et al. (2014) tested this hypothesis in Cd36™~ mice

Transgenic Mouse Models of ALD

consuming a low-fat/high carbohydrate Lieber-DeCarli (LDeC)
liquid diet with 5.1% (v/v) alcohol for 6 weeks. Importantly, the
blood alcohol concentration was not different between alcohol
fed wild-type (WT) and Cd36 "~ mice, indicating no effect of
CD36 deficiency on ethanol metabolism. Histological and
biochemical analysis of hepatic TGs clearly demonstrated that
CD36 deficiency had a protective role in the development of
alcohol-associated steatosis. However, follow-up analysis
indicated that this protective effect was not linked to altered
FA uptake, and no compensatory changes in the expression level
of Fatp2 or Fatp5 were observed in Cd36 '~ mice. Interestingly,
expression studies examining the DNL pathway and in vivo
kinetic studies indicated that the rate of hepatic DNL was
reduced in Cd36 '~ mice. This data suggested that in alcohol
consuming WT mice, a higher rate of DNL provided additional
FA for TG synthesis, a finding that was underscored by a
significant increase in Dgat2 expression only in alcohol-fed
WT mice, a TG synthesizing enzyme that is known to be
coupled to DNL (Wurie et al,, 2012). Thus, genotype-specific
changes in DNL were the major contributor to the protective
effect of CD36 deficiency. Indeed, this link between CD36 and
DNL was recently elucidated and linked to CD36’s ability to
regulate SREBP1c, a key transcriptional regulator of the DNL
pathway (Zeng et al., 2022).

In summary, alcohol feeding studies in Cd36 ™~ mice indicate
that CD36 is important in the pathogenesis of ALD, although a
direct effect on hepatic FA uptake was ruled out (Clugston et al.,
2014). It is important to highlight that this study was conducted
in mice consuming the low-fat/high carbohydrate formulation of
LDeC liquid diets. As discussed below, this lipogenic diet may
favor hepatic DNL as a driver of hepatic lipid accumulation as
opposed to increased hepatic FA uptake, which might be more
associated with the high-fat/low carbohydrate formulation of the
LDeC liquid diet. The pathogenesis of ALD in Cd36~~ mice
consuming the high-fat/low carbohydrate formulation of the
LDeC liquid diet has not been reported. The existing literature
supports a role for increased hepatic uptake in the pathogenesis of
ALD, which is coupled to increased WAT lipolysis (Kang et al.,
2007). The importance of this pathway was recently highlighted
when it was shown that modulating FA disposal via brown
adipose tissue impacted the severity of ALD (Shen et al,
2019). The question remains, what is the primary mediator of
hepatic FA uptake in the alcohol-exposed liver, and can this be
targeted to ameliorate ALD? While FATP2 and FATP5 are
possible candidates their role in ALD has not been directly
studied and requires further investigation.

MITOCHONDRIAL p-OXIDATION

Alcohol’s ability to impair mitochondrial -oxidation is another
mechanism that can contribute to channeling of hepatic FAs
toward TGs formation and the development of hepatic steatosis.
As reviewed elsewhere (Jeon and Carr, 2020), there are different
mechanisms through which alcohol inhibits mitochondrial B-
oxidation, although one of the primary ways is thought to be by
decreasing PPARa activity (Wan et al,, 1995; Galli et al., 2001;
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Fischer et al., 2003; Jeon and Carr, 2020). PPARa is an important
transcriptional regulator of several genes associated with
mitochondrial B-oxidation (Yu et al, 2003), and free FAs and
their derivatives serve as ligands for PPARa and activate PPARa
signaling to stimulate mitochondrial B-oxidation of hepatic FAs
(Keller et al., 1993; Forman et al., 1997).

The central role of PPARa signaling in hepatic lipid
metabolism and data linking ALD with altered PPARa activity
has led to extensive investigations into the role of PPARa in the
pathogenesis of ALD. Indeed, earlier studies in mice showed that
ethanol feeding impaired the activity of PPARa resulting in
decreased expression of PPARa target genes related to FA f-
oxidation (Fischer et al., 2003). Moreover, treatment with a
PPARa agonist (Wy14,643) restored the activation of PPARa
and target gene expression, thereby increasing FA B-oxidation in
alcohol fed mice and preventing steatosis formation (Fischer
et al,, 2003). Similarly, downregulated PPARa responsive genes
have also been reported in alcohol fed rats, which corresponded
to increased steatosis and liver injury, and that PPARa activation
with Clofibrate restores the expression of PPARa regulated genes,
and reduces steatosis severity and markers of ALD (Nanji et al.,
2004).

