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Lay summary: Aged mice are more susceptible to alcohol-induced liver injury and fibrosis,
which is, at least in part, due to the downregulation of sirtuin 1 in hepatocytes and hepatic



stellate cells. Our findings suggest that sirtuin 1 agonists may have beneficial effects for the
treatment of alcoholic liver disease in aged patients.
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ABSTRACT

Background and Aims: Aging is known to exacerbate the progression of alcoholic liver disease

(ALD), but the underlying mechanisms remain obscure.

Methods: C57TBL/6 mice were subjected to short-term (10-days) ethanol-plus-one binge or long-
term (8-weeks) ethanol-plus-multiple binges of ethanol. Liver injury and fibrosis were

determined. Hepatic stellate cells (HSCs) were isolated and used in in vitro studies.

Results: Compared to young (8-12 weeks) mice, middle-aged (12-14 months) and old (>16
months) mice were more susceptible to liver injury, inflammation, and oxidative stress induced
by short-term-plus-one binge or long-term-plus-multiple binges of ethanol feeding. Long-term-
plus- multiple binges of ethanol feeding induced greater liver fibrosis in middle-aged mice than
that in young mice. Hepatic expression of Sirtuin 1 (SIRT1) protein was downregulated in the
middle-aged mice compared to young mice. Restoration of SIRTI1 expression via the
administration of adenovirus-SIRT1 vector ameliorated short-term-plus-binge ethanol-induced
liver injury and fibrosis in middle-aged mice. HSCs isolated from middle-aged mice expressed
lower levels of SIRT1 protein and were more susceptible to spontaneous activation in in vitro
culture than those from young mice. Overexpression of SIRT1 reduced activation of HSCs from
middle-aged mice in vitro with downregulation of PDGFR-o0 and c-Myc, while deletion of
SIRTT1 activated HSCs isolated from young mice in vitro. Finally, HSC-specific SIRT1 knockout
mice were more susceptible to short-term-plus-binge ethanol-induced liver fibrosis with

upregulation of PDGFR-o expression.

Conclusions: Aging exacerbates ALD in mice through the downregulation of SIRT1 in
hepatocytes and HSCs. Activation of SIRT1 may serve as a novel target for the treatment of

ALD.
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INTRODUCTION

Alcoholic liver disease (ALD) is considered to be a major cause of morbidity and mortality
nationwide [1-5]. It has an array of liver pathology that ranges from simple fatty liver to more
severe forms of liver injury such as steatohepatitis, cirrhosis, and hepatocellular carcinoma.
Many factors have been shown to affect the development and progression of ALD, including
age, gender, ethnicity, genetic factors, drinking pattern, type of alcohol consumed, dose,
duration, obesity, viral hepatitis infection, and environment [1-5]. Aging has been demonstrated
to be associated with a progressive and widespread impairment of cellular functions. Therefore,
resulting in an increasing risk of diseases in humans including diabetes, inflammatory diseases,
and cancers [6]. In addition, liver function is declined during aging which involves in alterations
to the hepatic structure, hepatic sinusoid and function, thereby leading to the development of
age-related liver diseases [7-9]. It has been reported that aged mice are more susceptible to
hepatocellular injury, inflammation, and liver fibrosis after high-fat diet feeding. This, is partly
due to the sensitization to the Fas death pathway, increased M1 macrophage polarization, and
increased innate immune responses [10, 11]. Moreover, accumulating evidence suggests that
aged liver is more susceptible to injury due to alcohol abuse [12], which may be due to many
mechanisms such as alterations to ethanol metabolism, microsomal ethanol oxidation, CYP2E1,
and microsomal activity, and reduction of hepatic mitochondrial functions in the aged liver [13-

16].

