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Alcohol-related liver disease (ALD) is a significant contributor to the liver disease burden
worldwide. Hepatic steatosis is the earliest and most common clinical manifestation of ALD and
is characterized by excessive triglyceride (TG)-enriched lipid droplet (LD) accumulation in the
liver. Studies have shown that the activity of adipose triglyceride lipase (ATGL), the rate limiting
enzyme of TG hydrolysis, is negatively related to hepatic LD content; however, it is unclear
whether ATGL plays a role in the pathogenesis of ALD.

While a previous study reported that patients with non-alcoholic fatty liver disease
showed reduced hepatic ATGL expression, it remains unclear how alcohol affects hepatic ATGL
expression and what role ATGL plays in hepatic lipid metabolism in ALD. Although much effort
has been made, the role of ATGL in hepatic lipotoxicity and inflammation has not been
established. Therefore, a mouse model with hepatocyte-specific deletion of ATGL was
generated and subjected to chronic alcohol feeding for 8 wk. Data presented in this dissertation
suggest that alcohol induces hepatic ATGL expression, accumulation of TGs and free fatty
acids (FFAs), and liver injury. Hepatocyte-specific ATGL deletion in mice further exacerbated
alcohol-induced hepatic steatosis, inflammation, as well as fibrosis. Moreover, hepatocyte-
specific ATGL deletion suppressed TG-enriched very-low-density lipoprotein (VLDL) secretion
through impairing long-chain acyl-CoA synthetase 5 (ACSL5)-mediated fatty acid oxidation and
subsequent incorporation of FFAs into TGs by diacylglycerol O-acyltransferase 1 (DGAT1). In
addition, we found that hepatocyte-specific ATGL deletion aggravated alcohol-induced liver
inflammation by upregulating chemokine CXCL1 and cytokine LCN2 and promoting subsequent
neutrophil infiltration.

Given the sophisticated structure of the liver and the properties of transmission electron

microscope (TEM) in directly visualizing liver morphology under high magnification, we utilized



this unique technique to evaluate the subcellular and functional changes in various cells of the
liver of mice. We observed that alcohol intoxication perturbs the normal structure and
morphology of mouse hepatocytes, such as reduced number of mitochondria and glycogen
storage, LD accumulation, ER dilation and fragmentation, and the accumulation of
autolysosomes in the cytoplasm. We further found that hepatocyte ATGL deficiency aggravated
alcohol-caused structural and morphological changes in hepatocytes, Kupffer cells, hepatic
stellate cells, and cholangiocytes in mice.

Lipotoxicity and translocation of gut-derived endotoxin (lipopolysaccharides, LPS) to the
liver have both been reported to be involved in ER stress-mediated hepatic cell death. In the last
set of experiments, in vitro cell culture studies were conducted using AML12 cells. This study
showed that TG/LD accumulation and LPS stimulation synergistically induced cell death,
stimulated ER stress, and upregulated CXCL1 and LCN2 expression via IkB-C activation in
hepatocytes.

Collectively, data presented in this dissertation revealed the molecular mechanisms by
which hepatocyte ATGL deficiency exacerbated alcohol-induced hepatic steatosis, hepatocyte
death, and liver inflammation in the pathogenesis of ALD, which may advance the development
and optimization of innovative diagnostic and therapeutic strategies targeting lipotoxicity for ALD

treatment.
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CHAPTER I: INTRODUCTION

Significance of Research

Alcohol-related liver disease (ALD) is a major contributor to liver disease burden
worldwide (Dang et al., 2020). In the United States, mortality from all ALD has risen to 13.1 per
100,000 in men and 5.6 per 100,000 in women in 2017 (Moon et al., 2020). Reported in 2016,
ALD has surpassed hepatitis C virus infection, becoming the leading indication for liver
transplantation in the US (Cholankeril & Ahmed, 2018). In the US alone, the estimated cost of
alcohol use disorder is $166 billion per year (Nelson & Kolls, 2002). Hepatic steatosis (fatty liver
disease) is the earliest and most common manifestation in ALD, characterized by excessive
lipid droplet (LD) accumulation in hepatocytes (Arumugam et al., 2020). Triglyceride (TG) is the
foremost neutral lipid found in LDs in hepatocellular cytoplasm; hence, the imbalance between
TG synthesis and lipolysis plays a crucial part in the pathogenesis of hepatic steatosis. Adipose
triglyceride lipase (ATGL) is the rate limiting enzyme catalyzing the first step of TG break down
(Zimmermann et al., 2004). A few studies have been done to investigate the role of ATGL in
non-alcohol-related fatty liver disease (NAFLD) (Fuchs et al., 2022; Jha et al., 2014; Wu et al.,
2011); however, how ethanol affects hepatic ATGL expression and how ATGL mediates hepatic
steatosis and liver lipotoxicity in ALD remains unclear, which will be determined in Aim 1 of this
project.

Ultrastructure changes of the cells are critical in the onset and the progression of ALD;
However, it remains obscure whether hepatic ATGL alters the ultrastructure of the cells in the
liver and whether a synergistic effect exists between hepatocyte ATGL and alcohol intoxication,
which will be investigated in Aim 2 of this study.

Previous study from our laboratory demonstrated that alcohol feeding induced
accumulation of both LDs and FFAs in the livers of the mice. Historically, saturated FFAs are

considered as ‘toxic lipid’ that promotes hepatic lipotoxicity, whereas TGs are recognized as



relatively benign to lipotoxicity. However, emerging evidence suggests that FFAs can
reduce/prevent alcohol-induced liver injury by alleviating hepatic steatosis. Hence, aim 3 of the
study is to dissect the role of hepatic accumulation of TGs/LDs and FFAs in inducing hepatocyte
death and ER stress. Alcohol-induced gut-derived endotoxins (Lipopolysaccharides, LPS)
translocation to the liver promotes hepatic inflammatory responses by inducing
chemokine/cytokine expression in ALD. Aim 4 of the study is to determine whether, and if so
how, the accumulation of TGs/LDs and LPS stimulation synergistically induce cell death and
chemokine/cytokine expression in hepatocytes.

Our research advances the existing body of knowledge in LD/TG accumulation-induced
lipotoxicity and liver inflammation, which will eventually contribute to the development of
preventive and therapeutic strategies for the treatment of ALD.

Study Objectives

In Chapter II, we will utilize a hepatocyte-specific ATGL deletion mouse model to
achieve the following objectives: (1) to determine how alcohol affects hepatic ATGL expression;
(2) to investigate the role of hepatic ATGL in lipid homeostasis; (3) to explore the potential
mechanisms by which ATGL deletion suppresses hepatic TG-enriched very-low-density
lipoprotein (VLDL-TG) lipidation and secretion; (4) to identify the potential cellular signaling
pathways that mediate ATGL deficiency-induced hepatic neutrophil infiltration in mice; (5) to
describe the effect of ATGL deletion on the development of alcohol-induced liver fibrosis.

In Chapter Ill, we will employ the transmission electron microscope technique to achieve
the following objectives: (1) to determine the ultrastructure changes by alcohol and hepatocyte-
specific ATGL deletion in hepatocytes, Kupffer cells, bile duct lumens, sinusoids of the liver; (2)
To investigate whether a synergistic effect exists between hepatic ATGL and alcohol

intoxication in altering ultrastructure of the liver.



In Chapter IV, we aim to achieve the following objectives: (1) to dissect the role of
LD/TG accumulation and FFA accumulation in inducing ER stress and cell death in
hepatocytes; (2) to determine the role of ATGL in OA-induced hepatocellular cytotoxicity; (3) to
identify the molecular mechanisms by which intracellular LD/TG accumulation and extracellular
LPS stimulation synergistically induce hepatocyte injury and promote inflammatory
chemokine/cytokine expression in hepatocytes.

Literature Review

Alcohol-related Liver Disease

Alcohol use disorder is a worldwide problem that represents the third largest risk factor
among many types of diseases (Rocco, 2014). Reported in 2017, an increase in mortality from
ALD was observed among men and women of almost every age and race in the United States
except of non-Hispanic blacks since 2006 (Moon et al., 2020). As the major organ metabolizing
alcohol, the liver has long been recognized as the main victim of excessive and prolonged
alcohol consumption (Rocco, 2014). Ethanol and its bioactive metabolites, acetaldehyde, fatty
acid ethyl esters, aldehyde-protein adducts, are all considered as hepatotoxins, which are
associated with a spectrum of liver injuries that are designated as alcohol-related liver disease
(ALD) (Crabb et al., 2020). ALD can progress from hepatic steatosis to more advanced phases,
including alcoholic hepatitis (AH), alcoholic cirrhosis (AC), and eventually hepatocellular
carcinoma (HCC) or even liver failure (Stickel et al., 2017). To date, there is no clear biomarker
or unique clinical presentation that can be used for the definitive diagnosis of ALD, especially to
distinguish ALD from other types of liver diseases (Crabb et al., 2020; Dang et al., 2020).
Except from abstinence and lifestyle intervention, pharmacologic treatment for ALD has not
been established. While ALD below the level of cirrhosis is hormally reversible upon sobriety,
decompensating cirrhosis and hepatocellular carcinoma have a grave prognosis (Stickel et al.,

2017). The existing literature suggests significant clinical and economic impacts of ALD; hence,



comprehensive studies are needed to explore the pathogenesis and disease progression of
ALD to develop better medical strategies and therapeutic interventions.
The Pathogenesis of ALD

The pathogenesis of ALD is a complex process that involves direct and indirect effects of
ethanol and its derivatives on various types of cells in the liver. Hepatocytes are the primary
parenchymal cells for ethanol metabolism in the liver. There are two steps in ethanol
metabolism. Alcohol dehydrogenase (ADH) is the most catalytically efficient ethanol-
metabolizing enzyme that catalyzes ethanol into acetaldehyde, a very reactive and toxic
compound. To minimize its toxicity, hepatocytes rapidly metabolize acetaldehyde into acetate in
mitochondria by aldehyde dehydrogenase 2 (ALDH2), then acetate is released into circulation
(Osna et al., 2017). Aside from ADH, cytochrome P450 2E1 (CYP2E1) and catalase are two
other enzymes that also process ethanol-metabolizing capacity. A high level of NADH is
generated through this redox reaction process resulting in a reduction of cellular NAD*/NADH
ratio, which induces oxidative stress and cell dysfunction, and exerts detrimental effects on
numerous metabolic process, including the development of hepatic steatosis (Mello, Ceni, et al.,
2008).
Lipotoxicity in Hepatic Steatosis

According to the “second hit” or “multiple hit” theory, alcohol-induced hepatic lipid
accumulation acts as the first hit, which predisposes the liver for a second hit or multiple hits
that induce hepatic inflammation and fibrogenesis (Rada et al., 2020; Tsukamoto et al., 2009).
Chronic alcohol consumption perturbs hepatic lipid homeostasis through adipose tissue-liver
crosstalk (Steiner & Lang, 2017). Briefly, alcohol disturbs the balance between lipogenesis and
lipolysis in adipose tissue, which leads to increased FFAs release. The released FFAs are
transported into circulation and eventually deposited in non-adipose tissue, including the liver
(Wei et al., 2013). It is historically accepted that hepatic lipotoxicity occurs when the liver's
capacity of utilizing, secreting, and storing FAs as TGs is overwhelmed by the massive flux of

4



FAs from circulation, as well as alcohol-induced increase in FA synthesis and alcohol-inhibited
FA oxidation (Gao & Bataller, 2011; Rada et al., 2020). Free fatty acids (FFAs) and other
intracellular metabolites, such as diacylglycerol, lysophosphatidylcholine, and ceramides, have
long been considered as cytotoxic, playing important roles in hepatocyte cell death in the
development of both liver inflammation and liver fibrosis both (Dahlquist et al., 2020; Malhi &
Gores, 2008; Mauvrelis et al., 1983). While TGs formation are historically considered as relatively
benign that poses less liver lipotoxicity by sequestering cytotoxic FFAS, it is unestablished
whether or how bulk TGs accumulation modulates downstream cellular signaling pathways to
regulate hepatocyte cell death and inflammation (Mashek, 2021).
The Role of Endotoxin in ALD

Gram-negative bacteria-derived lipopolysaccharide (LPS), also known as endotoxin, has
been reported to play a critical part in the pathogenesis of ALD (Szabo & Bala, 2010). Human
studies have demonstrated that plasma endotoxin levels are significantly elevated in inpatients
with ALD compared to healthy subjects (Hanck et al., 1998; Parlesak et al., 2000; Schéfer et al.,
2002). Animal studies revealed that plasma endotoxin levels correlate with the severity of liver
injury (Jokelainen et al., 2001; Mathurin et al., 2000; Naniji et al., 2001). Under physiological
condition, only trace amount of LPS penetrate the intestinal barrier, enter the portal circulation,
and then cleared by Kupffer cells (resident macrophages in the liver) by phagocytosis or by
hepatocytes via autophagy in the liver (Chen et al., 2014; Rao, 2009). Upon excessive alcohol
intoxication, acetaldehyde-mediated disruption of epithelial tight junctions and adherens
junctions increases intestinal permeability and eventually leads to intestinal barrier dysfunction
(Rao, 2009; Szabo & Bala, 2010). When the endotoxin level overwhelms the clearance capacity
of the liver, endotoxin escapes and spills into systemic circulation, which leads to the production

of pro-inflammatory cytokines and chemokines.



Chemokines and Cytokines in ALD

Chemokines are small chemotactic proteins (8-13 kDa) initially identified by their ability to
release migratory signals and recruit inflammatory cell to infected sites (Saiman & Friedman,
2012). Current evidence suggests that chemokines are associated with the progression of ALD
and liver-associated morbidity and mortality in patients with AH (Chang et al., 2015, p.; Poulsen
et al., 2021). Hepatocyte is one of the primary sources of chemokines in the liver, which drives
immune cell infiltration, cell death, and eventually fibrogenesis (Saiman & Friedman, 2012). C-X-
C motif chemokine ligand 1 (CXCL1) is one of the seven members to the CXC chemokine family
that acts as chemoattractant for immune cells during infection. (Schumacher et al., 1992). Clinical
studies and animal studies have demonstrated that CXCL1 regulates host immune response by
recruiting and activating neutrophils to the infected sites (Sawant et al., 2016). Dominguez et al.
revealed that patients with AH express higher levels of IL-8 family in the liver compared with
healthy controls (Dominguez et al., 2009). Chang et al. also reported that CXCL1 is associated
with liver neutrophil recruitment and liver injury in mice fed with high-fat diet plus alcohol binge
(Chang et al., 2015). As the rapid advances in chemokine biology, researchers have identified
chemokine receptors on non-immune cells as well, which expands the functions of chemokines
to non-inflammatory aspects of injury, including apoptotic cell death (Saiman & Friedman, 2012).
However, the molecular basis of how hepatic TGs accumulation and CXCL1 synergistically
orchestrate cell death in the liver is not well understand.

Cytokines are low-molecular weight peptides produced by different types of cells in the
liver that mediate cellular communication (McClain et al., 1999). Various pro-inflammatory
cytokines, such as necrosis factor-alfa (TNF-a) and IFN-y, and anti-inflammatory cytokines,
including interleukin 10 and interleukin 6, have been reported to be involved in alcoholic liver
injury (An et al., 2012; Kawaratani et al., 2013). Lipocalin 2 (LCN2) is an acute phase protein
expressed upon stress such as bacterial infection to recruit and activate immune cells to inhibit
bacterial growth by limiting siderophore-mediated bacterial iron acquisition (Wieser et al., 2016).
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Although LCN2 demonstrates a protective function against acute and chronic liver injury in
many models, including MCD diet-induced NAFLD model (Asimakopoulou et al., 2014, p. 2;
Borkham-Kamphorst et al., 2013; Xu et al., 2015), Wieser et al. revealed that elevated systemic
LCN2 greatly promotes the development of ALD by governing neutrophil infiltration (Wieser et
al., 2016). It is demonstrated that the liver is the primary source of systemic LCN2 (Xu et al.,
2015). Studies have reported that hepatocyte is the primary cell type that produces LCN2 in the
liver upon ethanol exposure (Cai et al., 2016; Zhong et al., 2020). Hence, further research is
needed to elucidate the pro-inflammatory function of LCNZ2 in ethanol-induced liver injury, and
the cellular signaling pathways by which LCN2 mediates neutrophil infiltration.

Adipose Triglyceride Lipase (ATGL)

Hepatic steatosis is one of the earliest events in ALD, characterized by the accumulation
of lipid droplets (LDs) in hepatocellular cytoplasm (Schulze & Ding, 2019). LDs are spherical
cellular organelles that comprise a hydrophobic core of neutral lipid and an amphipathic
phospholipid monolayer (Li et al., 2021). While previously assumed inert storage depots for
neutral lipid, growing evidence is suggesting that LDs are highly dynamic organelles that are
extremely responsive to cellular environment. LDs have a wide range of impacts on cell
metabolism, signaling and function (Gluchowski et al., 2017; Mashek, 2021; Nguyen &
Olzmann, 2017). Upon times of nutrition deprivation or enhanced energy demand, stored TG in
LDs is hydrolyzed by a group of hormonally regulated hydrolytic enzymes to generate FAs and
glycerol for energy generation (Li et al., 2021). In 2004, ATGL was discovered as the rate-
limiting enzyme that catalyze the first step of TG hydrolysis by three independent research
teams (Jenkins et al., 2004; Villena et al., 2004; Zimmermann et al., 2004).

The Structure-function Relationship of ATGL

The gene of human ATGL is located on chromosome 11p15.5 and includes 10 exons

that encodes a 504-amino acid protein (NP_065109). The murine gene of ATGL

encodes a 486-amino acid protein (BAC27476) with a calculated molecular mass of 54
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kDa, which shares an 86.8% sequence identity with its human orthologue. Sequence
analysis revealed that a patatin-like phospholipase domain between lle 10-Leu 178 is
located on the N-terminal half of the protein (Fig.1.1), which groups ATGL into the
patatin-like phospholipase domain-containing family (PNPLA). Mutation studies and cell
culture studies have confirmed that Ser47 and Asp 166, within the patatin-like containing
domain, constitute the putative catalytic dyad in ATGL (Fig.1.1). ATGL is synthesized in
the endoplasmic reticulum (ER) and directly delivered to LDs by the Golgi-ER transport
protein complex GBF1 (Golgi-specific brefeldin A resistance factor 1)-Arfl (ADP-
ribosylation factor 1)-COPI (coat protein complex I). It has been reported that ATGL
traffics from ER to LDs through membrane bridges that are controlled by the Arf1/COPI
machinery. ATGL is localized in cytoplasm, on LDs, and on plasma membranes.
The C-terminal region of ATGL, harboring the putative hydrophobic lipid-binding stretch
(Val315 to lle364) and two potential AMPK phosphorylation sites (Ser 404 and Ser 427)
has been demonstrated to be responsible for the localization of the enzyme around LDs.
(Lietal., 2021)

Figure 1.1 Schematic Representation of Predicted Structure and Domain Organizations of

Human ATGL
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Note. Green: 3-layer (a/f/a) sandwich domain (residue 1-253). Purple: Patatin-like

domain (residue 10-178), including the a-helix structure (residue 10-24) and the catalytic serine-
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aspartate dyad (Ser 47 and Asp 166), which are essential in TG substrate binding and TG
hydrolysis, respectively. Blue: putative hydrophobic lipid-binding stretch (residue 315-364), and
two potential AMPK phosphorylation sites (Ser 404 and Ser 428), which are responsible for the
localization of ATGL on LDs.
Regulatory Mechanisms of ATGL

The central role of ATGL in lipolysis makes its regulation crucial for maintaining a
defined balance between lipid storage and breakdown. The expression and activity of ATGL are
regulated at multiple levels, such as transcriptional and posttranslational regulations. The
factors involved in transcriptional regulation of ATGL are summarized in Fig. 1.2 As a hormone-
sensitive lipase, ATGL is activated by B-adrenergic activation (Schott et al., 2017). AMP-
activated protein kinase (AMPK) could phosphorylate ATGL at Ser406, therefore active its
enzymatic activity (Ahmadian et al., 2011). Insulin is a classic inhibitor of lipolysis. Studies
revealed that insulin suppresses ATGL expression through upregulation of sirtuin 1 (SIRT1),
which restrains the nuclear localization of forkhead box protein O1 (FoxO1) through
deacetylation (Chakrabarti et al., 2011, p. 1). Insulin also inhibits ATGL expression through early
growth response 1 (Egrl)- mechanistic target of rapamycin complex 1 (nTORC1) cell signaling
pathway (Chakrabarti et al., 2010, 2013). The physical interaction between the master
adipogenic transcriptional regulator peroxisome proliferator-activated receptor gamma (PPARY)
and Insulin responsive transcription factor specificity protein 1 (Spl) is necessary for ATGL
transactivation in mature adipocyte, while Sp1 alone suppresses ATGL expression in
preadipocytes (Kim et al., 2006; Roy et al., 2017). Besides, tumor necrosis factor-alpha (TNF-a)
is reported to stimulate lipolysis, partially through degrading ATGL’s inhibitor GO/G1 switch gene

2 (G0S2) (Kralisch et al., 2005; Yang et al., 2011).