With growing evidence linking altered PPARa activity with
ALD, studies leveraging transgenic mice were conducted. In 2004,
Nakajima et al. reported that ALD is worsened in Ppara™’~ mice
(Nakajima et al., 2004). These authors fed WT and Ppara™’~ mice
4% (v/v) ethanol containing LDeC liquid diets for 6 months. At
the end of the study period liver injury was markedly more
pronounced in alcohol consuming Ppara™~ mice, including
worsened hepatomegaly and evidence of severe hepatocyte
damage, inflammation, and fibrosis that was not observed in
WT mice. The authors concluded that loss of PPARa exacerbated
ALD through several mechanisms including acetaldehyde
accumulation, impaired antioxidant capacity of the liver, and
potentiated proinflammatory signaling via NF-xB. Regarding
steatosis, baseline levels of hepatic TGs were higher in the
Ppara™’~ mice, which is in accord with the phenotype of these
mice (Kersten et al., 1999); however, the authors noted that while
hepatic TG levels increased to a similar extent after 6 months of
alcohol feeding, analysis at earlier time points showed that
hepatic TG accumulation was higher in the Ppara™~ mice
compared to WT. This led the authors to suggest that
PPARa’s ability to dispose of hepatic FA, via mitochondrial p-
oxidation, is another important mechanism through which
PPARa deficiency exacerbates ALD, and that this pathway
may be a significant contributor to the development of
steatohepatitis.

With the establishment of Ppara™~ mice as a model of severe
ALD, this transgenic mouse has been further used to study the
pathogenesis of ALD. The importance of oxidative stress in ALD
was highlighted in alcohol consuming Ppara™~ mice treated with
the antioxidant polyenephosphatidylcholine (PPC) (Okiyama
et al, 2009). This study showed that PPC treatment
ameliorated severe ALD in Ppara”’~ mice, including reduced
markers of hepatocyte damage and death, inflammation, and
fibrosis; however, PPC treatment did not improve markers of
hepatic steatosis. The beneficial effect of PPC treatment was

Transgenic Mouse Models of ALD

linked to decreased expression of enzymes associated with the
generation of reactive oxygen species (i.e, CYP2El), and
improved markers of hepatic oxidative stress. The link
between alcohol’s effects on PPARa and hepatic lipid
metabolism has also been further explored in Ppara™~ mice
(Li et al, 2014). Li et al. (2014) confirmed that alcohol
consumption is associated with a downregulation of PPARa
activity, decreased mitochondrial [-oxidation, and the
development of steatosis. The role of PPARa was emphasized
by the exacerbation of ALD in Ppara™~ mice, as evidenced by
increased markers of TG accumulation, inflammation, and
fibrosis. The authors of this study concluded that PPARa
played a protective role in ALD, that was primarily mediated
through  enhanced mitochondrial function, including
mitochondrial B-oxidation.

As a regulator of mitochondrial p-oxidation, it is clear that
altered PPARa activity is an important factor in the pathogenesis
of alcohol-associated fatty liver, although it is equally clear that
PPARa deficiency exacerbates ALD through multiple
mechanisms in addition to impaired FA disposal (Nakajima
et al, 2004). In their paper, Nakajima and colleagues
highlighted that alcohol fed Ppara™” mice showed many
pathogenic hallmarks of ethanol toxicity that mirror human
cases of advanced ALD (Nakajima et al., 2004). While data
from human ALD is limited, there is evidence of reduced
functional PPARa in the human liver, which may partly
explain why humans are more susceptible to ethanol-induced
liver toxicity than rodents (Tugwood et al., 1996; Hertz and Bar-
Tana, 1998; Palmer et al., 1998). Interestingly, although PPARa
agonism has shown to ameliorate ALD in rodent models (Fischer
et al., 2003; Nanji et al., 2004), this work has not thus far been
translated into humans, despite its potential as a novel
therapeutic in ALD (Li et al, 2014). Interestingly, while
targeting PPARa may have a beneficial effect in the liver,
there may be additional benefits to targeting PPARa in the
context of human ALD, including reduced ethanol
consumption (Barson et al, 2009; Blednov et al, 2015). In
closing, while genetic manipulation of PPARa provides key
evidence for the importance of FA oxidation in the
pathogenesis of ALD, the broad effects of this transcription
factor limit the interpretation of this data. To our knowledge,
genetic manipulation of other key factors involved in FA
oxidation have not been reported.