Although several mechanisms have been identified to be responsible for the increased
susceptibility of aged livers to ALD, the exact underlying mechanisms are still unclear. Recent
studies suggest that sirtuins (SIRT) play critical roles in regulating many biological and cellular
processes during aging [17]. SIRTs are classified as a class III histone deacetylases, in which
seven mammalian sirtuin (SIRT1-7) isoforms have been identified [17]. They are part of a family
of nicotinamide adenine dinucleotide (NAD") dependent protein deacetylases and ADP-
ribosyltransferases. ~SIRTs are able to catalyze at specific lysine substrate
deacetylation/deacylation, playing important roles in the pathogenesis of metabolic stress and
control, caloric restriction, and cancer [17]. They are also associated with aging and are found at
diverse subcellular locations like in the nucleus, cytosol and mitochondria [17]. For instance,

SIRT1 was named after the Saccharomyces cerevisiae Sir2 (silent information regulator 2)



protein and it has been proposed to serve as an anti-aging protein [18]. SIRTI is predominately
expressed in the nucleus and cytoplasm, whereas SIRT-2, 3 and 4 are expressed in the
mitochondria [17]. Previous studies have reported that hepatic SIRT1 plays a major role in
ameliorating steatosis and inhibiting inflammation in alcoholic and non-alcoholic fatty liver
diseases (NAFLD) by modifying the acetylation status of the different target molecules [19-21].
In addition, it has also been reported that a variant of histone H2A, macroH2Al.1 is highly
involved in lipid metabolism in NAFLD and binds SIRT1, which helps protect hepatocytes from
lipid accumulation [22]. In the present study, we used the chronic-plus-binge ethanol feeding
model to evaluate the effects of aging on alcohol induced liver injury. Chronic-plus-binge
ethanol-feeding mimics the drinking pattern of alcoholic hepatitis patients who have had a
history of heavy drinking for many years (chronic) and with recent excessive alcohol
consumption (binge). Chronic-plus-binge ethanol feeding may also induce steatosis, liver injury
and inflammation in mice [23]. Our results revealed that aged and middle-aged mice are more
susceptible to chronic-plus-binge ethanol feeding-induced liver injury and fibrosis by

downregulating SIRT1 in both hepatocytes and HSCs.



MATERIAL AND METHODS

Chronic-plus-binge ethanol feeding model. Wild-type (WT) and C57BL/6N mice were used.
In most of experiments, female C57BL/6N mice were used. In some experiments, male
C57BL/6N mice were used. HSC-specific SIRT1 knockout (SIRTlHSC'/ ) mice were obtained via
the several steps of crossing with SIRT1"¥™* mice [24] and LratCre" mice (a kind gift from Dr.
Robert Schwabe, Columbia University, NY) [25]. Since Cre in LratCre"SIRT17¥1°% mice do not
efficiently delete floxed gene in the male mice (a personal communication with Dr. Schwabe),

only female SIRT1"*“"" and their wild-type littermate controls were used in-our study.

For the short term feeding, mice were subjected to short-term (10 ‘days)-plus-one binge ethanol
feeding as previously published [23]. For the long term feeding, the same protocol was followed
with the exception that mice were fed for 8 weeks with multiple binges (twice a week) of ethanol
(5g/kg [b.w.]) feeding as described previously [26]. Animal studies were approved by the
NIAAA Animal Care and Use Committee.

Statistical Analysis

For statistical analysis, which are expressed as the means+SEM for each group, GraphPad Prism
software (v. 5.0a; GraphPad Software, La Jolla, CA) were used. To compare values obtained
from three or more groups, a one-factor ANOV A was used, followed by Tukey post-hoc test. To
compare values obtained from two groups, the Student t test was performed. P values of <0.05

were considered significant.

Other methods are described in supporting materials.



RESULTS

Middle-aged and aged mice are more susceptible to short-term (10 days)-plus-binge

ethanol-induced liver injury and inflammation

Previous studies reported that chronic ethanol feeding induced greater liver damage and steatosis
in aged rats compared to young rats [14]. In order to test whether aging also exacerbates the
chronic-plus-binge ethanol feeding-induced liver injury in mice, we first tested the short term 10-
day ethanol feeding plus-one binge (E10d+1B) model. After the E10d+1B ethanol feeding,
female middle-aged mice (12-14 M) and aged mice (>16 M) showed significantly higher levels
of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), liver to body
weight ratio, and hepatic triglyceride contents when compared to young mice (8-12 weeks) (Fig.
1A, supporting Fig. 1A). Both middle-aged and aged mice exhibited greater liver damage when
compared to young mice. A recent NIH publication entitled, “Consideration of Sex as a
Biological Variable in NIH-funded Research” encouraged to include studies that involve both
male and female vertebrate animals. Therefore, we have included studies of both sexes because it
will help us gain a better understanding on the “health and disease in both men and women.”
Thus, our results correlate with previous studies conducted in old rats where chronic ethanol
feeding increased hepatic fat accumulation [14]. Due to the limitations of cost to house aged

mice, only middle-aged mice were used in the rest of the paper in comparison to young mice.