Figure 1.2 Simplified Overview of Regulation of ATGL Expression

\
T \‘-\‘\\

Note. ATGL is demonstrated to be activated by 3-adrenergic activation. AMPK
phosphorylates ATGL at Ser 406 therefore activates its enzymatic activities. Insulin inhibits
ATGL expression through upregulating SIRT1, which restrains the nuclear localization of FoxO1
by deacetylating. Insulin also inhibits ATGL expression through Egr1-mTORC1 signaling
pathway. Sp1 has an inhibitory control over ATGL in preadipocytes, while the functional
interaction of PPARy and Sp1 transactivates ATGL in mature adipocytes. TNF-a down-
regulates ATGL mRNA level but does not alter its protein level.

Fig. 1.3 illustrates the regulation of ATGL at post-translational levels with a focus on the
liver. Comparative gene identification-58 (CGI-58) is widely admitted as the primary co-activator
of ATGL, which increase the TG hydrolase activity of ATGK by up to 20-fold (Lass et al., 2006).
G0S2 is known as an endogenous inhibitor of ATGL even when CGI-58 is present (Lu et al.,
2010; Schweiger et al., 2012). Perilipin family membranes are actively involved in regulating
ATGL activity in a tissue-specific manner (Brasaemle, 2007). Perilipin 2 (PIn2) is the most
expressed family member in the liver, promoting lipolysis through chaperone-mediated
autophagy. Briefly, heat shock protein HSPA8/hsc70 mediates the degradation of Plin2 and

Plin3 in lysosome and causes increased exposure of LDs surface to ATGL, thereby initiating the
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first step of TG hydrolysis (Kaushik & Cuervo, 2015; Schweiger & Zechner, 2015). There are
other protein interaction partners of ATGL, including Hypoxia-inducible lipid droplet-associated
protein (HILPDA), E3 ubiquitin ligase COP1 (also called RFWD2), DEFA like effector C (CIDEC,;
also known as fat-specific protein 27, FSP27), pigment epithelium-derived factor (PEDF; also
known as seeping family F member 1, SERPINF1) (Borg et al., 2011; Ghosh et al., 2016; Gimm
et al., 2010, p.; Grahn et al., 2014; Niyogi et al., 2019).

Figure 1.3 Regulation of ATGL at Post Translational Level in the Liver
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Note. A). In basal condition: LDs are coated with PLN2 and PLN5, which restrain the
access of ATGL to the stored TGs. PLN5 also directly binds to ATGL, competing against CGI-
58 for ATGL interaction. B). In stimulated condition, PKA-mediated phosphorylation of PLN5
results to the release of ATGL and subsequently the co-activation by CGI-58. PLN2 is degraded
through chaperone-mediated autophagy, which exposes the surface of LDs to ATGL, therefore

stimulating lipolysis. C). In inhibited condition: ATGL inhibitors HILPDA and G0S2 are
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upregulated, which enhances the inhibitory control over ATGL. E3 ubiquitin ligase COP1-
mediated proteasomal degradation reduces the protein levels of ATGL, hence inhibits lipolysis.
ATGL in Hepatic Lipid Metabolism

Emerging evidence suggest that the physiological function of ATGL is not restricted to
adipose tissue but is also crucially important in many non-adipose tissues, such as the liver.
ATGL is expressed in hepatocytes, hepatic stellate cells (HSC), and macrophages (Kupffer
cells) (Eichmann et al., 2015, p. 58; Mello, Nakatsuka, et al., 2008; Zimmermann et al., 2004).
Neutral lipid storage disease (NLSD) with myopathy (NLSD-M) is a rare autosomal recessive
disorder caused by ATGL mutations. NLSD-M is characterized by excessive, non-lysosomal
accumulation of TG-rich cytosolic LDs in hon-adipocytes, including hepatocytes (Missaglia et
al., 2019; Zhou et al., 2016). Mutations in ATGL lead to either its inactivation or compromised
lipid droplet binding ability (Schweiger et al., 2008). Studies investigating the clinical, molecular,
and cellular phenotypes in these patients illustrate an essential role of ATGL in maintaining
systemic lipid homeostasis and multi-organ functions, including the liver (Fischer et al., 2007;
Tavian et al., 2012). Liver damage was observed in half of NLSD-M patients, manifesting as
mild to severe hepatic steatosis and elevated blood aminotransferase levels, including alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) (Missaglia et al., 2019; Pegoraro
et al., 2020; Yavuz et al., 2020). The liver biopsy results of a 63-year-old female patient with
NLSD-M revealed significant hepatic cytosolic lipid deposition, indicating impaired hepatic TG
turnover (Schweiger et al., 2008). A 33-year-old Turkish patient with NLSD-M presented Grade
2 macrovesicular steatosis and hepatomegaly, which contributed to the unfortunate death of the
patient (Yavuz et al., 2020). Studies using transgenic animal models showed that ATGL
expression is inversely associated with hepatic LDs size and TG content (Reid et al., 2008;
Turpin et al., 2011; Wu et al., 2011). In accordance with LDs accumulation and elevated hepatic
TG contents, TG hydrolase activities in the livers of ATGL deficiency mice were dramatically
decreased compared to their controls (Haemmerle et al., 2006; Ong et al., 2011; Reid et al.,
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2008). In contrast, studies have shown that hepatic ATGL expression is positively correlated
with hepatic FA -oxidation (Ong et al., 2011; Reid et al., 2008). While decreased TG hydrolase
activity accounts for the LDs accumulation in the livers of hepatic ATGL deficiency mice, the
mechanisms by which ATGL mediate FA oxidation remains unclear. It is widely accepted that
FA is a strong endogenous ligand that activates peroxisome proliferator activated receptor alpha
(PPARa), a master regulator in FA B-oxidation (Chakravarthy et al., 2009; Pawlak et al., 2015).
Given the fact that ATGL promotes the production of TG-derived FAs, it is assumed that ATGL
might affect PPARa expression therefore influence its downstream target genes that are
involved in FA B-oxidation. Indeed, hepatic PPARa expression is remarkably downregulated in
ATGL deficiency mice (Jha et al., 2014; Ong et al., 2011). Wu et al. reported that PPARa
agonist fenofibrate failed to normalize high-fat diet-induced elevated liver TG content in ATGL
shRNA-treated mice, suggesting that ATGL regulates PPARa through a ligand-independent
manner (Wu et al., 2011). Conversely, Jha et al. reported that fenofibrate supplementation
completely normalized methionine-choline-deficient (MCD)-induced steatosis in mice (Jha et al.,
2014). The discrepancies of how ATGL-deficient mice response to fenofibrate supplementation
could be due to the various doses of fenofibrate, fasting status while mice sacrificed, as well as
the different mechanisms underlying hepatic steatosis in two animal models. Future research is
needed to further elucidate the molecular mechanisms underlying ATGL-mediated hepatic FA (3-
oxidation.
Inhibition of ATGL by Atglistatin

Atglistatin is a synthetic inhibitor of ATGL that selectively inhibits the activity of ATGL in a
competitive manner both in vitro and in vivo (Mayer et al., 2013). Mayer et al. reported that short-
term oral gavage of Atglistatin to mice markedly reduced plasma TG and lipolytic parameters FA
and glycerol without inducing TG accumulation in all tissues investigated except liver. However,
it did not significantly affect blood glucose, total cholesterol, ketone bodies, and insulin levels.
Atglistatin distributes differently among various tissues with the highest concentration in the liver,
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followed by white and brown adipose tissues, which might explain TG accumulation in the liver
after administration of Atglistatin. However, Atglistatin failed to inhibit neither ATGL activity nor
FAs release in human adipocyte (Mayer et al., 2013).

Role of ATGL in Hepatic Inflammation

Lipotoxicity occurs when excess lipids accumulate in the liver, which may lead to hepatic
inflammation. Itis clinically important to investigate the role of ATGL in the pathogenesis of hepatic
inflammation, which is one of the most important characteristics in both non-alcoholic fatty liver
disease (NAFLD) and ALD (Johnston et al., 2020). Jha et al. reported that ATGL KO mice fed
with MCD diet developed more severe inflammation in the liver compared to their WT
counterparts, as evidenced by increased expression of inflammatory markers, such as TNF-q,
inducible nitric oxide synthase (iNOS), monocyte chemotactic protein-1 (MCP-1), and interleukin-
1beta (IL-1B), as well as increased infiltration of mononuclear inflammatory cells in the liver. For
the LPS model, mice were intraperitoneally injected with a single dose of LPS for 12 h at non-
fasted state. Compared with WT mice, ATGL deficiency mice exhibited marked hepatic
inflammation, as indicated by the significant upregulation of TNF-a, iNOS, MCP-1, and IL-6, along
with elevated serum levels of TNF-a and IL-6. They further demonstrated that the anti-
inflammatory effect of ATGL in the liver was partially achieved through PPARa signaling pathway
(Jha et al., 2014). Blood ALT levels have been used as a surrogate marker for liver injuries
(Pearce et al., 2013). Wu et al. reported that ATGL-KO mice had higher plasma ALT levels and
ALT/AST ratio but no significant differences in hepatic macrophage infiltration compared with WT
controls (Wu et al., 2011). It is worth noting that the absence of ATGL protected mice from
tunicamycin-induced acute hepatic ER stress (Fuchs et al., 2012).

Given the current evidence, ATGL seems to play a protective role against hepatic
inflammation in steatohepatitis. More studies using hepatocyte-specific ATGL knockout animal
models are needed to further elucidate the clinical relevance of ATGL as a therapeutic target in
the progression of metabolic liver diseases.
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CHAPTER II: HEPATOCYTE-SPECIFIC DELETION OF ATGL EXACERBATES HEPATIC

STEATOSIS, LIVER INFLAMMATION, AND FIBROSIS IN MOUSE MODEL OF ALD

Abstract

Hepatic steatosis is the earliest clinical manifestation in the progression of alcohol-
related liver disease (ALD) and is characterized by excessive triglyceride (TG)-enriched lipid
droplet accumulation in hepatocytes. Adipose triglyceride lipase (ATGL), the rate limiting
enzyme of TG hydrolysis, has been reported to be down-regulated in patients with non-alcoholic
fatty liver disease (NAFLD) and play critical roles in regulating hepatic TG content, LD
accumulation, and hepatic inflammation. However, it remains unclear how alcohol affects
hepatic ATGL expression. Although earlier evidence shows that chronic alcohol feeding resulted
in hepatic accumulation of both TGs and free fatty acids (FFAS), it is still under debate whether
the accumulated TGs or/and FFAs play a role in inducing hepatic lipotoxicity, and how ATGL
regulates hepatic LDs and free fatty acid (FFAs) metabolism in ALD. In this study, we generated
a mouse model of hepatocyte-specific ATGL deletion to address the above questions. We found
that hepatic ATGL was upregulated by alcohol exposure, along with TG accumulation/LD
expansion, FFA accumulation, and liver injury, which were further exacerbated by hepatocyte-
specific ATGL deletion. Next, we demonstrated that hepatocyte-specific ATGL deletion partially
reduced hepatic fatty acid oxidation and TG synthesis and suppressed VLDL-TG secretion.
Moreover, we speculated that ATGL deficiency suppressed VLDL-TG secretion through
impairing ACSL5-mediated fatty acid oxidation and their subsequent incorporation into TGs by
DGATL. In addition, hepatocyte-specific ATGL deletion aggravated alcohol-induced liver injury
and inflammation by upregulating chemokine CXCL1 and cytokine LCN2 and subsequent
neutrophil infiltration in the liver. Moreover, CHOP-related hepatocyte death may be associated

with ATGL deficiency-enhanced hepatic inflammation. Last, we demonstrated that alcohol-

15



induced hepatic fibrosis was exacerbated by hepatocyte-specific deletion of ATGL. Taken
together, these data suggest that hepatocyte-specific ATGL deletion exacerbates alcohol-
induced hepatic steatosis, inflammation, and fibrogenesis in the mouse model of ALD.

Introduction

Alcohol misuse is the 7" leading risk factor for both deaths and disability-adjusted life-
years worldwide (Griswold et al., 2018). Alcohol-related liver disease (ALD) has been reported
to be a major contributor to the decreased life expectancy of Americans in 2017 (Moon et al.,
2020). The overall weighted ALD prevalence has been stable since 2001-2002 to 2015-2016 at
8.8% and 8.1%, respectively (Dang et al., 2020). ALD now has overpassed HCV to become the
leading indication for liver transplantation in the US (Dang et al., 2020). In 2015, healthcare cost
for all-cause cirrhosis was $9.5 billion dollars in the US, 53% of which was associated with ALD
(Mellinger et al., 2018). To date, there is no FDA-approved targeted therapy for ALD. The high
morbidity and mortality, as well as economic burden of ALD emphasize the importance of better
understanding the pathogenesis of ALD for the development of preventive and therapeutic
pharmacological strategies.

Hepatic steatosis (fatty liver disease) is the earliest manifestation to chronic alcohol
drinking in the progression of ALD and is characterized by triglyceride accumulation in
hepatocytes (Donohue, 2007; Osna et al., 2017). The pathogenesis of ALD is a complex
process orchestrated by a closely regulated network of cell signaling pathways. The ‘second hit
hypothesis’ is generally recognized by many researchers where steatosis is considered as the
first hit. Steatosis then sensitizes the liver to be susceptible to a second hit such as endotoxins,
chemokine and cytokine production, mitochondrial dysfunction, and oxidative stress, which in
turn leads to alcohol-related steatohepatitis (ASH) and/or fibrosis (Donohue, 2007). Alcohol
consumption increases the levels of hepatic free fatty acids (FFAs) and subsequent TG

formation. Accumulation of excessive lipids in non-adipose tissues leads to cell dysfunction and
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cell death, a phenomenon referred to as lipotoxicity (Listenberger et al., 2003). There are three
mechanisms involved in the elevation of FFAs in hepatic steatosis. First, ethanol and
acetaldehyde oxidations generate a high level of NADH therefore reduce the cellular
NAD*/NADH ratio, which perturbs the cellular redox potential resulting in enhanced lipogenesis.
Second, ethanol disrupts lipid homeostasis leading to increased TG break down in adipose
tissues, which causes enhanced FFAs influx into the liver (Kang et al., 2007). Third, ethanol and
acetaldehyde decelerate FFAs break down in the liver by damaging mitochondrial 3-oxidation,
as well as lysosome degradation by autophagy (Kharbanda et al., 1995, 1996; Zhong et al.,
2014). Accumulation of saturated FFAs has been reported to induce apoptotic cell death in
various types of cells, whereas unsaturated FFAs effectively rescued saturated FFAs-induced
lipoapoptosis (Cnop et al., 2001; de Vries et al., 1997; Listenberger et al., 2001; Maedler et al.,
2001). Listenberger et al. proposed that unsaturated FFAs are less toxic due to their higher
ability to be incorporated into TGs compared to saturated FFAS, suggesting that hepatic TG
formation upon FFAs overload is an initial protective cellular mechanism against FFAs-induced
cytotoxicity, and therefore promoting cell viability (Listenberger et al., 2003).

In hepatic steatosis, accumulated TGs are deposited into lipid droplet (LD), a spherical
cellular organelle that comprises a hydrophobic core of neutral lipid and an amphipathic
phospholipid monolayer (Olzmann & Carvalho, 2019). While LDs are historically considered as
inert organelles, recent evidence suggests that cellular LD and subsequent LD-derived
metabolites play critical roles in the metabolic state of cell (Mashek, 2021; Schulze & Ding,
2019). Among all the lipases that contribute to hepatic LD catabolism-a process also known as
lipolysis where TG is broken down into glycerol and FFAs-adipose triglyceride lipase (ATGL)
has drawn the most attention. Patients with neutral lipid storage disease with myopathy (NLSD-
M), a rare autosomal recessive disorder caused by ATGL mutations, develop excessive, non-
lysosomal accumulation of TG-enriched cytosolic LDs in non-adipocytes, including hepatocytes
(Missaglia et al., 2019). Liver damage is observed in half of NLSD-M patients, manifesting as
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mild to severe hepatic steatosis and elevated blood aminotransferase levels, including alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) (Li et al., 2021). Liver-specific
deletion of ATGL leads to increased hepatic TG content and LD accumulation but reduced fatty
acid B-oxidation, while hepatic overexpression of ATGL attenuates hepatic steatosis and
increases fatty acid oxidation (Ong et al., 2011; Reid et al., 2008; Wu et al., 2011). Given the
fact that ATGL catalyzes the generation of FFAs during TG lipolysis, several studies have been
conducted to investigate the role of ATGL in hepatic lipotoxicity and liver inflammation and the
results are contradictory. Jha et al. demonstrated that ATGL ablation causes severe
inflammation in the livers of mice fed with methionine-choline deficient (MCD) diet, a classical
dietary model of non-alcohol associated steatohepatitis (NASH), as well as in mice challenged
with endotoxins (Jha et al., 2014). Wu et al. reported that liver-specific deletion of ATGL leads to
liver injury as shown by elevated plasma ALT levels and ALT/AST ratio (Wu et al., 2011).
However, Fuchs at el. concluded that liver-specific inhibition of ATGL decelerates disease
progression of dietary-induced nonalcoholic fatty liver disease (NAFLD) (Fuchs et al., 2022). Of
note, the same research group has previously reported that global ATGL ablation protects mice
from acute hepatic ER stress (Fuchs et al., 2012). Therefore, further studies are warranted to
investigate the role of ATGL in hepatic steatosis, cell death, liver inflammation, and fibrosis,
especially under stress circumstance such as alcohol exposure.