DE NOVO LIPOGENESIS

The process by which liver synthesizes FA from non-lipid
precursor molecules is called DNL. Catabolism of non-lipid
precursors such as glucose, and even ethanol, can generate
pyruvate to contribute to the TCA cycle, which is
subsequently converted to Acetyl CoA and used for the
synthesis of FAs (Siler et al, 1999; Yamashita et al., 2001;
Ameer et al, 2014; 2019). Key
transcriptional regulators of DNL include SREBPlc and
ChREBP (carbohydrate responsive element binding protein).
These transcription factors modulate the expression of key

Charidemou et al.,
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enzymes in the DNL pathway including Acc, Fasn, and Scdl
(Denechaud et al., 2008). As introduced above, it is thought that
upregulation of the DNL pathway is one of the contributors to the
development of hepatic steatosis in ALD. Indeed, the literature
includes reports of increased Srebplc, Acc, Scdl, and Fasn
expression in the alcohol exposed liver (Foufelle and Ferre,
2002; Ntambi et al., 2002; You et al.,, 2002; MacDonald et al,,
2008; Huang et al., 2013; Lounis et al., 2016). As discussed below,
key insight into the role of altered DNL in ALD comes from
alcohol feeding studies in Srebplc™~ and Scd1™~ mice.
Evidence From Srebp1c™'~ Mice
As a transcriptional regulator of multiple key genes in the DNL
pathway, analysis of SREBP1c’s contribution to the pathogenesis
of ALD is important. Indeed, it has been shown that both acute
and chronic alcohol consumption can induce SREBP1c protein
and its transcript in mice/rodents (You et al., 2002; Yin et al.,
2007). Ji et al. (2006) used Srebplc_/ ~ mice to test the hypothesis
that ALD is dependent on SREBP1c. These authors performed
their study in WT and SrebpIc™~ mice on a C57BL/6 background
fed alcohol 4.4% (v/v) for 4 weeks by intragastric infusion.
Consistent with the hypothesized role of SREBP1c, Srebplc™’~
mice were largely protected from ALD, including ameliorated
hepatomegaly, hepatic TG accumulation and inflammation.
Mechanistically, it was shown that while alcohol consumption
induced markers of hepatic DNL (e.g., ACC), this effect was
absent in alcohol fed SrebpIc™~ mice, leading to the conclusion
that the lipogenic pathway was not activated in these mice,
protecting them from hepatic lipid accumulation (Ji et al,
2006). Mechanistically, the authors linked the alcohol
associated induction of SREBPlc with endoplasmic reticulum
stress secondary to alcohol’s effect on homocysteine metabolism,
and showed that treatment with betaine, which prevents
homocysteine accumulation, prevented SREBPlc induction
and ALD (Ji et al., 2006).

Evidence From Scd1~'~ Mice

SCD1 is a §-9 FA desaturase which catalyses the formation of
monounsaturated fatty acids and is an important contributor to
hepatic DNL (Cohen et al., 2002). Several studies have shown that
SCD1 deficient mice are protected from the development of non-
alcoholic fatty liver disease (NAFLD) (Ntambi et al., 2002;
MacDonald et al., 2008). In the context of alcohol abuse, it
has been shown that both chronic and binge alcohol
consumption increases Scdl expression in mice (Huang et al,
2013; Zhang et al, 2015). These observations lead to the
hypothesis that SCD1 deficiency might protect against ALD,
which was tested by Lounis et al. (2016). These authors
compared WT and Scdl”~ mice using the chronic-binge
model of ALD, which consists of mice consuming LDeC diets
with 5% (v/v) alcohol for 10 days, followed by a single binge dose
of alcohol (5 g/kg body weight) (Bertola et al., 2013). Strikingly,
alcohol-fed Scd1™~ mice were strongly protected against ALD in
comparison to their WT controls. This phenotype included a
normalization of hepatic lipid TG levels in alcohol-fed Scdl™",
normalized serum liver enzymes (AST and ALT), and decreased
markers of hepatic inflammation. Mechanistically, the authors

Transgenic Mouse Models of ALD

showed a strong induction of the DNL pathway in alcohol-fed
WT mice, including increased expression of Srebplc, Acc, Fasn,
and Scd1, which was normalized in Scd1™~ mice, leading to the
conclusion that SCD1 deficiency prevented the upregulation of
the DNL pathway and prevented ALD. Interestingly, while
alcohol consumption was associated with decreased Ppara and
Cptla expression in WT mice, baseline levels of these genes in
Scdl”~ mice were elevated and unaffected by alcohol
consumption, suggesting that genotype-specific effects on
mitochondrial p-oxidation may have also contributed to the
protective effect of SCD1 deficiency. Mechanistically, increased
mitochondrial -oxidation may also protect SCD1 deficient mice
from NAFLD (Ntambi et al., 2002). Taken together, analysis of
alcohol consuming Scd1™~ mice provides compelling evidence
for the involvement of the DNL pathway in the pathogenesis
of ALD.

Taken together, there is strong evidence from Srebplc™~ and
Scd1™~ mice supporting a role for increased DNL as a significant
contributor to hepatic lipid accumulation in ALD. Interestingly,
as discussed above the DNL pathway can also be modulated
through ChREBP, which links hepatic carbohydrate and lipid
metabolism, and it has been repeatedly shown that alcohol can
also induce ChREBP (Wada et al., 2008; Liangpunsakul et al.,
2013; Marmier et al., 2015; Gao et al., 2016; Zhang et al., 2017;
Xue et al., 2021). Thus, while there is clear evidence that alcohol
induced activation of DNL via SREBP1c contributes to ALD, a
role for ChREBP is also likely, although to our knowledge
Chrebp™~ mice have not been studied in the context of ALD.

TRIGLYCERIDE METABOLISM AND LIPID
DROPLET FORMATION

TGs are the major type of neutral lipid that accumulates in the
cytosolic lipid droplets of the steatotic liver in ALD (Carr and
Ahima, 2016; Jeon and Carr, 2020). This section describes insight
gained from transgenic mice targeting different aspects of TG
metabolism in the context of ALD, including the transcriptional
regulation of hepatic lipogenesis and TG synthesis by peroxisome
proliferator-activated receptor gamma (PPARYy), TG synthesis by
DGAT]I, TG hydrolysis by CESI, and lipid droplet homeostasis
by PLIN2. The phenotypes described below emphasize the
important insight that can be gained into the pathogenesis of
ALD through the study of transgenic mouse models.

Evidence From Ppary Transgenic Mice

PPARy belongs to the Type II nuclear hormone receptor
superfamily and has pleiotropic effects on hepatic lipid
metabolism (Tomita et al., 2004; Pettinelli and Videla, 2011;
Zhang et al., 2016). Elevation of hepatic PPARYy expression is a
common feature of steatosis in ALD and NAFLD (Schadinger
etal., 2005; Pettinelli and Videla, 2011; Yu et al., 2016). Whereas it
has also been shown that PPARy agonists can alleviate liver
damage in ALD (Enomoto et al., 2003; Tomita et al., 2004). These
studies highlight an important role for hepatic PPARYy signaling
in ALD. While whole body deletion of Ppary is embryonic lethal
(Barak et al., 1999), the role of PPARy in ALD has been studied in
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mice using hepatocyte specific PPARy knock-down (PPARyA-
Hep) (Zhang et al., 2016). Zhang et al. (2016) generated PPARYA-
Hep mice by crossing Albumin-Cre transgenic mice and
PPARY™™1°* mice, and experimentally these mice were
provided with LDeC diets containing 5.6% (v/v) alcohol for
8 weeks. In agreement with a role for PPARy signaling in
ALD, PPARyA-Hep mice were protected from alcohol-induced
hepatic steatosis, with a blunted increase in liver TGs in alcohol
fed mice. Follow-up studies suggest that this effect was primarily
driven by effects on hepatic lipogenesis, with no evidence to
support a modulatory effect on FA uptake and oxidation, or
VLDL secretion. Regarding DNL, the alcohol-associated
induction of SREBP1c and Fasn was blunted in PPARyA-Hep
mice, although surprisingly Acc induction was unaffected.
Regarding TG synthesis, alcohol’s ability to induce both Dgat1I
and Dgat2 was abolished in PPARyA-Hep mice. These data were
interpreted to suggest that PPARy signaling is an important
contributor to ALD, which is associated with its ability to
promote hepatic lipid accumulation primarily through its
effects on DNL and TG synthesis (Zhang et al., 2016).