Previous study from our lab shows that chronic alcohol feeding induces both LD and
FFA accumulation in the livers of mice (Guo et al., 2021). However, it is still obscure that
whether it is accumulated hepatic LDs or FFAs that induce the lipotoxicity in ALD. Although an
earlier study reported that patients with NAFLD show reduced hepatic ATGL expression (Kato
et al., 2008), it is still unclear how alcohol affects hepatic ATGL expression, as well as how
ATGL affects hepatic LD and FFA metabolism in ALD. Here, we demonstrate that hepatic
ATGL is increased by chronic alcohol exposure and hepatocyte-specific deletion of ATGL
exacerbates alcohol-induced hepatic steatosis by suppressing TG-enriched very low-density
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lipoprotein (VLDL-TG) secretion and decreasing fatty acid oxidation. Increased hepatic steatosis
due to ATGL deletion in hepatocytes aggravates alcohol-induced hepatic cell death,
inflammation, and fibrosis in our mouse model.

Materials and Methods

Mice

C57BL/6J wild-type (WT), ATGL floxed mice (ATGL""* stock no. 024218) and
albumin-Cre mice (Alb-Cre, stock no. 003574) were purchased from the Jackson Laboratory
(Bar Harbor, ME). The breeding strategy for the generation of hepatocyte-specific ATGL
knockout mice is shown in Fig. 2.1 ATGL"* " mice were crossed bred with Alb-Cre mice to
generate hepatocyte-specific ATGL knockout (ATGL“"P) mice. Mice were handled and alll
experiments were performed in accordance with the protocol approved by the North Carolina

Research Campus Institutional Animal Care and Use Committee.
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Figure 2.1 Breeding Strategy for the Generation of Hepatocyte-specific ATGL Knockout
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Note. Homozygous ATGL floxed mice (ATGL"X) were cross bred with Alb-Cre** mice.
Offspring carrying floxed ATGL allele and Alb-Cre allele were crossed back with ATGLoX/flox
mice. This led to the generation of ATGL“" mice, which harbors homozygous ATGL floxed
alleles and Alb-Cre recombinase. Their littermates carrying homozygous floxed ATGL alleles,
but no Alb-Cre recombinase were designated as wild type (ATGL¥X) mice, which were used
as controls in the study.

Chronic Alcohol Feeding and Treatment

Mice were maintained on a 12h light/ 12h dark cycle. There are two sets of mice with
alcohol feeding. First, to investigate how alcohol affects hepatic ATGL expression, C57BL/6J
male mice at 12 weeks old were randomly subjected to either an ethanol-containing Lieber-
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DeCarli liquid diet (alcohol-fed, AF; n=5) or an isocaloric control (pair-fed, PF; n=5) liquid diet for
8 weeks as previously described (29). Second, to investigate the role of ATGL in ALD, male
ATGLUhep mice at 12 weeks old were randomly subjected to AF or PF liquid diet for 8 weeks
as previously described (29). Littermates of Alb-Cre negative ATGLflox/flox (WT) mice were
used as controls. Briefly, ethanol content (%, w/v) in alcohol diet was gradually increased from
4.00%, to 4.14%, 4.28%, and 4.42% every 2 weeks. The AF mice were fed ad libitum, while PF
mice were fed with the control diet as the same amount consumed by AF mice in the previous
day. All ingredients used in the liquid diets were obtained from Dyets (Bethlehem, PA) except
for ethanol (Sigma-Aldrich, St Louis, MO). At the end of 8 weeks of feeding, mice were
anesthetized with inhalational isoflurane. Livers, epididymal white adipose tissues, blood of the
mice were collected and stored at -80°C for future use.
Western Blot

Whole protein lysates from the mouse liver were extracted using T-PER tissue extraction
reagent (Thermo Scientific) supplemented with protease and phosphatase inhibitors (Sigma-
Aldrich, St. Louis, MO). Aliquots containing 30 mg of proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel (8-15%) electrophoresis, transblotted onto polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA), blocked with 5% nonfat dry milk in phosphate-buffered
saline solution containing 1% Tween-20, and then probed overnight with the following
antibodies, including anti-DGAT1, antiApoB100, anti-CYP4A1, anti-FABP1, anti-FATP2 (Santa
Cruz Biotechnology, Dallas, TX), anti-MTP (BD Biosciences, San Jose, CA), anti-Tm6sf2
(MyBioSource Inc, San Diego, CA), anti-ATGL, anti-HSL, anti-p-HSL, anti-ACSL1, anti-ATF4,
anti-ATF6, anti-CHOP (Cell Signaling Technology, Danvers, MA), anti-CPT1A, anti-ACADL,
anti-ACOX1 (Proteintech Group, Inc, Rosemont, IL), anti-ACADM, anti-ACSL5 (Novus
Biologicals, Littleton, CO), anti-MGL, anti-GAPDH, and anti-ACSL4 (Abcam, Cambridge, MA),
respectively. Membranes were then washed and incubated with horseradish peroxidase
conjugated goat anti-mouse immunoglobulin G or goat anti-rabbit immunoglobulin G (Thermo
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Fisher Scientific, Rockford, IL). The bound complexes were detected with enhanced
chemiluminescence (Thermo Fisher Scientific) and quantified by densitometry analysis.
Histopathological Examination

Histopathological examination was performed as previously described (30). Briefly, liver
from each mouse was rapidly removed and fixed in 10% neutral buffered formalin and
processed for paraffin embedding. Sections were cut into 5 um thickness and processed with
H&E staining. All sections were examined by light microscope.

Immunofluorescence

The immunofluorescence studies were performed as described previously (27). Cryostat
sections of mouse liver were incubated with anti-MPO, anti-F4/80* followed by Alexa Fluor 594-
conjuated donkey anti-rat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA,
United States). The nuclei were counterstained by 4',6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific)

Plasma ALT and AST Levels

Plasma ALT and AST levels were colorimetrically measured by Infinity ALT Reagent and
Infinity AST Reagent (Thermo Fisher Scientific), respectively.

RNA lIsolation and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted from mouse liver using TRIzol™ reagent (Thermo Fisher
Scientific) according to the manufacturer’s instruction. Complimentary DNA (cDNA) was
generated using TagMan Reverse Transcription Reagents (Thermo Fisher Scientific). Real-time
PCR was performed with SYBR green PCR master mix (Qiagen, Germantown, MD, United
States) using the 7500 Real Time PCR (RT-PCR) system. Primers were designed and
synthesized by Integrated DNA Technologies (Coralville, CA, United States). All primers used
for gPCR were listed in table 1. The mRNA levels were normalized to the expression of RPS17

rRNA and analyzed by 2-22¢t threshold cycle method (31) with the values of WT-PF as 1.
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Table 1. Primer Sequences Used for qPCR analysis

Origin.

Mouse

NM_001163689

Mouse

NM_001039507

Mouse

NM_001166251

Mouse
NM_026179

Mouse
NM_010046

Mouse
NM_026384

Mouse
NM_009693

Mouse

NM_001163457

Mouse

NM_001293795

Mouse

NM_001302163

Mouse
NM_207625

Mouse
NM_027976

Mouse
NM_008176

Mouse
NM_008491

Mouse
NM_009716

Mouse

NM_00108130

Mouse
NM_007837

Name

ATGL

HSL

MGL

CGI-58

DGAT1

DGAT2

ApoB100

MTP

TM6SF2

ACSL1

ACSL4

ACSL5

CXCL1

LCN2

ATF4

ATF6

CHOP

Forward primer 5’-3’

CTTCCTCGGGGTCTACCACA

CATCAACCACTGTGAGGGTAAG

CTCACTTAGCGCCAGCAATA

TGCCAGTGTACCTAGTCCATA

GGCCTTACTGGTTGAGTCTATC

GAAGGGCTTCTCTTCTCTTCAC

AGGCTTGTCACCCTTCTTTC

TCTGCTTCTTCTCCTCCTACT

ATCACCTACGACCCTCTCTATG

GCTTGTGGATGTGGAAGAAATG

ACTAGGACCGAAGGACACATA

CCGTGGTTCCTGGCTTATTT

GTGTCTAGTTGGTAGGGCATAAT

TCCTCAGGTACAGAGCTACAA

CCACTCCAGAGCATTCCTTTAG

TGGCTTCCTTCACCACATAAA

CAGCGACAGAGCCAGAATAA

23

Reverse primer 5’-3’

GCCTCCTTGGACACCTCAATAA

AAGGGAGGTGAGATGGTAACT

AGGCCCTCCGTAAAGATAGA

CAGCTTCCCAACACCTAACA

GTTGACATCCCGGTAGGAATAA

CTTTCTCCCAACGCCTCATAA

GCCTTGTGAGCACCAGTATTA

GTGGAGTACGTGAGCTTGTATAG

GCCCATCATGTAGCCATCTT

TCTTGCTGGGTCTTTCAAGTAG

CCAATCCTACAGCCATAGGTAAA

CTCTTTCTCTGTGTAGCTCCTTTC

CAGTCCTTTGAACGTCTCTGT

GCTCCTTGGTTCTTCCATACA

CTCCTTTACACATGGAGGGATTAG

GTATCCCTGGTTGACCCTTAAC

CAGGTGTGGTGGTGTATGAA



Mouse a-SMA CCATCATGCGTCTGGACTT GGCAGTAGTCACGAAGGAATAG
NM_007392

Mouse COL1IA1 GCTTGAAGACCTATGTGGGTATAA GGTGGAGAAAGGAGCAGAAA
NM_007742
Mouse COL1A2 CCAGAGTGGAACAGCGATTAC GATGCAGGTTTCACCAGTAGAG
NM_007743
Mouse TGF-Bl  GGTGGTATACTGAGACACCTTG CCCAAGGAAAGGTAGGTGATAG
NM_009370
Mouse RPS17  CAGGAAGAAGAGAGAGAGAGGA  AAGGTTAGAGAGACTGCCAAAG
NM_009092

Quantification of TGs, FFAs, and VLDL-TG

Hepatic TGs and FFAs levels were measured as previously described (27). Briefly, lipids
were extracted by 2:1 chloroform: methanol (v/v) mixture, dried, and redissolved in 1:1 5% Triton
X-100: methyl alcohol solution (v/v). Hepatic TGs and FFAs levels, as well as plasma TGs and
FFAs levels were determined by colorimetric method using TG and FFA quantification Kit
(BioVision, Milpitas, CA), according to the manufacture’s protocols.

Plasma VLDL-TG level was detected by fast protein liquid chromatography (FPLC)
assay. In brief, the plasma of three to five ATGL~" mice or ATGL™¥x WT mice either with or
without alcohol feeding were pooled together to become a pooled plasma sample. Then
lipoprotein fractions were separated from 100yl of plasma by gel filtration column
chromatography. Approximately 70 fractions were collected and the amount of TG and
cholesterol in each traction were determined using microtiter plate, enzyme-based assays.
Profiles of TG and cholesterol were constructed. Calibration of the column with purified
lipoprotein fractions permits quantitation of each lipid in various lipoprotein classes. Then total
plasma cholesterol and TG were measured by standard enzymatic assays. HDL cholesterols
were measured with the enzymatic method after precipitation of VLDL and LDL using
polyethylene glycol reagent (PEG). From these data LDL were calculated using the Friedewald

equation, as long as TGs levels are below 400 mg/dL.
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Statistical Analysis

Results are expressed as mean * standard deviation (SD). Data were analyzed using
the two-tailed student’s t-test or one-way ANOVA test, followed by Tukey’s test. P < 0.05 was
considered as statistically significant.

Results

Hepatic ATGL Protein Levels are Increased by Chronic Alcohol Feeding

C57BL/6J mice were subjected to alcohol feeding for 8 weeks as a model of ALD.
Histopathologic examination showed that chronic alcohol feeding caused LD accumulation,
inflammatory cell infiltration, and hepatocyte degenerative changes as indicated by enlarged
size and nuclei disappearance (Fig. 2.2A). As indicators for liver injury, plasma ALT and AST
levels were elevated by chronic alcohol feeding (Fig. 2.2B). Hepatic TGs and FFAs levels were
both increased by chronic alcohol feeding (Fig. 2.2C). The protein levels of hepatic ATGL were
increased after 8 weeks of alcohol feeding. Although the total protein levels of HSL were not
affected, p-HSL and MGL protein levels in liver were both increased by alcohol feeding (Fig.

2.2D).
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Figure 2.2 Chronic Alcohol Feeding Increases Hepatic ATGL Protein Levels in

Association with Lipid Accumulation and Liver Injury

£ 160 1gpF
2 140 {mAF
©
£ 120 4
2=
5 5100 .
s 80 *
E 60
©
T 40 |
i Mn
0
ALT AST
160 - . 12 1 .
140 A 10 A
= 120 )
g >
8 = 100 1 228
- w
~ £ 80 £ 6
83 83
5 g 60 - S € 4
£ 40 - £
20 - hi
0 0
PF AF PF AF
D PF AF

w

I L T e — o

HSL | * .
dudd

P-HSL [ O3 __{
ATGL HSL p-HSL

»
*

w
f

N

. -
MOL [~ o e S
GAPDH |~————|

Relative band intensity
[

o

Note. C57BL/6 mice were fed with control (PF) or ethanol (AF) liquid diet for 8 weeks.
(A) Histological results (H&E staining) show that hepatocyte-specific ATGL deletion leads to LD
accumulation and inflammatory cell infiltration (Scale bars, 50 pm). (B) Plasma ALT levels and
AST levels of the mice (n=6/group). (C) Hepatic TGs levels and FFAs levels are both
significantly elevated by 8 weeks of alcohol feeding. (D) Western blot and quantification analysis
show that chronic alcohol exposure increases ATGL expression in the livers of mice. Data are

shown as means + SD. *P < .05.
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Hepatocyte-specific ATGL Deletion Dramatically Exacerbated Alcohol-induced Hepatic
Steatosis

To investigate the role of ATGL in the pathogenesis of ALD, we then generated
hepatocyte-specific ATGL deletion mice (ATGL*"P) to investigate how ATGL deletion in
hepatocytes may impact alcohol-impaired lipid homeostasis and inflammation in ALD. ATGL#"eP
mice and floxed control mice were subjected to an 8-week chronic feeding with control (pair-fed,
PF) or alcohol (alcohol-fed, AF) liquid diet. We first confirmed the efficiency of ATGL deletion by
performing Western blot and gPCR analysis that ATGL was successfully deleted in the livers of
ATGL“"P mice (Fig. 2.3A and Fig. 2.3B). Hormone-sensitive lipase (HSL) and monoacylglycerol
lipase (MGL) are another two important lipases that catalyze the second and third step of TG
hydrolysis, respectively. Although the mRNA levels of HSL were not affected either by alcohol or
ATGL deletion, it was significantly decreased when two factors were combined compared to PF
control mice (Fig. 2.3C). The mRNA levels of MGL were significantly induced by alcohol
feeding but not by ATGL deletion; however, ATGL deletion suppressed alcohol-induced
elevation of MGL expression (Fig. 2.3D). Comparative gene identification-58 (CGI-58) is a
strong ATGL co-activator during TG hydrolysis. Similar to ATGL, the expression of CGI-58 was
significantly induced upon alcohol exposure, ATGL deletion in hepatocytes attenuated alcohol-
induced CGI-58 elevation (Fig. 2.3E).

Because ATGL is the rate-limiting enzyme in TG hydrolysis, we hypothesized that ATGL
deletion in hepatocytes would increase hepatic TG accumulation, leading to expansion of LDs.
Indeed, the liver weight of mice was significantly increased in AF ATGL~"P mice compared to
control mice (Fig. 2.4A). The epidydimal white adipose tissue (€WAT) mass was reduced by
alcohol feeding in AF floxed mice., ATGL deletion in hepatocytes reduced the eWAT mass into
a similar level compared with AF floxed mice, and a further reduction was observed in the AF
ATGL*~"MP mice (Fig. 2.4B), indicating a reduced lipid transport from the liver to adipose tissue,
and/or an increase in adipose tissue-derived FFAs translocation and deposition into the liver.
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Although the liver weights of PF ATGL~"P mice were not significantly increased compared to
the PF floxed mice, the liver of PF ATGL~"P mice displayed a discolored change, suggesting
significant accumulation of TGs in the liver (Fig. 2.4C). Histological observation by light
microscopy demonstrated that ATGL deletion resulted in an increase in hepatic lipid in PF mice
as indicated by LD accumulation. Alcohol feeding also induced LD accumulation in the AF
floxed mice, however, both the number and the size of LDs were dramatically increased in the
livers of AF ATGL~"P mice (Fig. 2.4E). Light microscopy also observed that the size of
adipocytes was reduced in the AF floxed mice, ATGL deletion alone reduced the adipocyte size
to a similar level as AF floxed mice, and a further reduction was observed in the AF ATGL~eP
mice (Fig. 2.4F). We next determined hepatic TGs and FFAs levels. Quantitative biochemical
analysis showed that hepatic TG levels were increased in PF ATGL“" mice compared to the
PF floxed mice. Although alcohol feeding increased hepatic TG levels in the floxed mice, a
dramatic increase was found in the AF ATGL~M"P mice (Fig. 2.4G). Surprisingly, hepatic FFAs
levels were also significantly elevated in AF ATGL~"P mice compared to PF ATGL“"" mice (Fig.

2.4H), suggesting FFAs metabolism may be impaired by ATGL deletion in the liver.
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Figure 2.3 ATGL is Successfully Deleted in Hepatocytes of ATGL2"" mice
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL*"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) Western blot and quantification
analysis demonstrate that protein levels of ATGL are dramatically decreased in the livers of
ATGL“"P mice compared to their wild type controls. (B) Quantitative polymerase chain reaction
(gPCR) result confirms the deletion of ATGL from livers of ATGL“"? mice. (C, D, and E) mRNA
levels of enzymes involved in TG catabolism by gPCR (n=4/group). Data are shown as means +

SD, significant differences (P<0.05, two-way ANOVA) are identified with different letters.
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Figure 2.4 Hepatocyte-specific Deletion of ATGL Dramatically Exacerbates Alcohol-

induced Hepatic Steatosis and Reduction of eWAT Mass
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A and B) Analysis of liver weight and
eWAT weight of the mice. (C and D) Liver and eWAT morphology reveals that hepatocyte-
specific deletion of ATGL induces severe lipid accumulation in the liver but decreases the lipid
storage in eWAT. (E and F) Histological results (H&E staining) of liver and WAT further confirm
the observation (Scale bars, 50 ym). (G and H) Analysis of hepatic TGs and FFAs content. Data
are shown as mean = SD from each group (n=6/group). Significant differences (P<0.05, two-
way ANOVA) are identified with different letters.

Hepatocyte-specific ATGL Deletion Partially Decreased Fatty Acid Oxidation and TG
synthesis in the Liver

To explore the potential mechanisms that mediate hepatic FFAs elevation in AF
ATGL“"P mice, we determined hepatic protein levels of enzymes related to fatty acid oxidation,
including carnitine palmitoyltransferase 1A (CPT1A), middle-chain acyl-CoA dehydrogenase
(MCAD, also known as ACADM), long-chain acyl-CoA dehydrogenase (LCAD, also known as
ACADL), Acyl-CoA oxidase 1 (Acox1) and Cytochrome P450 4A1 (CYP4Al). As shown in Fig.
2.5A, while alcohol feeding didn’t affect hepatic CPT1A protein levels in AF floxed mice, ATGL
deletion significantly suppressed the protein levels of CPT1A regardless of alcohol feeding.
Neither alcohol feeding nor ATGL deletion alone significantly impact hepatic ACADM protein
levels, however, they were remarkably reduced in AF ATGL~"P mice. Neither alcohol feeding
nor ATGL deletion affected hepatic ACOX1 levels, however, the protein levels of ACOX1 were
significantly reduced in AF ATGL“"P mice. No significant changes were observed in protein
levels of ACADL and CYP4A1 among different groups.