Evidence From Dgat1~'~ Mice

DGATI1 and DGAT?2 catalyze the final step in TG synthesis and
both can have a role in hepatic TG accumulation and steatosis.
Studies of partitioning in hepatic TG synthesis suggest that
DGATT1 has a substrate preference for exogenous FAs, whereas
DGAT?2 prefers endogenous FAs produced by DNL (Clugston
et al,, 2014; Li et al., 2015a). In the context of ALD, both Dgatl
and Dgat2 have been shown to be induced in the alcohol-exposed
liver leading to hepatic steatosis (Wang et al., 2010; Clugston
et al,, 2011; Clugston et al., 2014; Zhang et al., 2016). In order to
test the hypothesis that DGAT1 contributes to ALD, Huang et al.
(2018) conducted a series of alcohol feeding studies in Dgat1™
mice on a C57BL/6 background. These authors provided
experimental mice with 5.1% (v/v) alcohol containing LDeC
diets for 6 weeks, uniquely using both the high-fat/low
carbohydrate formulation of the LDeC diets, and the low-fat/
high-carbohydrate formulation. Interestingly, this study revealed
that DGAT1 deficiency protects against the development of
alcoholic steatosis in mice when alcohol was provided with a
high-fat/low carbohydrate, but not low-fat/high-carbohydrate
diet, as evidenced by hepatic Oil Red O staining and
biochemical measurement of hepatic TGs. This observation led
to the conclusion that DGAT1 mediates hepatic steatosis in the
context of a high-fat/low carbohydrate diet, presumably coupling
with increased exogenous FA supply to the liver, whereas in the
context of a low-fat/high-carbohydrate diet that favors DNL,
DGAT2 predominates. As discussed above, these differential
roles of DGAT1 and DGAT?2 are consistent with the existing
data (Clugston et al., 2014; Li et al., 2015b; Huang et al., 2018).
While this study supports the importance of TG synthesis by
DGATT1 in ALD, studies into Dgat2 transgenic mice are limited
because DgatZ_/ ~ mice are not viable (Stone et al., 2004).

Evidence From Ces1~/~ Mice
DGATI and DGAT?2 are the two enzymes responsible for TG
synthesis in the liver, yet there are numerous enzymes that

Transgenic Mouse Models of ALD

hydrolyse TGs in this organ that have specific physiological
functions (Gilham and Lehner, 2004). One such TG hydrolase
is Carboxylesterase 1 (CES1), which is a serine esterase that is able
to hydrolyze TGs and cholesteryl esters (Quiroga et al., 2012; Xu
et al, 2014). There are limited studies on the differential
expression of CES1 in ALD, although its expression has been
reported to be reduced in alcohol-associated steatohepatitis, and
in alcohol consuming mice (Xu et al, 2016). Based on this
observation, Xu et al. (2016) tested whether CES1 has a role in
the pathogenesis of ALD, showing that CesI™~ mice have
worsened ALD. Using CesI”’~ mice on a C57BL/6]
background, experimental animals were fed 5% (v/v) alcohol
containing LDeC diet for 10 days followed by an ethanol binge
(3 g/kg body weight). CesI”~ mice were reported to have
worsened liver damage and hepatic inflammation in response
to alcohol feeding, including elevated liver enzymes, increased
expression of inflammatory genes, worsened markers of oxidative
stress, and mitochondrial dysfunction. While the authors
reported increased hepatic free FA levels in alcohol consuming
CesI™~ mice, TG levels were not different, which the authors
attributed to possible differences in intestinal alcohol metabolism
or absorption. To circumvent this limitation the authors did show
increased TG accumulation in alcohol fed mice with hepatic
knockdown of Ces1, which was linked with increased markers of
DNL (Xu et al., 2016). While we have framed these results in the
context of TG metabolism, it is important to recognize that loss of
CES1 may directly impact hepatic acetaldehyde metabolism, with
resultant effects on oxidative stress and metabolism (Xu et al.,
2016). Taken together, hepatic CES1 has a protective role in
alcohol induced hepatic steatosis and its deficiency worsens
hepatic steatosis by inducing DNL and liver injury in ALD.

Evidence From Plin2™/~ Mice

LDs are enveloped by a phospholipid monolayer associated with
LD proteins, in the liver the most abundant LD associated protein
is Perilipin 2 (PLIN2) (Itabe et al., 2017). Moreover, it has been
shown that PLIN2 expression levels are increased in mice and rat
models of ALD (Mak et al., 2008; Straub et al., 2008; Orlicky et al.,
2011), and is thought to be a marker of hepatic steatosis
development (Carr et al, 2014). Carr et al. (2014) studied
Plin2”~ mice to test the hypothesis that PLIN2 deficiency
would prevent hepatic lipid accumulation in alcohol
consuming mice. Using LDeC liquid diets with up to 2.7% (v/
v) of alcohol for 6 weeks, this group revealed that PLIN2
deficiency protects against the development of alcohol
associated steatosis (Carr et al., 2014). Similar to WT control
and Plin2 ™~ control mice, alcohol fed Plin2 '~ mice showed no
histologic evidence of alcoholic steatosis, and hepatic TG levels
were not elevated by alcohol consumption. Ceramides derived
from the sphingomyelin from LD membranes are known to be
elevated in ALD (Liangpunsakul et al., 2010; Longato et al., 2012),
and a temporal relationship with PLIN2 upregulation and
ceramide accumulation has been reported in ALD (Carr et al,
2013). While alcohol feeding increased C22 and C24 species of
ceramide in W'T mice, this effect is blunted in alcohol fed Plin2 /"~
mice, indicating that PLIN2 also has a role in alcohol induced
hepatic ceramide accumulation. Interestingly, PLIN2 deficiency
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FIGURE 2 | Pathogenesis of alcohol-associated fatty liver: lessons from
transgenic mice. Genetic deletion of key genes in lipid metabolic pathways of
the liver reveal their contribution to the pathogenesis of ALD. The following
pathway-associated genes were found to be important contributors to
ALD, including Cd36 (hepatic FA uptake), Ppara (mitochondrial p-oxidation),
De novo lipogenesis (Srebp1c, Scd1, and Ppary), and triglyceride metabolism
and lipid droplet formation (Ces 7, Dgat1, Plin2, and Ppary). Genetic deletion of
genes shown in yellow alleviate the effects of alcohol, and genetic deletion of
genes shown in blue worsen the effects of alcohol. Image created with
BioRender.com.

had a beneficial effect on insulin sensitivity, suggesting that loss of
PLIN2 was able to protect against ALD-associated hepatic insulin
resistance, an effect that may be secondary to impaired hepatic
lipid accumulation in these mice.

Taken together and consistent with alcohol’s diverse effects on
hepatic lipid metabolism and the central importance of TG
metabolism in the development of steatosis, these studies
reveal critical regulators of hepatic lipid accumulation in ALD.
This includes the protective effect of deficient lipogenic signaling
(Ppara™~ mice), TG synthesis (Dgatl”"), and lipid droplet
formation (Plin2™") in ALD, as well as the worsening effect of
impaired TG hydrolysis (Ces1™").

CONCLUDING REMARKS

Transgenic mouse models of ALD can help elucidate the
mechanisms by which alcohol consumption contributes to
alcohol associated fatty liver. It is widely acknowledged that
alcohol has multiple effects on hepatic lipid metabolism
(Figure 1), and through the use of transgenic mouse models
we can identify specific key regulators associated with different
lipid metabolic pathways that contribute to hepatic lipid
accumulation in ALD (summarized in Figure 2; Table 1). As
reviewed herein, gene knock outs in hepatic FA uptake (Cd36 "),
DNL (Srebplc’/ ~ and Scd1™"), and TG metabolism (Ppary’/ 5
Dgat1™~, and Plin2”") protect against ALD, whereas gene
knocks out in mitochondrial B-oxidation (Ppara™") and TG
hydrolysis (CesI™") exacerbate ALD. Interestingly, although it
is accepted that alcohol abuse impacts multiple aspects of hepatic
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lipid accumulation causing steatosis, the relative importance of
these different pathways is unclear. Others have speculated that
impaired mitochondrial B-oxidation is the most significant
contributor to alcohol associated steatosis (Jeon and Carr
2020; Hyun et al,, 2021). While there is strong evidence to
support this conclusion, the current review shows that genetic
ablation of key components in other metabolic pathways is
sufficient to ameliorate ALD independently of mitochondrial
B-oxidation. Further study is required to understand the
relative contribution of different lipid metabolic pathways to
the development of alcohol associated steatosis. It is
encouraging that genetic ablation of single genes in different
metabolic pathways can ameliorate hepatic lipid accumulation in
ALD, as this broadens the potential therapeutic targets to treat
ALD in its early stages.