We also examined the gene expression of enzymes involved in hepatic TG synthesis,
such as diacylglycerol acyltransferase 1 (DGAT1) and DGAT2. Our results revealed that mMRNA
levels of both DGAT1 and DGATZ2 were significantly increased upon alcohol feeding in floxed
mice; ATGL deletion down-regulated DGAT1 mRNA levels in ATGL”" mice regardless of
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alcohol feeding, while DGAT2 mRNA expression was only reduced in AF ATGL" mice (Fig.
2.5B and C).
Figure 2.5 Hepatic Fatty Acid Oxidation and TG Synthesis are Partially Suppressed by

Hepatocyte-specific ATGL Deletion
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL[Thep) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) Western blot and quantification
analysis of hepatic protein expressions of enzymes involved in mitochondrial and peroxisomal

fatty acid oxidation. (B and C) The mRNA levels of genes involved in TG synthesis were
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measured by gPCR. Data are shown as mean + SD from each group (n=4/group). Significant
differences (P<0.05, ANOVA) are identified with different letters.

ATGL Deletion in Hepatocytes Significantly Suppressed Hepatic VLDL-TG Secretion Due
to Impaired Fatty Acid Activation and VLDL Lipidation

Our results showed that fasting plasma TG and FFA levels were elevated in AF floxed
mice, which were attenuated by ATGL deletion (Fig. 2.6A). During the fasting state, liver-derived
VLDL particles are the main carriers of TGs in plasma (32). The FPLC analysis revealed that
the diminished plasma TG levels in AF ATGL~" mice were contributed by reduced VLDL-TG
particles, suggesting impaired hepatic VLDL secretion in AF ATGL“" mice (Fig. 2.6B).

To explore the potential mechanisms by which hepatocyte-specific ATGL deletion
impairs alcohol-induced VLDL-TG secretion, we examined the protein and mRNA levels of
genes involved in VLDL lipidation and secretion, including apolipoprotein B100 (ApoB100),
microsomal triglyceride transfer protein (MTP), and transmembrane 6 superfamily member 2
(TM6SF2). Hepatic mRNA levels of ApoB100 were not affected by either alcohol feeding or
ATGL deletion (Fig. 2.7A). Hepatic mRNA levels of MTP were not affected in AF floxed mice,
while a suppression of this gene was observed in AF ATGL*"P mice (Fig. 2.7B). ATGL deletion
down-regulated hepatic TM6SF2 mRNA expression regardless of alcohol feeding (Fig. 2.7C).
Interestingly, the protein levels of MTP were not affected by either alcohol feeding or ATGL
deletion. Hepatic protein levels of TM6SF2 were lower in AF ATGL“"" mice, compared to other
groups. We also measured plasma protein levels of ApoB100 and found that this protein was
elevated by alcohol feeding compared to the PF group, while ATGL deletion did not affect
plasma ApoB100 protein levels regardless alcohol feeding (Fig. 2.7D).

As aforementioned, hepatic FFAs levels are surprisingly elevated in the livers of AF
ATGL“"P mice. Hence, we explored the potential mechanisms that mediate hepatic FFAs
accumulation even in the absence of ATGL. The mRNA levels of major hepatic fatty acid
activation enzymes, including Long-chain acyl-CoA synthetase 1 (ACSL1), ACSL4, and ACSL5
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were measured by qPCR; the protein levels of ACSL1, ACSL4, ACSL5, as well as Liver fatty
acid binding protein 1 (FABP1) and fatty acid transport protein 2 (FATP2) were measured by
western blot. As shown in Fig. 2.8A, alcohol feeding alone downregulated hepatic ACSL1 and
ACSL5 mRNA expression in floxed mice, while ATGL deletion downregulated all three enzymes
in PF mice. In addition, under the condition of ATGL deletion, alcohol feeding further reduces
hepatic MRNA levels of ACSL1, while no differences were observed in ACSL4 and ACSL5.

As illustrated in Fig. 2.8B, hepatic protein levels of ACSL1 and ACSL5 were not affected
by alcohol feeding in floxed mice. ATGL deletion reduced protein levels of both ACSL1 and
ACSL5, which were further inhibited in the liver of AF ATGL“~"P mice. Neither alcohol nor ATGL
deletion affected ACSL4 protein levels, alcohol feeding significantly increased hepatic ACSL4
protein abundance in ATGL~"P mice. Alcohol feeding decreased hepatic FABP1 protein levels,
while no further suppression was observed with ATGL deletion. Furthermore, hepatic protein
levels of FATP2 were reduced by ATGL deletion regardless alcohol feeding (Fig. 2.8B).

Collectively, these results suggest that hepatocyte-specific ATGL deletion suppresses
hepatic VLDL-TG secretion through impairing FAs activation and transport, as well as VLDL

bulk lipidation.
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Figure 2.6 Hepatocyte-specific Deletion of ATGL Dramatically Suppresses Hepatic VLDL-

TG Secretion
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) Fasting plasma TG levels and
fasting plasma FFAs levels were both significantly reduced in ATGL#"®* mice compared to their
controls. (B) Fast protein liquid chromatography (FPLC) results show that the reduction of
fasting plasma TG levels in ATGLA"? mice is contributed by diminished TG-rich VLDL. Data are
shown as mean £ SD from each group (n=6/group). Significant differences (P<0.05, ANOVA)

are identified with different letters.
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Figure 2.7 Hepatocyte-specific Deletion of ATGL Partially Impairs VLDL-TG Lipidation
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A, B, and C) The mRNA expression of
genes involved in VLDL was measured by gPCR. (D) Western blot and quantification analysis of
hepatic protein expressions of enzymes involved in VLDL lipidation. Data are shown as mean +
SD from each group (n=4/group). Significant differences (P<0.05, ANOVA) are identified with

different letters.
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Figure 2.8 Hepatocyte-specific Deletion of ATGL Significantly Impairs Hepatic Fatty Acid

Activation
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL~"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) mMRNA expression of genes involved
in hepatic fatty acid activation was measured by gPCR. (B) Western blot and quantification
analysis of hepatic protein expressions of enzymes involved in fatty acid activation and
transportation. Data are shown as mean = SD from each group (n=4/group). Significant

differences (P<0.05, ANOVA) are identified with different letters.
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Alcohol-induced Liver Injury and Hepatic Inflammation are Aggravated by Hepatocyte-
specific ATGL Deletion

Plasma ALT and AST levels have been used as surrogate markers for liver injury (33).
We found that alcohol feeding significantly elevated plasma ALT and AST levels in floxed mice,
which were further augmented by ATGL deletion (Fig. 2.9A). We then examined the impact of
ATGL deletion on liver inflammation by examining the mRNA levels of hepatocyte-derived
chemokine C-X-C motif chemokine ligand 1 (CXCLI1) and cytokine lipocalin 2 (LCN2), as well
as hepatic tissue distribution of infiltrated neutrophil and resident Kupffer cells by
immunofluorescence staining of MPO and F4/80%, respectively. ATGL deletion significantly
exacerbated alcohol-induced liver inflammation as indicated by elevated CXCL1 mRNA and
LCN2 mRNA levels in AF ATGL~"P mice (Fig. 2.9B and 2.9C). Alcohol-induced hepatic
neutrophil infiltration was further exacerbated by ATGL deletion as observed by increased
number of myeloperoxidases* (MPO") cells in the livers of AF ATGL~"P mice (Fig. 2.9D). The
results suggest that hepatocyte-specific ATGL deletion exacerbated alcohol-induced liver injury
and hepatic inflammation. F4/80 antigen has been widely adopted as a macrophage marker in
mice, including liver resident macrophage, Kupffer cell. As shown in Fig. 2.9E, F4/80*
macrophages are increased either by alcohol feeding or ATGL deletion; however, the amount of
F4/80* macrophages in AF ATGL“"P mice are comparable with floxed mice.

The C/EBP homologous protein (CHOP) plays a critical role in mediating ER-stress
induced hepatocyte injury and cell death (34). Activating transcription factors ATF4 and ATF6
have been demonstrated to directly regulate CHOP transcription (35,36). Next, we determined
hepatic MRNA expression and protein levels of CHOP, ATF4 and ATF6. As shown in Fig.
2.10A, mRNA levels of both ATF4 and ATF6 were increased by either alcohol feeding or ATGL
deletion, while no further impact was observed in the AF ATGL“"P group. Although alcohol
feeding did not affect mMRNA levels of CHOP in AF control mice, ATGL deletion significantly
induced CHOP expression, which was further exacerbated in AF ATGL“"P mice. Moreover,
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hepatic protein levels of both ATF4 and ATF6 were increased by alcohol feeding, however,

ATGL deletion significantly reduced protein levels of ATF4 regardless alcohol feeding, whereas

protein levels of ATF6 were not affected by ATGL deletion. Either alcohol feeding or ATGL

deletion is sufficient to significantly increased hepatic protein levels of CHOP, while the highest

induction of CHOP was observed in AF ATGL“"P mice (Fig. 2.10B).

Figure 2.9 Hepatocyte-specific Deletion of ATGL Exacerbates Alcohol-induced Liver

Inflammation
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed

with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) Analysis of plasma ALT and AST

levels (n=6/group). (B and C) mRNA expression of Cxcll and Lcn2 was measured by q PCR

(n=4/group). (D and E) Immunofluorescence staining of hepatic MPO*cells (red) and F4/80*

cells (red) (Scale bars, 20 ym). Data are shown as mean + SD from each group. Significant

differences (P<0.05, two-way ANOVA) are identified with different letters.

Figure 2.10 Hepatocyte-specific Deletion of ATGL Exacerbates Alcohol-induced Hepatic

ER Stress
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A) The mRNA levels of genes involved
in ER stress was measured by gPCR. (B) Representative western blot images and quantitative
analysis of hepatic protein levels of ATF4, CHOP, and ATF6. Data are shown as mean * SD
from each group (n=4/group). Significant differences (P<0.05, two-way ANOVA) are identified
with different letters.

Alcohol-induced Hepatic Fibrosis is Exacerbated by ATGL Deletion in Hepatocytes

To evaluate the effect of ATGL deletion in hepatocytes on alcohol-induced hepatic
fibrosis, we next examined the expressions of the hallmarks of fibrogenesis, including alpha-
smooth muscle action (a-SMA), collagen type | alpha 1 chain (COL1A1), and collagen type |
alpha 2 chain (COL1A2). Although alcohol feeding did not significantly affect mMRNA levels of a-
SMA, COL1A1, and COL1A2, they were all significantly increased by ATGL deletion, which
were further exacerbated in AF ATGL " mice (Fig. 2.11A-C). The mRNA levels of TGF-B, a
master regulator of hepatic fibrosis, were increased by ATGL deletion regardless of alcohol
feeding (Fig. 2.11D). In line with that, Sirius Red Staining illustrated that hepatocyte-specific
deletion of ATGL markedly exacerbated alcohol-induced fibrosis in the liver (Fig. 2.11E). Taken
together, these results suggest that hepatocyte-specific deletion exacerbated alcohol-induced

hepatic fibrosis.
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Figure 2.11 Hepatocyte-specific Deletion of ATGL Exacerbates Alcohol-induced Hepatic

Fibrosis
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL~"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) The mRNA expression of genes
related to fibrosis was measured by qPCR. (E) Representative images of liver tissues stained
with Sirius Red (scale bar, 20 ym). Data are shown as mean + SD from each group (n=4/group).

Significant differences (P<0.05, ANOVA) are identified with different letters.
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Discussion

In the present study, we generate a mouse model with hepatocyte-specific ATGL
deletion to investigate the role of ATGL in alcohol-induced hepatic steatosis, lipotoxicity,
inflammation, and fibrogenesis. First, we demonstrate that ATGL deletion in hepatocytes
exacerbates alcohol-induced TG/LD accumulation in the liver by impairing VLDL-TG secretion.
Next, our data reveals that ATGL might play an important role in reducing VLDL-TG secretion in
AF~heP mice. Thirdly, we find that ATGL deletion in hepatocytes exacerbates alcohol-induced
liver injury and hepatic inflammation by upregulating CXCL1 and LCN2 expression and
subsequent neutrophil infiltration in the liver. We then demonstrate that CHOP-mediated cell
death might contribute to the enhanced liver inflammation in AF ATGL“" mice. Lastly, we
observe that hepatocyte-specific deletion of ATGL remarkedly exacerbates alcohol-induced
hepatic fibrosis. Taken together, findings in the current study indicate that hepatocyte-specific
ATGL deletion exacerbates alcohol-induced hepatic steatosis by impairing VLDL-TG secretion
through impaired FFAs activation; and the severe lipotoxicity in AF ATGL“" mice might be
caused by CHOP-associated cell death, as well as CXCL1 and LCN2 upregulation-induced
neutrophil infiltration in the liver.

Hepatic steatosis (fatty liver disease) is the most common and the earliest response of
the liver to chronic alcohol consumption in the progression of ALD (Donohue, 2007; Torruellas,
2014). Excess lipid accumulation in the liver induces lipotoxicity, leading to organellar
dysfunction, abnormal activation of cellular signaling pathways, inflammation, and eventually
cell death (Geng et al., 2021). However, the molecular mechanisms by which ‘toxic lipid’
accumulation induces liver injury, hepatic inflammation and fibrosis are still not well established.
For years, considerable debate has been sparked over whether it is TG or FFA that incites
hepatic lipotoxicity and inflammatory responses. Historically, saturated FFAs are considered as

‘toxic lipid’ that promotes lipotoxicity, causing cell injury and cell death, while TGs are
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recognized as inert lipid that is protective against FFA-induced lipotoxicity (Musso et al., 2018;
Wang et al., 2006; Wei et al., 2006). Previous studies have shown that ATGL overexpression
results in reduced TG content and the size of LD in the livers of experimental mice, while ATGL
deletion leads to increased TG content and larger cytoplasmic LDs (Ong et al., 2011; Reid et al.,
2008; Turpin et al., 2011; Wu et al., 2011). Initially we find that ATGL is upregulated in the livers
of the mice with alcohol feeding. In the mouse model of hepatocyte-specific ATGL deletion, as
expected, alcohol-induced TG accumulation was dramatically augmented in the mouse liver, as
evidenced by elevated hepatic TG content and amplified cytoplasmatic LDs. Surprisingly, rather
than being attenuated, alcohol-induced elevation in liver FFA levels were markedly augmented
by ATGL deletion, indicating FFAs utilization in the liver was also impaired. Our data
demonstrate that FFAs oxidation in the liver is partially affected by ATGL deletion, suggesting
that other factors may contribute to the accumulation of hepatic FFAs.

Along with hepatocellular TG accumulation, we found that alcohol-induced increase in
plasma VLDL-TG levels was attenuated in AF ATGL~"P mice, indicating impaired VLDL-TG
lipidation and secretion. The biogenesis of VLDL occurs in the lumen of ER where nascent
ApoB100 is partially lipidated by TGs to form a lipid-poor primordial VLDL particle, which then
fusses with TG-rich particles that already present in the cytosol (Rustaeus et al., 1999; Tiwari &
Siddigi, 2012). Although the process of VLDL assembly and lipidation is not well understood, it
has been reported to rely on the activities of MTP and TM6SF2, as well as the availability of
TGs (Alves-Bezerra & Cohen, 2017; Mahdessian et al., 2014, p. 2). FFAs are relatively inert
molecules, they must first be activated to acyl-CoAs before entering metabolic pathways
including TG synthesis (Mashek et al., 2007). We found that ATGL deletion has no impact on
either the protein levels of MTP in the liver or that of ApoB100 in the plasma, indicating the
synthesis of lipid-poor primordial VLDL was not affected. Although TM6SF2 expression was
reduced in ATGL~"P mice, alcohol feeding did not seem to further exacerbate this reduction.
ACSL family members catalyze the conversion of long-chain fatty acids into their active acyl-
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CoA forms (Mashek et al., 2007). We found that protein levels of ACSL5 were significantly
reduced by ATGL deletion, which were further suppressed upon alcohol feeding. ACSL5 is an
ER and mitochondrial protein that is predominantly expressed in tissues with high rates of TG
synthesis (Bu & Mashek, 2010). Bu et al. show that ACSL5 knockdown decreases hepatic TAG
secretion proportionately to the decrease in neutral lipid synthesis in primary rat hepatocyte (Bu
& Mashek, 2010), while Bowman et al. report that mice with global ACSL5 deletion exhibit
reduced VLDL-TG secretion, suggesting that ACSL5 plays a critical role in activating and
channeling FAs toward TG synthesis and export (Bowman et al., 2016). In line with ACSL5
reduction, ATGL deletion also decreased hepatic protein levels of DGATL, which is believed to
play a critical role in converting FFAs from LDs or exogenous source to TGs for VLDL
assembly. Together with elevated FFAs levels in AF ATGL~"P mice, we propose that ATGL
deletion-mediated suppression of ACSL5 and subsequently impaired FAs activation and
DGAT1-mediated TG synthesis might be responsible for the reduced VLDL-TG secretion in AF
ATGL“"P mice. Future studies with hepatocyte-specific ACSL5 modulation are needed to
confirm the role of ATGL-ACSL5-DGAT1 pathway in hepatic VLDL-TG secretion.

Chronic ethanol exposure induces various types of cellular stress that promote
inflammatory responses via recruiting and activating innate immune cells to the liver (Miyata &
Nagy, 2020). Excessive inflammation causes massive hepatocyte cell death; the dying
hepatocytes, in turn, further stimulate inflammatory responses for the removal of dead cells by
upregulating chemokine/cytokine expression, which consequently worsens liver injury (Brenner
et al., 2013). In our mouse model, we observe that ATGL deletion in hepatocytes exacerbates
alcohol- elevated plasma ALT and AST levels, suggesting aggravated liver injury. Hepatic
expression of CXCL1 and LCN2 are remarkably upregulated in AF ATGL~"P mice,
accompanied by increased neutrophil infiltration, indicating enhanced inflammation in the liver.
We found that hepatic protein levels of CHOP are induced in ATGL“"P mice, which is further
upregulated upon alcohol feeding, suggesting CHOP-associated cell death might be involved in
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ATGL deletion-induced liver inflammation. Overall, our results demonstrate that hepatocyte-
specific deletion of ATGL aggravated liver injury and hepatic inflammation by, at least partially,
inducing CHOP-associated cell death and CXCL1- and LCN2-mediated neutrophil infiltration.

As described above, sustained lipotoxicity and inflammation cause hepatocyte death,
which initiates the process of fibrogenesis to fill the space left behind cell death with collagens.
Thus, patients with persistent alcohol use disorder will eventually drive expansive perivenular
fibrosis, which can rapidly develop into alcohol-related cirrhosis (Chrostek & Panasiuk, 2014;
Lackner & Tiniakos, 2019). Virtually all clinical complications of ALD occur in patients with
established fibrosis and cirrhosis (Bataller & Gao, 2015), making fibrosis one of the most
important prognostic factor in ALD. However, the molecular mechanisms by which hepatic
steatosis affects liver fibrosis remain unclear. Yamaguchi et al. report that inhibiting TG
synthesis attenuates hepatic steatosis but exacerbates liver fibrosis in a MCD-induced NASH
mouse model (Yamaguchi et al., 2007). In contrast, Newberry et al. show that MTP knock out-
induced hepatic TG accumulation, at least in part, promotes the development of fibrosis
(Newberry et al., 2017). In our mouse model, we demonstrate that ATGL deletion in
hepatocytes exacerbates alcohol-induced fibrosis as evidenced by enhanced collagen
accumulation, and the upregulation of hepatic a-SMA, COL1A1, and COL1A2, suggesting that
hepatocellular TG accumulation might play critical role in haptic stellate cell activation and
subsequently accumulation of extracellular matrix proteins in ALD.