Limitations of Transgenic Mouse Models

While transgenic mouse models are a powerful tool to study ALD,
there are inherent weaknesses in their application and gaps in our
knowledge remain. At the level of experimental design, it is
important to acknowledge that all of the studies reviewed in
this manuscript that report sex, only use male mice (Table 1). The
clinical presentation of ALD is different in men and women, thus
it is incumbent upon the research community to include female
mice in their study of ALD pathogenesis (Han et al, 2021).
Another important aspect of experimental design is the choice of
alcohol feeding protocol. The majority of studies reviewed here
utilize LDeC liquid diets, with variations in duration and the
amount of alcohol (Table 1). These models consistently produce
hepatic lipid accumulation in response to alcohol, although it is
acknowledged that they are limited in their ability to produce
severe ALD [e.g., steatohepatitis and fibrosis (Bertola et al.,
2013)]. Interestingly, the macronutrient composition of the
LDeC liquid diets may have an impact on the predominant
pathways leading to hepatic lipid accumulation, with
differences dependent on whether FAs are produced
endogenously (e.g., via DNL), or exogenously (e.g., via FA
uptake), representing an important consideration when
designing studies and translating their results (Li et al., 2015a;
Huang et al., 2018). Perhaps one of the most significant
limitations in the majority of studies included in this
manuscript are the use of global knockouts of genes of
interest. While these studies are focused on hepatic lipid
metabolism, it should be acknowledged that whole body
ablation of specific genes may effect whole body lipid
metabolism that might also indirectly impact hepatic lipid
metabolism. The use of liver specific knockouts would address
this limitation and has the added advantage of circumventing
embryonic lethality of specific gene knockouts. For example,
Zhang et al. (2016) used liver specific ablation of Ppary to
circumvent the lethality of global knockout of this gene. This
approach could be used to further study alcohol’s effects on
hepatic lipid metabolism, for example while Dgat2™"~ mice are
not viable, a liver specific knockout has been described that could
be used to dissect the role of this TG synthesizing enzyme in ALD
(Stone et al, 2004; Gluchowski et al., 2019). Finally, while
transgenic mouse models are a powerful tool to study ALD
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pathogenesis, there is an obvious need to translate these studies
into humans if a clinical benefit is to be realized. While limited
human data is available, there are clear parallels between the effect
of alcohol on the mouse and human liver. Indeed, similar to the
data generated from mice there are human studies implicating
alcohol-induced changes in hepatic FA uptake, mitochondrial p-
oxidation, and DNL (Blomstrand et al., 1973; Siler et al., 1999;
Rachakonda et al., 2014). Nevertheless, data on molecular
mediators of these effects in humans is limited, validating the
use of rodent models to gain detailed insight into ALD
pathogenesis.

Knowledge Gaps and Future Directions

While the limitations discussed above are important
considerations in our interpretation of transgenic mouse data
and their potential translation, we also have to acknowledge that
significant gaps remain in our understanding of alcohol’s effects
on hepatic lipid metabolism that could benefit from genetic
dissection. As indicated above, each of the major lipid
metabolic pathways could be further probed using transgenic
mice. For example, given the apparent interaction between CD36
deficiency and DNL (Clugston et al., 2014; Zeng et al.,, 2022),
studies in FATP2 or 5 deficient mice may help better understand
the importance of FA uptake in the pathogenesis of ALD.
Similarly, genetic targeting of a critical regulator of
mitochondria p-oxidation (e.g., Cptla) would directly probe
this pathway separate from the broad effects of Ppara™™ mice.
Use of Srebplc™~ and Scd1™’~ mice have provided good coverage
of the DNL pathway, but there is also an opportunity to study
Chrebp™~ mice to better understand alcohol’s effect on this
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regulator of DNL. Moreover, the effect of alcohol on VLDL
secretion has been neglected. While genetic targets exist to
study this pathway (e.g., ApoB or Mttp) alcohol feeding studies
have not been conducted in transgenic mice targeting these genes.

Conclusion

Transgenic mouse models have been effectively used to study
ALD and understand its molecular pathogenesis; however, as
discussed above, there is significant opportunity to leverage
genetically engineered mouse models targeting different
pathways of hepatic lipid accumulation that will provide
further insight into ALD. Ultimately, there is consensus in the
field that further study of alcohol’s effect on hepatic lipid
metabolism is warranted to guide the development of much
needed treatments for ALD (Jeon and Carr, 2020; Hyun et al,,
2021).
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