In summary, this study demonstrates a role of ATGL in alcohol-induced hepatic
steatosis, lipotoxicity, inflammation, and fibrosis in a hepatocyte-specific ATGL deletion mouse
model. First, we demonstrate that ATGL deletion in hepatocytes exacerbates alcohol-induced
TG/LD accumulation in the liver via impairing VLDL-TG secretion. Next, our data reveal that
protein levels of ACSL5 and DGATL1 are downregulated by ATGL deletion, suggesting that
ACSL5-mediated FFAs activation and DGAT1-mediated FFAs conversion to TGs might account
for the diminished VLDL-TG secretion in AF ATGL2"P mice. Third, we found that ATGL deletion
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in hepatocytes aggravates alcohol-induced liver injury and inflammation as indicated by
elevated plasma ALT and AST levels, the upregulation of chemokine CXCL1 mRNA levels and
cytokine LCN2 mRNA levels, and subsequent neutrophil infiltration in the liver. We then report
that CHOP was dramatically induced in AF ATGL~"P mice, suggesting CHOP-associated cell
death might related to the enhanced liver inflammation in AF ATGL~M"P mice. Last, we report
that alcohol-induced hepatic fibrosis is exacerbated by hepatocyte-specific deletion of ATGL.
Taken together, data presented in the current study indicate that hepatocyte-specific deletion of
ATGL exacerbates alcohol-induced hepatic steatosis through impairing ACSL5-mediated FFAs
activation and their subsequent incorporation into TGs by DGAT1, therefore resulting in
suppressed VLDL-TG secretion; hepatic lipotoxicity and inflammation in AF ATGL“"P mice
might relate to CHOP-associated cell death, and CXCL1- and LCN2 upregulation-induced
neutrophil infiltration in the liver. However, because the levels of liver TGs and FFAs are both
significantly elevated in AF ATGL“" mice, accompanied by enhanced liver injury, we cannot, at
this point, rule out either TGs or FFAs for inducing lipotoxicity and cell death, this will become
one objective of chapter Il where we dissect the role of accumulated TGs and FFAs on inducing

cell death.
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CHAPTER Ill: ULTRASTRUCTURAL ALTERATIONS OF THE LIVER INDUCED BY ALCOHOL

AND HEPATOCYTE-SPECIFIC ATGL DELETION

Abstract

Biochemical analyses in Chapter Il showed that hepatocyte-specific deletion of ATGL
exacerbates alcohol-induced lipid accumulation and inflammatory responses in the liver of mice.
However, it is unclear how and to what extent such alterations impact on the ultrastructure of
the hepatocytes and non-parenchymal cells. Being a highly metabolic active organ in the body,
the liver participates in handling large amounts of nutrients, such as amino acids, lipids,
carbohydrates, and vitamins, and detoxifying toxicants, including xenobiotics, viruses, and
bacterial-derived pathogens. To cope with metabolic demands, the liver is composed of multiple
types of cells, each with distinct structure and specialized subcellular components. This study
utilized transmission electron microscope (TEM) technigue to examine subcellular structural and
functional changes in the liver of mice exposed to alcohol with or without hepatocyte-specific
ATGL deletion. TEM is a powerful tool for directly examining small physical specimens that are
unapproachable by light microscope or other methods. We found that alcohol intoxication
caused multiple structural and morphological changes in the hepatocytes, Kupffer cells, hepatic
stellate cells, and cholangiocytes, which were exacerbated by hepatic ATGL deficiency. The
mostseverely damaged cell type in the liver was the hepatocytes. Examination of the
hepatocytes at higher magnification showed that alcohol intoxication resulted in lipid droplets
accumulation, ER dilation, mitochondria abnormality, glycogen reduction, nuclei condensation
and deformation, and increased autophagy clearance machinery. Hepatocyte-specific ATGL
deletion dramatically amplified alcohol-induced lipid droplets accumulation, which may serve as
a driving force of the subsequent cellular organelle abnormalities. ATGL deficiency-mediated

lipid accumulation was not limited in the hepatocytes. Indeed, excessive lipid droplets were also
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found in the sinusoid and cholangiocytes. Collagen deposition, a sign of fibrosis, was detected
in the liver of mice deficient in ATGL, which was aggravated after alcohol feeding, suggesting a
role of lipotoxicity in the initiation and progression of alcoholic cirrhosis. Taken together, the
findings about hepatic ultrastructural changes of mice exposed to alcohol with or without
hepatocyte-specific ATGL deletion provides direct visual evidence of lipotoxicity in the
pathogenesis of ALD.

Introduction

The liver is the largest gland in the human body. To cope with the demands in handling
large amount of nutrients and detoxifying xenobiotics and pathogens, the liver has developed a
sophisticated and highly organized structure to support the activities of the organ (Muriel, n.d.).
Although great achievements have been made in implementing new biological analyses in the
diagnosis and staging of liver diseases, histopathological analysis of liver tissue remains an
indispensable and powerful tool in clinical and experimental studies of liver diseases.
Transmission electron microscope (TEM) uses a beam of electrons to produce higher resolution
images than standard light microscopes. With this unique property, TEM can be used to
examine subcellular structures and compartments of a single cell in a wide range of
magnification, which is unapproachable by most other techniques (Franken et al., 2020).

The structural and functional unit of the liver is the hepatic lobule, which is composed of
parenchymal and vascular elements (Goldblatt & Gunning, 1984). There are three conceptual
interpretations of hepatic lobule: 1) the classic hepatic lobule concept based on structural
parameters of having an efferent venule at the center and portal tracts at the periphery
(Fawcett, 1955); 2) the portal lobule concept based on the bile drainage pathway; 3) the acinus
of Rappaport based on the gradient distribution of oxygen (Rappaport, 1973). The liver lobule
consists of parenchymal hepatocytes, epithelial cells, cholangiocytes, and non-parenchymal

cells, such as Kupffer cells, hepatic stellate cells (HSC), and liver sinusoidal endothelial cells
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(LSEC). Hepatocytes are the basic structural component and the most abundant cells in the
liver. They account for 60% of the total hepatic cells and 80% of the total liver mass (Sasse et
al., 1992). A hepatocyte has a basolateral domain and an apical domain. The basolateral
domain contains abundant microvilli and faces the space of Disse, whereas the apical domain
borders the bile canaliculus. To fulfill the metabolic functions, the hepatocyte is rich in a complex
array of subcellular organelles, the most abundant of which are the mitochondria, endoplasmic
reticulum (ER), peroxisomes, and lysosomes (Schulze et al., 2019). Cholangiocytes are
epithelial cells of the bile duct (Dianat et al., 2014). They are cuboidal in shape and have
elongated nuclei and smaller mitochondria than those of hepatocytes. Sinusoidal cells are the
predominant non-parenchymal cells, comprising 35% of the total hepatic cell number, among
which 44% are LSECs, 35% for Kupffer cells, 10-25% are HSCs, and 5% are hepatic NK cells
(Blouin et al., 1977; Knook & Sleyster, 1980; Weibel et al., 1969). A typical feature of LSECs
under TEM is the presence of numerous endocytic vesicles (Eskild et al., 1989). Kupffer cells
are residential macrophages in the liver and are anchored to the periportal zone of the liver
lobule with irregular shapes. Kupffer cells are featured with cytoplasmic extensions and
numerous phagosomes and lysosomes (Bouwens et al., 1986). HSCs are located within the
space of Disse and comprise about 1.5% of the hepatic volume. These cells synthesize and
secrete a variety of extracellular matrix. HSCs remain in a quiescent and non-proliferative state
and can proliferate upon stimulation by Kupffer cells and hepatocytes. The nuclei of HSCs are
oval and slightly elongated and identified by the presence of lipid droplets (LDs) containing
vitamin A in the cytoplasm (lto & Nemoto, 1952).

The studies with TEM have been most helpful in visualizing structural and functional
changes in the liver during the onset and progression of liver diseases. Hereditary
hemochromatosis is an example of the disease characterized by increased accumulation of iron
in lysosomal hepatocytes (Jonas et al., 2002). Wilson’s disease is a disorder of copper
metabolism, and TEM detection of excessive copper deposits in the liver remains a standard
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diagnostic method (Johnson & Campbell, 1982). The stages of ALD are diagnosed and
characterized by structural changes in the liver (Gao & Bataller, 2011). The earliest and
reversible manifestation is alcoholic steatosis, which features the accumulation of lipid droplets
in the hepatocytes. Steatohepatitis is a status that fatty liver is accompanied with inflammatory
responses. Collagen proliferation and fibrosis in the liver indicate an irreversible stage of ALD,
named alcoholic cirrhosis. The liver may eventually advance to hepatocellular carcinoma with
malignant transformation of the hepatocytes. Studies investigating the subcellular organelle
changes of the liver via TEM have revealed valuable information. In a study examined 100 ALD
patients, the most consistent ultrastructural changes in the liver were lipid accumulation and
dilation of the ER in the patients compared with control groups (Grases et al., 1987). Of note,
collagen deposition was detected earlier and more accurately by TEM compared to light
microscope (Grases et al., 1987). In another study, researchers detected changes in multiple
subcellular organelles, such as mitochondria, ER, glycogen, and lipid in liver biopsies of patients
with ALD, even though these changes did not correlate with disease severity (T. S. Chen et al.,
1987). A small cohort study examined 11 patients with ALD and identified myofibroblast
proliferation and collagen deposition around the terminal hepatic venule, which is the first
lesions for the development of alcoholic cirrhosis (Nakano et al., 1982). Moreover, emerging
evidence suggest that dysregulation of autophagy is closely associated with the progression of
ALD (Babuta et al., 2019). Autophagy is a lysosomal degradation pathway and represents a
major cellular clearance mechanism. Since the discovery of autophagosome in the late 1950s
(Rhodin, n.d.), TEM has been one of the main tools used to study the autophagy machinery
from autophagosomes to autolysosomes after fusion with lysosomes. It remains unknown that
how hepatocyte-specific knockout of ATGL and/or alcohol impact on these cellular degradation
machinery components.

In this Chapter, we will implement the uniqgue TEM method to characterize ultrastructural
changes in mouse liver after alcohol intoxication. More importantly, we will explore the role of
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hepatocyte ATGL in maintaining the structural and functional homeostasis in the liver and
determine whether a synergistic effect exists between hepatocyte ATGL and alcohol
intoxication.

Materials and Methods

Mice

C57BL/6J wild-type (WT), ATGL floxed mice (ATGLMx stock no. 024218), and
albumin-Cre mice (Alb-Cre, stock no. 003574) were purchased from the Jackson Laboratory
(Bar Harbor, ME). The breeding strategy for the generation of hepatocyte-specific ATGL
knockout mice is previously described in Chapter Il, as shown in Fig. 2.1 ATGL"™"*mjce were
crossed bred with Alb-Cre mice to generate hepatocyte-specific ATGL knockout (ATGL~"eP)
mice. Mice were handled and all experiments were performed in accordance with the protocol
approved by the North Carolina Research Campus Institutional Animal Care and Use
Committee.
Chronic Alcohol Feeding and Treatment

Mice were maintained on a 12h light/ 12h dark cycle. Male ATGL~"P mice at 12 weeks
old were randomly subjected to either an ethanol-containing Lieber-DeCarli liquid diet (alcohol-
fed, AF; n=5) or an isocaloric control (pair-fed, PF; n=5) liquid diet for eight weeks as previously
described (23). Littermates of Alb-Cre negative ATGL""x (WT) mice were used as controls.
Briefly, ethanol content (%, w/v) in the alcohol diet was gradually increased from 4.00% to
4.14%, 4.28%, and 4.42% every two weeks. The AF mice were fed ad libitum, while PF mice
were fed with the control diet as the same amount consumed by AF mice in the previous day.
All ingredients used in the liquid diets were obtained from Dyets (Bethlehem, PA) except for
ethanol (Sigma-Aldrich, St Louis, MO). At the end of 8 weeks of feeding, mice were

anesthetized with inhalational isoflurane; liver samples were obtained and preserved in 2.5%
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glutaraldehyde solution (Electron Microscopy Sciences, Hatfield, PA) for transmission electron
microscopy analysis.
Transmission Electron Microscopy
Primary Fixation

Liver samples were cut into 1 cubic millimeter sizes, immerse completely in 2.5% cold
glutaraldehyde solution in 0.1 mol/l sodium cacodylate buffer (PH 7.4) with occasional agitation
for 2 — 3 hours.
Secondary Fixation

Tissue slices were then rinsed with 0.1 mol/l cacodylate (PH 7.4) for 3 times and 5 — 10
minutes /change, post-fixed with 1% osmium tetroxide (OsOa4) in 0.1 mol/l cacodylate at 4°C for
1 hour and rinsed with 0.1 mol/l cacodylate (PH 7.4) for another 3 times.
Dehydration Series with Solvent

Rinsed tissue slices were dehydrated in ascending series of ethyl alcohol as follows:
50% ethanol for 10 minutes = 75% ethanol for 10 minutes - 100% ethanol for 20 minutes ->
100% ethanol for 20 minutes = 100% propylene for 15 minutes - 100% propylene for 15
minutes. All procedures were handled at room temperature.
Resin Infiltration and Embedding

Dehydrated tissues were drained most of the propylene oxide, leaving only a few to
avoid drying out. A solution with propylene oxide and embedding medium (Embed 812, Electron
Microscopy Sciences) mixture at 2: 1 ratio was used to embed the tissues for 2 hours at room
temperature, followed by propylene oxide and embedding medium solution at 1:1 ratio for 2
hours at room temperature, 100% embedding medium overnight, and 100% embedding medium
the following morning for another 15 minutes at room temperature. Lastly, the tissues were
embedded in pure resin dissolved in 100% embedding medium and let polymerized overnight at

60°C.
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Sectioning and Mounting Sections on Specimen Grids

Embedded liver tissue blocks were thick- and ultrathin- sectioned by the Electron
Microscopy Laboratory at Atrium Health. Briefly, liver tissue blocks were first thick sectioned,
stained with toluidine blue, and studied by a light microscope. Suitable areas were chosen for
TEM and sectioned extremely thinly at less than 100 um. The sections are mounted on
specimen grids that fit into the microscope sample holder.
Post Staining and Examination

To increase the contrast of the specimen, the sections were post-stained with lead
citrate that binds to cell components and scatters the incident beam electrons. Therefore, the
areas of the specimen section which scatter electrons are recorded as darker pixels, whereas
background stands out as brighter area. The sections were observed with a JEOL 1400
transmission electron microscope at 120 kV operating voltage (JEOL Ltd., Tokyo, Japan).
Ultrastructure of hepatic sinusoid, bile duct, and different types of hepatic cells, including
hepatocytes, macrophages, and hepatic stellate cells, was examined.

Results

TEM Analysis of the Ultrastructure of Hepatocytes

Ultrastructure of hepatocytes, particularly the organelles, was observed by TEM. As
shown in Fig. 3.1A, normal hepatocytes from PF floxed mice showed euchromatic nuclei and no
LD accumulation in the cytoplasm. A small amount of LD was induced in the hepatocytes of AF
floxed mice (Fig. 3.1B). Hepatocytes from the liver of PF ATGL“"" mice have irregular sized
and shaped nuclei and expanded LDs that distended the hepatocytes (Fig. 3.1C). We further
observed that LDs coalesced to form giant LDs in the hepatocytes of AF ATGL*"P mice,
resulting in distended hepatocytes, deformed nuclei, and disruption of the normal distribution of

organelles (Fig. 3.1D).
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Mitochondria remain a focus of ultrastructural studies in hepatic steatosis due to their
critical roles in fatty acid oxidation. High-magnification transmission electron micrographs of
hepatocytes in PF floxed mice showed the usual number and pattern of mitochondria, normal
glycogen storage without LD accumulation in cytoplasm (Fig. 3.2A). Alcohol feeding induced
expansion of LDs, reduced the number of mitochondria, let to the presence of swollen
mitochondria, and decreased glycogen storage in the cytoplasm of the hepatocytes in AF floxed
mice (Fig. 3.2B). We detected large LD accumulation along with a reduced number of
mitochondria and decreased cytoplasmic storage of glycogen in the hepatocytes of PF
ATGL“"P mice compared to PF floxed mice (Fig. 3.2C). Hepatocytes of AF ATGL~"P mice
revealed the process of giant LDs fusing into each other, indicating one of the mechanisms
involved in LDs growth and enlargement. Decreased glycogen storage and abnormally shaped
nuclei were also observed in the hepatocytes of AF ATGL~"P mice (Fig. 3.2D). Hepatocytes are
spatially heterogeneous that react differently to FFAs overload (24). We observed extreme LDs
accumulation in one particular hepatocyte from AF ATGL~"P mice where accumulated LDs
almost completely occupied the space of cytoplasm, resulting in a disturbed distribution of other
organelles (Fig. 3.2E). In addition, an abnormally shaped nucleus with unusual distribution of its
chromatin and accumulation of LDs inside the nucleus were also observed in one particular
hepatocyte from AF ATGL~M"P mice (Fig. 3.2E). Autolysosomes were seen in both AF floxed
mice and AF ATGL~"P mice (Fig. 3.2 B, D, and F).

Ultrastructural analysis of the endoplasmic reticulum (ER) is informative due to its critical
role in lipid metabolism. Studies have shown that chronic alcohol exposure induces modest ER
dilation and fragmentation in hepatocytes of patients with alcohol use disorder and zebrafish
(25-27). In our mouse model, hepatocytes from PF floxed mice showed normally distributed
rough endoplasmic reticulum (ER) that was closely packed parallel with flattened cisternae (Fig.

3.3A). Indeed, alcohol feeding slightly induced ER dilation in the hepatocyte of AF floxed mice
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(Fig. 3.3B). Moreover, we observed apparent ER dilation and fragmentation in hepatocytes of

ATGL“"P mice regardless of alcohol feeding (Fig. 3.3 C and D).

Figure 3.1 Low-magnification Transmission Electron Micrographs of Hepatocytes in

Mouse Liver

ATGLAPeP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL~"™P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) Electron micrographs of
hepatocytes from PF floxed, AF floxed, PF ATGL“"P, and AF ATGL“"P mice, respectively. Note
marked LD expansion and abnormal sized and shaped nuclei (white arrows) in the hepatocytes
of ATGL”" mice. Giant LDs, deformed nuclei (white arrows), and disturbed distribution of
organelles are observed in distended hepatocytes in AF ATGL~"P mice. H: hepatocyte, LD: lipid

droplet, white arrows: deformed nucleus (Scale bars, 6 um, x 2500).
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Figure 3.2 High-magnification Transmission Electron Micrographs of Hepatocytes in

Mouse Liver

ATGLAPeP mice

ATGLAheP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed

with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-C) Electron micrographs of

hepatocytes from PF floxed, AF floxed, and PF ATGL“"P mice, respectively. (D-F) Electron
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micrographs of hepatocytes from AF ATGL~"P mice. N: nucleus, M: mitochondria, LD: lipid
droplet, white arrows: autolysosomes, hollow arrows: glycogen, black arrows: fusion of lipid
droplets (Scale bars, 1 um, x 10000).

Figure 3.3 Transmission Electron Micrographs of Hepatocytes in Mouse Liver

PF

Flox

ATGLAPeP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) Electron micrographs of
hepatocytes from PF floxed, AF floxed, PF ATGL~"P, and AF ATGL“" mice, respectively. N:
nucleus, LD: lipid droplet, ER: endoplasmic reticulum, white arrows: ER dilation and

fragmentation (Scale bars, 1 ym, x 10000).
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TEM Analysis of Collagen Deposition in the Liver of Hepatocyte-specific ATGL Deletion
Mice

Liver fibrosis is characterized by the accumulation of extracellular matrix components
accumulation such as collagen (28). To evaluate how ATGL affects hepatic fibrogenesis,
electron micrographs of liver tissues from the mice were obtained. We did not observe collagen
deposition in the liver of floxed mice regardless of alcohol feeding (Fig. 3.4 A and B).
Hepatocyte-specific ATGL deletion induced collagen deposition in the liver of PF ATGL~""P mice
(Fig. 3.4C), while the most collagen deposition was detected in the liver of AF ATGL~"P mice

(Fig. 3.4D).

Figure 3.4 Collagen Deposition in the Liver of Mice by Transmission Electron Microscopy

PF AF

ATGLAheP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL*"P) mice were fed

with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) Electron micrographs obtained
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from liver tissues of PF floxed, AF floxed, PF ATGL“"", and AF ATGL“" mice, respectively. N:
nucleus, LD: lipid droplet, white arrows: collagen deposition (Scale bars, 1 ym, x 10000).
Large Lipid Droplets are Observed in the Sinusoid of the Liver by TEM

The liver filters and clears intestinal and systemic toxins such as endotoxin and ethanol
through sinusoidal cells-Kupffer cells, sinusoidal epithelial cells, and hepatic stellate cells-that
form the sinusoid wall (29). Electron micrograph of the liver in PF floxed mice showed a normal
sinusoid with proper openness and preserved structure of all three types of sinusoidal cells
present (Fig. 3.5A). Alcohol feeding or hepatocyte-specific ATGL deletion alone was sufficient to
induce small LDs present in the sinusoid of the liver (Fig. 3.5 B and C). We also found an
accumulation of large LDs in the sinusoidal lumen of the liver in AF ATGL~"" mice (Fig. 3.5D).
Moreover, we observed the process of growing LDs breaking through the space of Disse into

the sinusoid, as indicated by white arrows in Fig. 3.5.
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Figure 3.5 Large Lipid Droplets are Observed in the Sinusoid of the Liver by

Transmission Electron Microscopy

PF

Flox

ATGLAheP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL*"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) Electron micrographs of sinusoid
of the liver in PF floxed, AF floxed, PF ATGL”"P, and AF ATGL~"" mice, respectively. SL:
sinusoidal lumen, R: red blood cells, SE: sinusoidal epithelial cell, K: Kupffer cell, H: hepatocyte,
HSC: hepatic stellate cell, LD: lipid droplet, white arrows: LDs breaking space of Disse into
sinusoid (Scale bars, 6 um, x 2500).

TEM Analysis of Kupffer Cell Activation
We next explored how hepatocyte-specific ATGL deletion affects liver-resident

macrophages, Kupffer cells, in the mouse liver. Kupffer cells from the liver of both PF floxed
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mice and PF ATGL“" mice showed normal appearance with regular shape, size, and smooth
surface (Fig. 3.6 A and C). Kupffer cells from the liver of AF floxed mice showed autolysosome
in the cytoplasm and have an irregular shape, extended microvilli and filopodia, and a rough
surface (Fig. 3.6B). Activation of Kupffer cell in AF ATGL“"" mice was observed as indicated by
the marked increase in size and the accumulation of several autolysosomes in the cytoplasm of

Kupffer cell.

Figure 3.6 Transmission Electron Micrographs of Kupffer Cells in Mouse Liver

AF

Flox

ATGLAheP mice

Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-D) Electron micrographs of Kupffer

cells in the liver of PF floxed, AF floxed, PF ATGL~"?, and AF ATGL“"P mice, respectively. N:

nuclei, white arrows: autolysosome (Scale bars, 1 ym, x 10000).
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TEM Analysis of the Bile Ducts

The bile duct lumen of PF floxed mice is lined with cholangiocytes with the normal
distribution of organelles (Fig. 3.7A). Alcohol feeding did not change the appearance of the
cholangiocytes in AF floxed mice (Fig. 3.7B). We observed apparent accumulation of various
sizes of LDs in the cholangiocytes in AF ATGL“"" mice (Fig. 3.7C). The higher magnification
electron micrograph of the cholangiocytes from AF ATGL“"" mice showed accumulation of
giant LDs in the cytoplasm and deformed nuclei. In this particular cholangiocyte, we observed
the fusion of small-sized LDs into giant ones (Fig. 3.7D).

Figure 3.7 Transmission Electron Micrographs of Bile Duct Lumen in Mouse Liver

Flox

ATGLAPeP mijce
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Note. Wild type (flox) and hepatocyte-specific ATGL deletion (ATGL“"P) mice were fed
with control (PF) or ethanol (AF) liquid diet for 8 weeks. (A-C) Low magnification electron
micrographs of bile duct lumen in the liver of PF floxed, AF flox, and AF ATGL“"" mice,
respectively. (D) High- magnification electron micrograph of cholangiocytes from the liver of AF
ATGL“"P mice. BDL: bile duct lumen, white arrows: cholangiocytes, LD: lipid droplet, black
arrows: fusion of lipid droplets (Scale bar A-C, 4 um, x 4000; Scale bar D, 1 ym, x 10000).

Discussion

In this study, we utilized the transmission electron microscope technique to investigate
how alcohol or/fand hepatocyte-specific ATGL deletion impact the ultrastructure of the mouse
liver. We firstly showed that alcohol intoxication perturbed the normal subcellular structure of
hepatocytes in the mice, including the reduced number of mitochondria and glycogen storage,
induction of LD accumulation, dilated and fragmented ER, and the presence of autolysosomes
in the cytoplasm, which are exacerbated by hepatocyte-specific ATGL deletion. Next, we
demonstrated that ATGL deletion alone is sufficient to induce collagen deposition in the liver of
the mice, which is aggravated by alcohol intoxication. Third, we observed the presence of LDs
in the sinusoid of the liver of mice fed with alcohol; ATGL deletion increases both the number
and the size of the LDs released in the sinusoids. Forth, we demonstrate that alcohol
intoxication can activate Kupffer cells and induce the formation of autolysosomes in them, which
are further exacerbated by ATGL deletion. In addition, we also found severe accumulation of
LDs in the cholangiocytes that line up the bile duct lumen. Taken together, by investigating the
ultrastructure changes in the liver, we demonstrate that alcohol intoxication and hepatocyte
ATGL synergistically impact the subcellular structure and function of the liver. Our findings will
shed light on better understanding the pathologic mechanisms and therapeutic strategies of

ALD.
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As a hepatotoxin, alcohol has been reported to alter the ultrastructure of hepatocytes in
the liver of patients with alcohol use disorder and experimental models of ALD (Iseri et al., 1966;
Iseri & Gottlieb, 1971). Indeed, our results showed that alcohol feeding induced the formation
and accumulation of large LDs, mitochondria enlargement, and ER dilation and fragmentation in
the liver of mice fed with alcohol. ATGL deficiency has been shown to alter the ultrastructure of
various types of cells, including macrophages, cardiomyocytes, and podocytes (W. Chen et al.,
2017; Haemmerle et al., 2011; Lammers et al., 2011). ETM analysis results showed that
hepatocyte-specific ATGL deficiency exacerbated alcohol-induced LD accumulation, reduction
in numbers of mitochondria, and dilated and fragmented ER in the cytoplasm of hepatocytes.
Krahenbiihl et al. reported that patients with alcoholic cirrhosis have less hepatic glycogen
storage per volume of hepatocytes (Krahenbhl et al., 2003). Consistent with that, we found that
alcohol feeding decreased glycogen storage in hepatocytes, which was further reduced by
ATGL deletion. Autolysosomes are formed in macroautophagy, where autophagosomes fuse
with lysosomes to degrade cytosolic materials (Khambu et al., 2017). Ethanol has been reported
to induce autophagy (Dolganiuc et al., 2012). Our results demonstrate that alcohol induces
autolysosome formation in hepatocytes, which is further augmented by hepatocyte-specific
deletion.

Collagen deposition is the initiating event in the fibrogenesis in the liver (Komolkriengkrai
et al., 2019). Pellicano et al. reported collagen deposition within the hepatic parenchymain a
murine model of nonalcoholic steatohepatitis (NASH). Although alcohol alone did not induce
collagen deposition in the liver of the mice, we observed collagen deposition by hepatic-specific
ATGL deletion even in the absence of alcohol feeding; moreover, alcohol further exacerbated
ATGL deficiency-induced collagen deposition, indicating LD accumulation sensitized the liver to
alcohol intoxication.

Liver sinusoids are unigue capillaries due to the presence of fenestrae and the lack of a
diaphragm and a basal lamina underneath, which render sinusoids high permeability (Braet &
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Wisse, 2002). Wisse et al. demonstrated that large lipid droplets could escape from
parenchymal cells and break into the space of Disse into sinusoids in the human steatotic liver
(Wisse et al., 2022). The same phenomenon is observed in our alcohol-induced steatotic liver of
the mice. Of note, hepatocyte-specific ATGL deletion induces the release of giant LDs in the
sinusoid regardless of alcohol intoxication. The exact mechanisms by which lipid droplets break
into the sinusoids are not established; how force generated by LDs fusing into each other and
the disruption of cytoplasm might, at least partially, play a role in the process.

Studies have shown that Kupffer cell activation by endotoxins and other soluble
mediators plays critical roles in the pathogenesis of ALD (Cubero & Nieto, 2006). Sobaniec-
Lotowska et al. reported that the number of lysosomes within the cytoplasm were markedly
increased in hyperactivated Kupffer cells in patient with Dubin-Johnson syndrome (Sobaniec-
Lotowska, 2006). In our samples, TEM analysis showed that alcohol intoxication induced the
formation of autolysosomes in the cytoplasm of Kupffer cells; ATGL deletion induced
accumulation of autolysosomes and nuclei enlargement in Kupffer cells, indicating that ATGL
deletion further exacerbated alcohol-induced Kupffer cell activation in the liver.

Cholangiocytes are the epithelial cells of the bile duct in the liver and are one of the
primary targets of many types of disease, such as NASH and ALD (Meadows et al., 2021). The
most profound ultrastructural changes of cholangiocytes in hepatic-specific ATGL deletion mice
is that the deposition of giant LDs. Another study investigating mice deficient in hepatic CGI-58,
a coactivator of ATGL, also detected LDs in the cholangiocytes even in mice fed a chow diet
(Yang et al., 2020). This observation along with the current findings provide experimental
evidence showing how cholangiocytes react to injured hepatocytes. The pathogenic
consequences of abnormal lipid accumulation in cholangiocytes necessitates further
investigations.

In summary, the present study with TEM yields much information to our knowledge of
cellular structural and functional changes in the liver induced by alcohol intoxication and/or
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hepatocyte ATGL deficiency. The use of TEM in exploring the ultrastructure of liver will continue
to play an important role in ALD. The concepts and classification of stages of ALD are rooted in
morphology. Moreover, looking at a liver biopsy specimen under the microscope is a direct way
of visualizing the morphologic changes that affect the liver in ALD. TEM coupled with biological,
cytochemical, immunohistochemical, and other analytic techniques will continue to add greatly

to our understanding of the liver in health and disease.
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CHAPTER IV: ROLE OF TRIGLYCERIDE/LIPID DROPLET ACCUMULATION IN CELL DEATH

AND CHEMOKINE/CYTOKINE EXPRESSION IN HEPATOCYTES

Abstract

Emerging evidence suggests that lipotoxicity induces ER stress-mediated hepatocyte
cell death, contributing to the pathogenesis of alcohol-related liver disease (ALD). However,
findings on the role of hepatic accumulation of triglycerides (TGs) versus free fatty acids (FFAS)
in inducing hepatocyte cell death and inflammatory responses are inconsistent. Alcohol-induced
gut-derived bacterial products translocation to the liver has been reported to be involved in the
pathogenesis of hepatocyte injury and death, however, it remains unclear whether and how bulk
TG/lipid droplet (LD) accumulation and endotoxin (lipopolysaccharides, LPS) may synergistically
promote inflammatory responses in hepatocytes. In this study, to dissect the role of TG/LD
accumulation from FFA accumulation in inducing hepatocyte cell death, we first treated mouse
hepatocytes with oleic acid (OA) and ATGL inhibitor, Atglistatin. We found that OA treatment
induced the accumulation of cellular TGs but not FFAs, along with reduced hepatocyte cell
viability and upregulated CHOP expression. ATGL inhibition further exacerbated OA-induced
TG accumulation and CHOP upregulation. We also investigated how ethanol affects intracellular
lipid metabolism and cell viability in hepatocytes, our results showed that there were no changes
observed either in the cellular content of TG and FFA or cell viability by ethanol treatment. Next,
we examined the levels of plasma endotoxin and hepatic bacterial DNAs in hepatocyte-specific
ATGL deletion mice and found that alcohol exposure increased plasma endotoxin levels and
hepatic bacterial DNAs regardless of ATGL deletion. By treating hepatocytes with oleic acid and
LPS, we further demonstrated that TG/LD accumulation and LPS stimulation synergistically
reduced hepatocyte cell viability, and upregulated chemokine CXCL1 and cytokine LCN2

expression via IkB- activation. Taken together, this study proposes that alcohol-induced
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hepatic steatosis and gut-derived bacterial products translocation to the liver may synergistically
promote hepatocyte cell death and hepatic inflammation in the pathogenesis of ALD.

Introduction

Ethanol and its metabolites induce hepatic accumulation of free fatty acids (FFAs) and
triglyceride (TG)-enriched lipid droplets (LDs), oxidative stress, hepatocellular cell death,
inflammation, and gut-derived bacterial products (i.e. endotoxins/ lipopolysacchride, LPS)
translocation to the liver, which are all closely associated with the pathogenesis of ALD (P.
Zhang et al., 2021). To date, there is no FDA-approved targeted therapy for ALD. Hence, it is
clinically relevant to acquire a deeper understanding of the pathogenic mechanisms of alcoholic
hepatic steatosis for discovering novel diagnostic and therapeutic strategies for patients with
ALD.

Like other organs, mild inflammation in liver has been shown to be hepatoprotective by
repairing damaged tissues and promoting the re-establishment of homeostasis. However,
excessive inflammation induces tremendous hepatocyte cell death and exaggerates severity of
ALD (Brenner et al., 2013). In response to heavy chronic alcohol exposure, hepatocytes
express a large amount of cytokines and chemokines that promote the infiltration of
monocytes/macrophages, neutrophils and other immune cells during oxidative stress and cell
death (Brenner et al., 2013; Gao et al., 2019; Saiman & Friedman, 2012). Damaged
hepatocytes, in turn, further stimulate inflammatory reactions, therefore a highly hepatotoxic
feedforward vicious cycle of inflammation and cell death is established in the liver (Brenner et
al., 2013). Alcohol-induced hepatocyte injury and death involve multiple factors; acetaldehyde
from ethanol metabolism is one of the most known hepatocyte-derived cytotoxic factors. As an
early pathological change, the role and mechanisms of how lipid accumulation in hepatocytes
contribute to alcohol-induced hepatocyte injury and death have not been well defined. A few

studies reported that accumulation of saturated free fatty acids (FFAs) induces apoptotic cell
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death in liver and hepatocytes, and TG-enriched LD formation is an initial protective mechanism
against FFAs-induced cytotoxicity (Malhi et al., 2006; Wang et al., 2006; Wei et al., 2006).
However, contradictory findings have also been reported by several studies in ALD (Naniji et al.,
1989, 1997, 2001; Ronis et al., 2004), where saturated fatty acids reduced/prevented alcohol-
induced liver injury due to the reduction of steatosis (Ronis et al., 2004). The number and size of
hepatic lipid droplets has been considered as gold standard for evaluating the severity of
alcohol-related liver disease. Reduction of LDs in number and size have also been found to be
associated with improvement of alcohol-induced liver injury. Hence, further research is
necessitated to answer the questions: whether and if so, to what extent, the accumulation of
intracellular TGs is protective to hepatocytes against cell death upon alcohol exposure. In
chapter Il, we observed remarked liver injury and inflammation accompanied by a dramatic
increase in hepatic TG levels and FFA levels, hence, in this chapter, we sought to dissect the
role of TG and FFA in the induction of cell death in hepatocytes.

In addition to intrahepatic factors, increasing evidence suggest that the involvement of
extrahepatic factors in the pathogenesis of hepatocyte injury and death. One of the most known
extrahepatic factors is gut-derived bacterial products. It has been shown that ethanol promotes
gut permeability allowing microbial endotoxins, such as lipopolysaccharides (LPS), to leak into
portal circulation and translocate to the liver, where LPS clearance occurs (Miyata & Nagy,
2020). Both resident macrophages (Kupffer cells) and hepatocytes are involved in the clearance
of gut-derived LPS through different mechanisms (Mandrekar & Szabo, 2009; Messingham et
al., 2002; Szabo & Bala, 2010). In hepatocytes, LPS is recognized by toll like receptor 4 (TLR4),
LPS/TLRA4 cell signaling pathway plays a critical role in hepatocyte apoptosis, which induces
chemokine and cytokine expression (Szabo & Bala, 2010; Q. Zhang et al., 2021). In Chapter I,
we demonstrate that hepatocyte-specific deletion of ATGL aggravates alcohol-induced
expression of chemokine (CXCL1) and cytokine (LCN2), as well as subsequent neutrophil
infiltration. Indeed, CXCL1 and LCN2 have been reported to be involved in ethanol-related liver
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injury and inflammation (Asimakopoulou et al., 2014; Chang et al., 2015; Wieser et al., 2016).
Chang et al. reported that high-fat diet plus acute ethanol consumption synergistically induced
liver inflammation as exemplified by hepatic neutrophil infiltration mediated by upregulating
CXCL1 expression (Chang et al., 2015). Cai et al. revealed that LCN2 overexpression in
hepatocytes significantly exacerbated ethanol-induced cellular TG accumulation, while LCN2
ablation alleviated alcoholic steatohepatitis (Cai et al., 2016).

The nuclear factor-kappa B (NF-kB) is an evolutionarily conserved transcription factor,
its activation can induce the expression of cytokines and chemokines during LPS stimulation
(Yamazaki et al., 2001, 2008). In resting cells, NF-kB is sequestered in cytoplasm by its
inhibitors, the IkB family members, including IkB-a, -3, and -€ (Yamazaki et al., 2008). Upon
LPS stimulation, IkBs are degraded by the activation of IkB kinase, resulting the release of NF-
KB. Liberated NF-kB translocate into the nucleus where it engages in the transcriptional
activation of target genes, including CXCL1 and LCN2 (Jang et al., 2012; Listwak et al., 2013;
Yamazaki et al., 2008, p.). Different from other cytoplasmic IkB family members, 1kB-zeta (IkB-Q)
is an atypical member of IkB family and is mainly localized in nucleus, it was first discovered in
murine organs upon LPS stimulation (Kitamura et al., 2000). IkB-C (nuclear) is postulated to
inhibit NF-kB activity by binding to NF-kB p50 subunit and interfering with p65, and modulate the
expression of various NF-kB target genes (Hildebrand et al., 2013, p. 2; Totzke et al., 2006).
While the canonical NF-kB pathway directly induces the rapid activation of primary response
genes, studies have also demonstrated that IkB-¢ functions not only as an inhibitor of NF-kB,
but also an activator for a selective subset of NF-kB target genes (Hildebrand et al., 2013, p. 1;
Muller et al., 2018; Yamamoto et al., 2004). Moreover, Brennenstuhl et al. demonstrated that
IkB-C has a direct role in the regulation of CXCL1 expression in a glioma cell line resistant
towards NF-kB-dependent cell death (Brennenstuhl et al., 2015).

In our animal model, plasma endotoxin levels and hepatic bacterial DNAs levels were

both elevated in AF mice regardless of ATGL deletion in hepatocytes. Given that CXCL1 and
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LCN2 are known to be upregulated by lipid-induced lipotoxicity and LPS stimulation, in this
chapter, we will investigate the synergistic effect of hepatocellular lipid accumulation and LPS
stimulation on the expression of CXCL1 and LCN2 in hepatocytes. Although it is widely reported
that NF-kB is tightly involved in CXCL1 and LCN2 upregulation, little is known about whether
IkB-C has a direct impact on the activation. Hence, it will also be explored in the current chapter.

Materials and Methods

Cell Culture and Treatments

AML12 mouse hepatocyte cells (American Type Culture Collection/ATCC, Manassas,
VA) were cultured in Dulbecco’s Modified Eagle Medium/Ham’s Nutrient Mixture F-12, 1:1
(DMEM/F-12, Thermo Fisher Scientific, Waltham, MA) containing 10% (v/v) fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA), 0.01mg/ml insulin, 0.0055 mg/mL transferrin, 6.7 ng/mL
selenium (Insulin-Transferrin Selenium (ITS-G), Thermo Fisher Scientific, Waltham, MA),
40 ng/ml dexamethasone (Sigma-Aldrich, St. Louis, MO), 100 U/mL penicillin, and
100 ug/mL streptomycin (Thermo Fisher Scientific, Waltham, MA) at 37°C in a humidified
atmosphere of 5% CO.. In all experiments, after AML12 cells were seeded overnight and
reached 70% confluency, we switched the standard growth medium to serum-starved medium
with 2% FBS. When indicated, serum-starved medium was supplemented with various
concentrations of oleic acid (OA). Fatty acid-supplemented medium was prepared as previously
described (Listenberger et al., 2001). Where indicated, Atglistatin and LPS (Sigma-Aldrich, St.
Louis, MO) were treated to AML12 cells at 20 mmol/l and 100 ng/ml, respectively, for 24h.
Cellular Neutral Lipid Staining

AML12 cells were seeded on 8-well chamber slides at a density of 2. 5 x 10* cells/cm? in
400 pL of standard growth medium per well and reached at 70% confluence overnight. Cells
were then washed with phosphate-buffered saline (PBS), the medium was changed to serum-

starved medium containing 1% of fatty acid-free bovine serum albumin supplanted with
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investigated concentrations of OA, ethanol, with or without Atglistatin for 24h. Cells were
washed with PBS and incubated with 2 umol/l boron-dipyrromethene (BODIPY) 493/503 dye
(Thermo Fisher Scientific, Waltham, MA) for 15 minutes at 37°C. Cells were washed with PBS
and fixed in 4% formaldehyde (PFA) for 30 minutes at room temperature (RT), we then removed
PFA and washed samples 3 x 5 min in PBS and counter stained cells with DAPI (Life
Technologies, Carlsbad, CA) for 1 minute. Accumulation of neutral lipids in the cell was
visualized by fluorescence microscope.
Quantification of Lipid Content

Cellular lipid content was quantified as total normalized fluorescence intensity (BODIPY
intensity). The method was adapted from the protocol of Mallela et al. (Mallela et al., 2019). Briefly,
AML12 cells were seeded on a 96-well flat-bottomed plate (black polystyrene plates with clear
bottom, Sigma-Aldrich, St. Louis, MO) at the density of 0.8 x10%well in 150 uL of standard growth
medium and reached 70% confluency overnight. Cell treatment strategy was described above.
On the day of cells fixation, discarded medium by gently inverting the plate and washed the wells
with 100 uL of PBS. Fixed the cells by slowing add 100 uL of 4% PFA and incubated at RT for 20
min. Discarded PFA and washed the cells 3 x 5 min in PBS. Incubated the samples with 100 uL
of staining solution containing BODIPY and DAPI for 30 mins at RT, then washed the cells 3 x 5
min in PBS. Samples were read by a fluorescence microplate reader; fluorescence intensity were
normalized with the values of cells without any treatment defined as 1.
Quantification of Cellular TGs and FFAs

AML12 cells were seeded on 12-well plates at a density of 1 x 10° cells/well in 2 mL of
standard growth medium per well and reached 70%-80% confluence overnight. Cell treatment
strategy was described above. Cellular TGs and FFAs levels were measured as previously
described (Guo et al., 2021). Briefly, lipids were extracted by 2:1 chloroform: methanol (v/v)

mixture, dried, and redissolved in a 1:1 5% Triton X-100: methyl alcohol solution (v/v). Cellular
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TGs and FFAs levels were determined by colorimetric method using TG and FFA quantification
kit (BioVision, Milpitas, CA), according to the manufacturer’s instructions.
Flow Cytometry

AML12 cells were seeded on 12-well plates at a density of 1 x 10° cells/well in 2 mL of
standard growth medium per well and reached 70%-80% confluence overnight. Cells were
treated with various concentrations of OA and/or Atglistatin for 24h. AML12 cells apoptosis was
analyzed with Annexin V and 7-AAD staining. Briefly, cells were collected and washed with ice-
cold PBS, resuspended in 200 ul of binding buffer containing 5 uL of Annexin V probe
(BioLegend) for 15 mins at RT in the dark, then 5 pL of 7-AAD antibody (BioLegend) was added
and incubated for another 5 min. Following incubation, samples were analyzed by FACS flow
cytometer (BD Bioscience, San Jose, CA). Data were analyzed with FlowJo software (TreeStar,
Ashland, OR).
Cell Viability Tested by CCK-8 Assay

The effects of OA, Atglistatin, and LPS treatment on the cell viability of AML12 cells were
tested by CCK-8 assay (Abcam, Cambridge, MA). AML12 cells were seeded in a 96-well flat-
bottomed plate at a density of 0.8 x10%well in 100 pL of standard growth medium and reached
70% confluency overnight. Cells were then treated with various concentrations of OA, or
Atglistatin at 20 mM, or LPS at 100 ng/ml for 24h. After incubation, 10 yL of CCK-8 dye was added
to each well, cells were then incubated at 37°C for 2h, the absorbance was determined at 450 nm
using microplate reader following the incubation.
Western Blot

Whole protein lysates from AML12 cells were extracted using T-PER tissue extraction
reagent (Thermo Scientific) supplemented with protease and phosphatase inhibitors (Sigma-
Aldrich, St. Louis, MO). Aliquots containing 30 mg of proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel (8-15%) electrophoresis, transblotted onto polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA), blocked with 5% nonfat dry milk in phosphate-buffered
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saline solution containing 1% Tween-20, and then probed overnight with the following
antibodies, including anti-ATGL, anti-CHOP (Cell Signaling Technology, Danvers, MA), anti-
GAPDH (Abcam, Cambridge, MA), anti-NF-kB, and anti- IkB-C (Thermo Fisher Scientific),
respectively. Membranes were then washed and incubated with horseradish peroxidase
conjugated goat anti-mouse immunoglobulin G or goat anti-rabbit immunoglobulin G (Thermo
Fisher Scientific, Rockford, IL). The bound complexes were detected with enhanced
chemiluminescence (Thermo Fisher Scientific) and quantified by densitometry analysis.
RNA Isolation and Quantitative Polymerase Chain Reaction

Total RNA was extracted from mouse liver using TRIzol™ reagent (Thermo Fisher
Scientific) according to the manufacturer’s instruction. Complimentary DNA (cDNA) was
generated using TagMan Reverse Transcription Reagents (Thermo Fisher Scientific). Real-time
PCR was performed with SYBR green PCR master mix (Qiagen, Germantown, MD, United
States) using the 7500 Real Time PCR (RT-PCR) system. Primers were designed and
synthesized by Integrated DNA Technologies (Coralville, CA, United States). All primers used
for gPCR were listed in table 1. The mRNA levels were normalized to the expression of RPS17
rRNA and analyzed by 2-22Ct threshold cycle method (Livak & Schmittgen, 2001) with the values
of WT-PF as 1.
Endotoxin Levels

Endotoxin levels in mouse blood were determined using an ELISA-based method
(EndoLISA Endotoxin Detection Kit; Biovendor, Asheville, NC, United States) as per the
manufacturer’s instructions. The concentrations of endotoxin were expressed in endotoxin units
(EU) per milliliter for plasma.
Statistical Analysis

Results are expressed as mean * standard deviation (SD). Data were analyzed using
the two-tailed student’s t-test or one-way ANOVA test, followed by Tukey’s test. P < 0.05 was
considered as statistically significant.
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Results

OA Induced Intracellular TG Accumulation and LD Expansion in a Dose-dependent
Manner, Accompanied by Cell Death in Hepatocytes

Results from in vivo mouse study showed that hepatic TG levels and FFA levels are both
dramatically elevated in AF ATGLUhep mice, accompanied by increased liver injury and hepatic
inflammation. In this chapter, we sought to dissect the role of accumulated TGs and FFAs on
cell death and inflammation. AML12 cells were treated with various concentrations of OA for
24h. Results from BODIPY staining of neutral lipid and neutral lipid quantification by relative
fluorescence intensity showed that OA treatment caused cellular LDs formation in a dose-
dependent manner (Fig. 4.1A and 1B). Biochemical analysis then demonstrated that, in line with
neutral lipid staining results, OA treatment induced intracellular TG accumulation in a dose-
dependent manner (Fig. 4.1C). However, intracellular FFA levels had no difference among
treatments (Fig. 4.1D). We then investigated the effects of OA treatment on hepatocellular cell
death. Flow cytometry results showed that OA treatment induced apoptosis in hepatocytes as
exemplified by increased late apoptosis cells in the upper right quadrant (Fig. 4.2A). Our data
showed that cell viability was not altered when cells were treated with OA at 200 yM compared
with control group, however, OA treatment at 400 and 600 uM reduced cell viability of
hepatocytes (Fig. 4.2B). In chapter Il, we observed that hepatocyte-specific deletion of ATGL
induced CHOP expression in the livers of the mice, which was further aggravated upon alcohol
feeding. Hence, we also examined the effects of TG accumulation on CHOP expression in
hepatocytes. Immunoblot analysis showed that CHOP was induced by OA treatment in a dose-
dependent manner (Fig. 4.2C). These results indicate that it is the accumulation of cellular TGs,
rather than FFAs, that account for the induction of ER stress and subsequent apoptosis in

hepatocyte which promotes cell death.
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Figure 4.1 Oleic Acid (OA) Induces Cellular Lipid Droplet Formation in a Dose-dependent
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Note. AML12 cells were treated with different concentrations of OA (0, 200, 400, and
600 pM) for 24h. (A) LDs are visualized with BODIPY 493/503 staining (scale bar, 50 ym). (B)
Relative fluorescence intensity of AML12 cells after BODIPY 493/503 staining (n=5/group). (C
and D) Intracellular TGs and FFAs content are quantified by colorimetric assay kits (n=3/group).
Data are shown as mean = SD from each group. Significant differences (P<0.05, ANOVA) are

identified with different letters.
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Figure 4.2 OA Induces ATGL Expression and Reduces Cell Viability in a Dose-dependent
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Note. AML12 cells were treated with different concentrations of OA (0, 200, 400, and
600 uM) for 24h. (A) Contour diagram of annexin V*/7-AAD™ flow cytometry. The upper left
guadrants show the dead cells. The lower left quadrants contain viable cells. The upper right
guadrants represent necrotic cells or late apoptotic cells. Lower right quadrants indicate the

early apoptotic cells. (B) CCK8 assay showing that OA inhibits AML12 cell viability in a dose-
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dependent manner (n=6/group). (C) Representative Western blot images showing that OA
induces ATGL and CHOP expression in a dose-dependent manner.
ATGL Inhibition by Atglistatin Further Exacerbated OA-induced Intracellular TG
Accumulation and Cell Death in Hepatocytes

Because our results indicated that TG accumulation is responsible for OA-induced
hepatocellular cell death, we then treated AML12 cells with ATGL inhibitor, Atglistatin, to further
exam whether ATGL inhibition further increase TG accumulation-induced cell death. AML12
cells were treated with OA at 200 uM, Atglistatin at 20 mM, and a combination of OA and
Atglistatin for 24 h. Indeed, as shown in Fig. 4.3A, BODIPY staining of neutral lipid showed that
Atglistatin alone was sufficient to promote cellular TG accumulation, and OA-induced TG
accumulation is further exacerbated by ATGL inhibition in hepatocytes (Fig. 4.3B). Cellular FFA
levels were not changed either by OA supplementation or Atglistatin treatment (Fig. 4.3C). We
then inspected whether ATGL inhibition affects TG accumulation-induced hepatocellular cell
death. Flow cytometry results showed that ATGL inhibition alone did not induce cytotoxicity,
however, TG-accumulation induced hepatocyte apoptosis was further augmented with ATGL
inhibition (Fig. 4.4A). The same results were observed by cell viability analysis (Fig. 4.4C).
Immunoblot results revealed that TG accumulation-induced hepatic CHOP over expression was

exacerbated by ATGL inhibition (Fig. 4.4B).
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Figure 4.3 ATGL Inhibition by Atglistatin Treatment Exacerbates OA-induced Intracellular

TG Accumulation
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Note. (A) AML12 cells were treated with OA at 200 uM or/and Atglistatin at 20 mM for
24h. LDs were visualized with BODIPY 493/503 staining (scale bar, 100 um). (B and C) AML12
cells were treated with different concentrations of OA (0, 200, 400, and 600 uM) and with or
without Atglistatin (20 mM) for 24h. Intracellular TGs and FFAs content are quantified by

colorimetric assay kits, data are presented as means + SD (n = 3, *P < 0.05).
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Figure 4.4 Atglistatin Treatment Exacerbated OA-induced CHOP Upregulation but Did Not

Significantly Affect Cell Viability
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Note. (A and B) AML12 cells were treated with OA 200 uM or/and Atglistatin 20 mM for
24h. (A) Contour diagram of annexin V/7-AAD flow cytometry. The upper left quadrants show
the dead cells. The lower left quadrants contain viable cells. The upper right quadrants
represent necrotic cells or late apoptotic cells. Lower right quadrants indicate the early apoptotic
cells. (C) Representative western blot imagines showing that Atglistatin treatment augmented

TG accumulation-induced CHOP upregulation. (C) Cell viability of AML12 cells treated with
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different concentrations of OA (0, 200, 400, and 600 uM) and with or without Atglistatin at 20
mM for 24h was determined by CCK8 analysis (n=6/group).
Ethanol Treatment Did Not Influence Intracellular TG Accumulation and Cell Viability

Results from our animal model demonstrated that AF ATGLhep mice exhibit the worst
liver damage and inflammatory response, as evidenced by highest levels of plasma ALT and
AST, the most severe neutrophil infiltration, and the most cell death in the livers of AF
ATGL[Thep mice. We then investigated whether ethanol metabolism plays a direct role in
mediating OA-induced TG accumulation and cell death in hepatocytes. AML12 cells were
treated with serum-starved medium containing various concentrations of ethanol at 0, 25, 50,
and 100 mM for 24h. BODIPY staining of neutral lipid as well as the quantitative neutral lipid
analysis consistently demonstrated that ethanol treatment did not directly impact lipid droplet
formation in the cells (Fig. 4.5A and 5B). In accordance, biochemical results showed that there
is no significant difference in hepatocellular TG content among different treatment groups (Fig.
4.5C). Cell viability also was not affected by ethanal treatment either (Fig. 4.5D).

Next, we investigated whether ethanol treatment influence OA-induced TG accumulation
and impaired cell viability. We then treated AML12 cells with 100 mM ethanol, 600 uM OA, or a
combination of the two for 24h. Intracellular TG levels were not furthered changed upon ethanol
treatment in AML12 cells treated with OA (Fig. 4.6A and 5B), neither was the cell viability (Fig.

4.6C).
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Figure 4.5 Ethanol Treatment Does Not Influence Intracellular TG Accumulation and Cell

Viability
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Note. AML12 cells were treated with different concentrations of ethanol (0, 25, 50, and

100 mM) for 24h. (A) LDs were visualized with BODIPY 493/503 staining (scale bar, 20 um). (B)

Relative fluorescence intensity of AML12 cells after BODIPY 493/503 staining (n=5/group). (C)

Intracellular TGs were quantified by colorimetric assay kits (n=3/group). (D) Cell viability was

determined by CCK8 assay (n=6/group). Data are shown as mean + SD from each group.

Significant differences (P<0.05, ANOVA) are identified with different letters.
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Figure 4.6 Ethanol Treatment Does Not Affect OA-induced Intracellular TG Accumulation

and Cell Death
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Note. AML12 cells were treated with OA 600 uM with or without ethanol 100 mM for 24h.
(A) LDs were visualized with BODIPY 493/503 staining (scale bar, 20 ym). (B) Intracellular TG
content was quantified at by colorimetric assay kits. (C) Cell viability was determined by CCK8
assay (n=6/group). Data are shown as mean = SD from each group. Significant differences

(P<0.05, ANOVA) are identified with different letters.
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Chronic Alcohol Feeding Increased Plasma Endotoxin Levels and Hepatic Bacterial
DNAs Levels Regardless of Hepatocyte-specific Deletion of ATGL

Studies have shown that plasma endotoxin levels (LPS) are elevated in patients with
ALD compared with healthy subjects, indicating that endotoxin translocation plays a critical part
in the pathogenesis of ALD (13,35-37). To examine how hepatocyte-specific deletion of ATGL
affect alcohol-induced endotoxin translocation in mice, we measured the plasma levels of
endotoxins and hepatic bacterial DNAs. In line with human studies, alcohol feeding significantly
elevated plasma endotoxin levels and hepatic bacterial DNAs levels in the AF mice compared to
their controls. However, ATGL deletion in hepatocytes did not further exacerbate this elevation,
the plasma endotoxin levels and hepatic bacterial DNAs levels in AF ATGL[Thep mice were
comparable with that in AF control mice (Fig. 4.7A and 7B). These results suggest that
hepatocyte-specific deletion of ATGL did not further damage gut permeability and subsequent
endotoxin translocation into the liver in ATGLOhep mice. Instead of being the overwhelming
factor that promoted liver injury and inflammation in AF ATGL[Jhep mice, we hypothesize that
endotoxin may synergistically combine with intracellular LD/TG accumulation in inducing

hepatocellular cell death, therefore contribute to liver injury and inflammation.
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Figure 4.7 Hepatocyte-specific Deletion of ATGL Does Not Affect Alcohol-induced

Endotoxin Elevation
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Note. Plasma endotoxin levels (A) and hepatic 16S bacterial rRNAs (B) in wild type (flox)
and hepatocyte-specific ATGL deletion (ATGL*"P) mice fed with control (PF) or ethanol (AF)
liquid diet for 8 weeks. Data are shown as mean = SD from each group (n=6/group). Significant
differences (P<0.05, ANOVA) are identified with different letters.

Intracellular TG Accumulation and LPS Stimulation Synergistically Upregulate
Hepatocyte CXCL1 and LCN2 Gene Expression via the Activation of IkB-

Based on our findings that LD/TG accumulation accounts for the OA-induced apoptotic
cell death in hepatocytes, as well as LPS levels are elevated both in plasma and livers of mice
with alcohol exposure, we hypothesized that TG accumulation and LPS stimulation may
synergistically induce hepatocyte injury and subsequently promote CXCL1 and LCN2
expression, which contributes to the pathogenesis of hepatic inflammation. We tested this
hypothesis by treating AML12 cells with OA, LPS, or a combination of OA and LPS for 24h.
Specifically, cells were primed with OA at 200 uM for 23h prior to the addition of LPS at 100
ng/ml in the medium, cells were then incubated for another 1 h before harvested for mRNA
extraction, or whole protein lysates extraction, or subjected to cell viability analysis, as indicated
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in (Fig. 4.8A). Cell viability analysis showed that either OA treatment or LPS treatment alone
was sufficient to induce cell death in AML12 cells, moreover, cell viability was further decreased
when treated with both OA and LPS (Fig. 4.8B). Results from gPCR analysis showed that the
MRNA levels of CXCL1 and LCN2 were upregulated by either OA or LPS treatment, with the
highest MRNA expression in cells treated with both OA and LPS (Fig. 4.8C and 8D). These
results suggest that TG accumulation and LPS stimulation synergistically promote cell death
resulting in the upregulation of CXCL1 and LCN2 expression. We then explored the mechanism
of the transcriptional regulation of CXCL1 and LCN2, immunoblot results revealed that the
protein levels of NF-kB did not vary among treatments, however, the protein levels of IkB-{ were
increased in cells treated with either OA or LPS, with the highest protein abundance in cells
treated with both OA and LPS (Fig. 4.8E). Our results demonstrated that OA-induced TG
accumulation and LPS synergistically promote hepatocyte injury, which, in turn, further induce

hepatocyte overexpression of CXCL1 and LCN1 through activation of IkB-C.

87



Figure 4.8 Intracellular TG Accumulation and LPS Stimulation Synergistically Contribute

to the Upregulation of Cxcll and Lcn2 mRNA Expression Through IkB-g Activation, rather

than NF-kB
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Note. (A) AML12 cells were treated with OA 200 uM and/or LPS 100 ng/ml for 24h (LPS

was added in culture media 1h prior to cell collection). (B) Cell viability was determined by
CCK8 assay (n=6/group). (C and D) mRNA expression of Cxcll and LCN2 in AML12 cells was

determined by qPCR (n=4/group). (E) Representative Western blot images of hepatic protein
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levels of NF-kB and IkB-C in AML12 cells. Data are shown as mean + SD from each group.
Significant differences (P<0.05, ANOVA) are identified with different letters.

Discussion

Based on the findings from present study, we reached the conclusion that excessive
accumulation of intracellular TGs/LDs and extracellular LPS stimulation synergistically induce
hepatocyte injury and promote the expression of inflammatory chemokine CXCL1 and cytokine
LCNZ2 via IkB-¢ activation. We first dissected the role of intracellular TG accumulation and FFA
accumulation in hepatocyte cell death. We found that OA treatment induced intracellular TG
accumulation in a dose-dependent manner in hepatocytes but had no significant impact on
intracellular FFAs content. Accompanying with elevated intracellular TG content, hepatocellular
apoptosis is induced along with decreased cell viability in hepatocytes, indicating cell death.
Second, we investigated how ATGL inhibition affect TG/LD accumulation-induced hepatocyte
apoptosis. As expected, ATGL inhibition further exacerbated OA-induced intracellular TG
accumulation in hepatocytes while had no effects on intracellular FFAs levels. Moreover, ATGL
inhibition further aggravated TG/LD accumulation-induced hepatocyte apoptosis. These results
confirmed our hypothesis that it is the excessive accumulation of hepatocellular TGs/LDs, rather
than FFAs, that accounts for cell death in hepatocytes. Third, we examined whether ethanol has
a direct role in elevating intracellular TG content as well as suppressing cell viability in
hepatocytes. Our results suggest that ethanol treatment did not influence intracellular TG/LD
accumulation in hepatocytes, nor did ethanol affect hepatocellular cell viability. Fourth, given the
fact that alcohol-induced endotoxin translocation is closely associated with liver inflammation in
patients with ALD (Miyata & Nagy, 2020), we next determined the plasma endotoxin levels and
hepatic bacterial DNAs levels in our mouse model. Indeed, alcohol feeding increased the levels
of plasma endotoxins and hepatic bacterial DNAs regardless of ATGL deletion in hepatocytes,

suggesting that alcohol-induced endotoxin translocation to the liver contributes to the TG/LD
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accumulation-induced lipotoxicity and cell death in hepatocytes. Finally, we demonstrated that
intracellular TG/LD accumulation and LPS synergistically promote hepatocytes injury and
chemokine/cytokine expression via IkB-C activation.

Clinical data and animal studies suggest that heavy alcohol consumption can result in
severe liver damages, including hepatocyte cell death, a key trigger of the subsequent
development of hepatic steatohepatitis, fibrosis, and cirrhosis (Luedde et al., 2014; Nanji &
Hiller-Sturmhdofel, 1997). Emerging evidence suggests that hepatic lipotoxicity induces ER
stress-mediated hepatocyte cell death, which contribute to the pathogenesis of ALD (Liu &
Green, 2019; Nanji, 1998). However, the molecular mechanisms by which hepatic lipotoxicity
promote hepatocyte cell death have not been well understood. Some studies postulate that
hepatic lipotoxicity is mainly generated by FFAs, especially saturated fatty acids, since
supplementation of OA (monounsaturated acid) could rescue palmitic acid (PA, saturated acid)-
induced apoptosis by channeling PA to be incorporated into TGs (Listenberger et al., 2003).
However, Leamy et al. reported OA’s protective effect against PA-induced apoptosis dose not
require increased incorporation of PA into TGs, as evidenced by knocking down of TG synthesis
did not abolish OA’s ability to rescue PA-induced lipotoxicity in rate hepatocytes (Leamy et al.,
2016). In this study, we firstly investigated whether bulk TG-enriched LD accumulation affect
hepatocellular cell death in mouse hepatocytes. we chose OA to treat AML12 cells because OA
is easily to be incorporated into TG, therefore we could build this in vitro model where TG-
enriched LDs are formed in hepatocellular cytoplasm. Our results revealed that cellular TG/LD
accumulation, independent of FFAs accumulation, can induce ER stress and CHOP-mediated
cell death in hepatocytes.

Increasing evidence indicates ATGL plays a protective role against liver injury and
hepatic inflammation in nonalcoholic steatohepatitis (Fuchs et al., 2012; Jha et al., 2014;
Johnston et al., 2020; Pearce et al., 2013; Wu et al., 2011). As the rate-limiting enzyme in TG
hydrolysis, liver-specific deletion of ATGL leads to the elevation of TG contents and LD
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accumulation while overexpression of ATGL attenuates hepatic steatosis (Ong et al., 2011; Reid
et al., 2008; Wu et al., 2011). In line with that, our mouse model demonstrates that ATGL
deletion in hepatocytes dramatically exacerbated alcohol-induced TG accumulation and LD
expansion. We then hypothesized that ATGL inhibition in hepatocytes may exacerbate OA-
induced TG/LD accumulation, resulting in bulk accumulation of TGs/LDs in cytoplasm and
subsequently worsening apoptotic cell death. Indeed, ATGL inhibition increased the intracellular
TG content in a dose-dependent manner but had no effect on cellular FFAs levels. Moreover,
ATGL inhibition aggravated TG/LD accumulation-induced ER stress and CHOP-mediated cell
death in hepatocytes.

Hepatic steatosis is the most common and earliest clinical manifestation in patients with
ALD (Torruellas, 2014). Although many efforts have been made to understand the mechanisms
by which alcohol induces hepatocellular cell death, the direct role of ethanol metabolism in that
has not been well established. Despite a few studies showed that ethanol treatment at 50 mM
was sufficient to induce TG accumulation in hepatocytes (Nagappan et al., 2019; Yin et al.,
2012), we did not observe any significant change in intracellular TG content or cell viability in
AML12 cells treated with ethanol at up to 100 mM. In our study, serum-reduced medium was
used throughout all experiments. Although serum starvation is widely used in cell culture studies
to remove known factors and to reduce analytical interference (Rashid & Coombs, 2019), the
impact of the condition is not well understood. It is possible that serum starvation-caused
“environmental stress” changes AML12 cells cellular activity and is involved in ethanol
metabolism and subsequent ethanol-induced lipid dyshomeostasis.

A growing body of evidence indicates that gut-derived endotoxin (LPS) translocation to
the liver is closely associated with ALD (Rao, 2009). Endotoxins (LPS) stimulate many types of
liver cells, including hepatocytes, releasing chemokines and cytokines that promote hepatic
(Affo et al., 2014, p. 2; Hamesch et al., 2015; Li et al., 2004). Indeed, we found that alcohol
feeding elevated the levels of plasma endotoxins and bacterial DNAs in the livers of the mice
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regardless of ATGL deletion in hepatocytes, suggesting that gut-derived endotoxin translocation
in the liver might be partially account for the aggravated liver injury and hepatic inflammation in
AF ATGL~"P mice. Given the dramatic TG/LD accumulation observed in the livers of AF
ATGL“"P mice, as well as that in AML12 hepatocytes upon OA treatment, we investigated
whether TG/LD accumulation and LPS stimulation work synergistically to promote hepatocyte
cell death and chemokine/cytokine expression. Our results showed that AML12 cells treated
with both OA and LPS exhibit lower cell viability than cells treated with either OA or LPS alone.
In agreement with that, CXCL1 and LCN2 expression were significantly increased in AML12
cells treated with both OA and LPS, compared to cells treated with either OA or LPS alone,
indicating synergistic effects of OA and LPS on CXCL1 and LCN2 expression. We then
explored the potential mechanisms underlying CXCL1 and LCN2 upregulation. NF-kB activation
has been shown to induce cytokines and chemokines expression during LPS stimulation
(Yamazaki et al., 2001, 2008). In our model, neither OA supplementation nor LPS treatment had
significant impact on NF-kB protein levels. Although the classic NF-kB pathway directly induces
rapid activation of primary response genes, studies have also demonstrated that IkB- functions
not only as an inhibitor of NF-kB, but also an activator for a selective subset of NF-kB target
genes (Hildebrand et al., 2013, p. 1; Miller et al., 2018; Yamamoto et al., 2004). Interestingly,
we found that the protein expression of IkB-¢ was sufficiently induced by either OA or LPS
treatment, with the highest expression in cells treated with both OA and LPS. In agreement with
our findings, Brennenstuhl et al. demonstrated that IkB-{ has a direct role in the regulation of
CXCL1 expression in a glioma cell line resistant towards NF-kB-dependent cell death
(Brennenstuhl et al., 2015). Collectively, our results suggest that intracellular TG/LD
accumulation and LPS stimulation synergistically elicit hepatocyte cell injury and CXCL1 and
LCN2 expression via the mediation of IkB- activation.

In summary, this study advances the scientific knowledge in the mechanisms underlying
lipid lipotoxicity- and LPS-induced cell death and chemokine/cytokine expression in
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hepatocytes. Our results reveal that bulk intracellular TG/LD accumulation, independent of FFA
accumulation, induces ER stress and CHOP-associated cell death. Our data along with others
indicate that ATGL inhibition exacerbated intracellular TG/LD accumulation and subsequent
hepatocellular apoptosis and cell death. We verified our hypothesis that intracellular TG/LD
accumulation and LPS stimulation synergistically promote cell death and induce chemokine
CXCL1 and cytokine LCN2 expression in hepatocytes via the IkB-{ activation. Taken together,
the current study proposes that alcohol-induced gut-derived endotoxin translocation along with
hepatic steatosis might synergistically induce hepatocytes cell death and promote hepatic
inflammation in the progression of ALD. Our findings will shed light on the development and
optimization of novel diagnostic and therapeutic strategies in preventing and treating patients

with ALD.
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CHAPTER V: EPILOGUE

ALD is a major public health problem worldwide. Despite mortality has been rising
alarmingly, there is no FDA-approved targeted therapy for the treatment of ALD ((Moon et al.,
2020). Hence, great effort has been made to elucidate the cellular and molecular mechanisms in
the pathogenesis of ALD. In this dissertation, we investigated the role of ATGL in alcohol-induced
hepatic steatosis, inflammation, fibrosis, and hepatic ultrastructural changes in mouse model of
ALD; we also determined the molecular mechanisms by which cellular TG/LD accumulation and
LPS stimulation synergistically induce cell death and chemokine/cytokine expression in AML12
mouse hepatocytes.

In chapter 1l, we demonstrated that alcohol induced hepatic ATGL expression,
accumulation of TGs and FFAs, and liver injury. We then generated a mouse model with
hepatocyte-specific deletion of ATGL and subjected the mice to chronic alcohol feeding.
Hepatocyte-specific ATGL deletion exacerbated alcohol-induced hepatic accumulation of TGs
and FFAs but diminished alcohol-induced elevation in VLDL-TG secretion. We then examined
enzymes involved in fatty acid oxidation and found that protein levels of CPT1A were reduced by
hepatocyte ATGL deficiency regardless of alcohol feeding; hepatic protein levels of ACADM and
ACOX1 were suppressed in ATGL deficiency mice with alcohol feeding, indicating partially
impaired FFAs oxidation in the liver. We also found that hepatic mRNA levels of TG synthesizing
enzyme DGAT1 were decreased by hepatocyte ATGL deletion regardless of alcohol feeding,
while the hepatic mMRNA levels of DGAT2 were reduced in the mice with ATGL deficiency upon
alcohol feeding, suggesting impaired TG synthesis in the liver. Next, we showed that hepatocyte
ATGL deficiency reduced hepatic protein levels of enzymes involved in fatty acid activation,
including ACSL1, ACSL5, and FATP2; moreover, alcohol feeding further suppressed the
reduction of ACSL1 and ACSL5. In addition, we demonstrated that hepatocyte-specific ATGL

deletion exacerbated alcohol-induced liver injury by upregulating hepatic mMRNA expression of
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chemokine CXCL1 and cytokine LCN2 and promoting subsequent neutrophil infiltration in the
liver. Furthermore, we observed that both hepatic mRNA levels and protein levels of CHOP were
induced by alcohol feeding, which were further augmented by hepatocyte ATGL deletion,
indicating that CHOP-related ER stress may be associated with ATGL deficiency-enhanced
hepatic inflammation. Last, the mRNA levels of hepatic fibrosis markers, including a-SMA,
COL1A1, and COL1A2, were increased by ATGL deletion, which were further augmented by
alcohol feeding. Sirius Red Staining results revealed that ATGL deletion amplified alcohol-induced
collagen deposition in the liver of the mice. Collectively, data presented in chapter Il demonstrated
that hepatocyte-specific ATGL deletion exacerbated alcohol-induced hepatic steatosis through
impairing VLDL-TG secretion. Furthermore, we hypothesized that impaired ACSL5-mediated
FFAs activation and subsequent DGAT1-mediated conversion of FFAs to TGs are associated
with diminished VLDL-TG secretion in mice deficient in ATGL. Hepatic ATGL deficiency-
enhanced liver inflammation may be related to CHOP-associated cell death and CXCL1/LCN2-
mediated neutrophil infiltration in the liver.

In chapter Ill, we utilized the transmission electron microscope (TEM) technique to
examine the ultrastructural and morphological changes in hepatocytes and non-parenchymal
cells in the liver of the mice with or without hepatocyte-specific ATGL deletion. Alcohol intoxication
resulted in lipid droplet accumulation, mitochondria abnormality, reduction in glycogen storage,
ER dilation, nuclei condensation and deformation, and increased autophagy clearance machinery
in hepatocytes; these subcellular structural alterations were amplified by hepatocyte ATGL
deficiency. We also observed lipid droplet accumulation in sinusoids and cholangiocytes.
Autophagy machinery autolysosomes were found in the cytoplasm of Kupffer cells in the liver of
the mice with alcohol feeding regardless of ATGL deficiency. In addition, collagen deposition, a
sign of fibrosis, was detected in the liver of mice deficient in ATGL, which was amplified by alcohol
feeding. Collectively, data presented in chapter Il demonstrated that alcohol intoxication and
hepatocyte ATGL deficiency synergistically induced ultrastructural and morphological changes in
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hepatocytes, Kupffer cells, cholangiocytes, as well as sinusoids, which provides visual evidence
of lipotoxicity in the pathogenesis of ALD.

In chapter IV, we examined the mechanisms underlying lipid lipotoxicity- and LPS-induced
cell death and chemokine/cytokine expression in hepatocyte. Results revealed that cellular levels
of TGs but not FFAs levels were increased by OA treatment in a dose-dependent manner,
accompanied by decreased cell viability and increased protein levels of CHOP. ATGL inhibition
exacerbated OA-induced accumulation of intracellular TG/LD and protein levels of CHOP, and
further reduced hepatocyte cell viability. Ethanol treatment did not affect cellular TGs and FFAs
levels and cell viability. Cell viability analysis showed that either OA treatment or LPS treatment
alone was sufficient to induce cell death, whereas cell viability was further decreased when
treated with both OA and LPS. The mRNA levels of CXCL1 and LCN2 were upregulated by either
OA or LPS treatment, with the highest mMRNA expression in cells treated with both OA and LPS.
Furthermore, the overexpression of CXCL1 and LCN2 by OA and LPS treatment was via IkB-(
activation. Collectively, data presented in chapter IV demonstrated that TG/LD accumulation,
independent of FFA accumulation, induced CHOP-associated cell death, which was exacerbated
by ATGL inhibition. In addition, OA-induced intracellular TG/LD accumulation and LPS stimulation
synergistically promoted cell death and induced chemokine CXCL1 and cytokine LCN2
expression via IkB-C activation.

Taken together, data presented in chapter I, 1ll, and IV significantly contribute to the
limited understanding of the role of ATGL in the pathogenesis of ALD. Our observations suggest
that hepatocyte-specific ATGL deficiency exacerbates alcohol-induced hepatic steatosis through
impairing VLDL-TG secretion. Alcohol intoxication and hepatocyte ATGL deficiency
synergistically induce ultrastructural and morphological changes in the liver. In addition, hepatic
steatosis and gut-derived endotoxins synergistically induce hepatocyte cell death and promote

hepatic inflammation in the progression of ALD.

96



In chapter Il, we observed that hepatic protein levels of ACSL5 were reduced in
hepatocyte ATGL deficiency mice, which were further suppressed by alcohol feeding, indicating
impaired fatty acid oxidation. Studies have shown that ACSL5 knockdown decreases hepatic
TG secretion in vitro (Bu & Mashek, 2010), and global ACSL5 deletion reduces VLDL-TG
secretion in vivo (Bowman et al., 2016). We also found that ATGL deletion reduced hepatic
protein levels of DGATL1, which is believed to play a critical role in converting FFAs from lipid
droplets or exogenous sources to TGs for VLDL assembly in the ER (Irshad, Jan, p. 1). Hence,
future studies are necessitated to confirm the role of ATGL-ACSL5-DGATL1 pathway in hepatic
VLDL-TG secretion. In addition, hepatocyte-specific ATGL deletion dramatically aggravated
alcohol-induced collagen deposition in the liver, as well as upregulated hepatic mRNA levels of
fibrosis markers; future research is needed to elucidate the molecular mechanisms by which

hepatic stellate cells are activated by massive TG/LD accumulation-induced lipotoxicity.
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