Hematoxylin and Eosin (H&E) and Oil Red O staining analyses revealed that E10d+1B treated
middle-aged mice exhibited a higher degree of steatosis when compared to young mice that
underwent the same ethanol treatment (Fig. 1B). TUNEL analyses demonstrated that the number
of TUNEL positive apoptotic hepatocytes were higher in middle-aged mice post E10d+1B
treatment (Fig. 1C). Furthermore, real-time PCR analyses of neutrophil marker (Ly6g)
demonstrated that E10d+1B treated middle-aged mice had higher levels of hepatic neutrophil
mfiltration when compared with young mice, while hepatic expression of the macrophage

marker (F4/80) was comparable between these two groups (Fig. 1D).

Aging exacerbates long-term (8wks)-plus-multiple binges-induced liver injury and

inflammation but attenuates liver regeneration



The above data shows that short-term plus-binge ethanol feeding induces liver injury and
inflammation. Next, we utilized a long-term 8-week ethanol feeding (E8w+nB) model with
multiples binges that caused severe liver injury than that seen in the E10d+1B ethanol feeding
[26]. As illustrated in Figs. 2A-C, E8w+nB feeding induced increased levels of serum ALT,
AST, hepatic triglycerides, and TUNEL positive apoptotic hepatocytes in middle-aged mice
when compared to young mice. Similarly, to chronic (10-d)-plus-binge ethanol feeding model
(E8w+nB) feeding also induced greater levels of liver inflammation in middle-aged mice than in
WT mice (supporting Fig. 2). Moreover, liver regeneration was measured by using
bromodeoxyuridine (BrDU) immunohistochemistry. As illustrated in Fig. 2D, the number of

BrdU" hepatocytes were lower in E8w+nB-treated middle-aged mice compared to young mice.

Middle-aged mice exhibited stronger oxidative stress post chronic-plus-binge ethanol

feeding when compared to young mice

Oxidative stress was determined by measuring 4-hydroxynonenal (4-HNE) adducts and protein
nitration levels in livers from mice that underwent E8w+nB feeding. As illustrated in Fig. 3A,
E8w+nB ethanol feeding increased hepatic levels of HNE adducts and protein nitration in
middle-aged mice when compared to young mice. To further confirm these observations, we
performed immunohistochemistry of 4-HNE staining, which is a stable by-product of lipid
peroxidation due to oxidative stress. Immunohistochemical analysis showed positive staining in
both young and middle-aged mice exposed to E10d+1B, with the most prominent 4-HNE

positive staining in middle-aged mice (Fig. 3B).

The above data indicated that middle aged mice are more susceptible to chronic-plus-binge
ethanol-induced liver injury and inflammation. Next, we examined whether ethanol metabolism
and CYP2E1 (which has been implicated in the increased susceptibility of age rats to ALD) [14],
may also contribute to the pathogenesis of ALD in middle-aged mice. As shown in supporting
Fig. 3A, ethanol concentrations were comparable in young and middle-aged mice post ethanol
gavage. Real-time PCR analysis showed that hepatic expression of several ethanol metabolizing
enzymes were comparable between WT and middle-aged mice in pair-fed groups. Expression of
Adhl Adh2, Aldh2, catalase, and Cyp2E] were slightly lowered in ethanol-fed middle-aged mice
than in WT mice but it did not reach statistical differences (supporting Fig. 3B). Moreover,

western blotting analysis showed that ethanol feeding increased hepatic CYP2EI levels, however
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these levels were comparable between young and middle-aged mice under alcohol feeding

(supporting Fig. 4).

The hepatic CYP2E1 expression was upregulated post ethanol feeding. CYP2EIl-mediated
ethanol metabolism and it plays an important role in induction of oxidative stress [27], therefore,
the elevation of oxidative stress (4-hydroxynonenal and protein nitration) in ethanol-fed mice
was partly due to CYP2EI induction. However, hepatic expression of CYP2E1 was comparable
between young and middle-aged mice, thus, the higher levels of oxidative stress in middle-aged
mice were probably due to other mechanisms such as decreased mitochondrial function when

compared with young mice.

Increased ethanol-induced liver injury in middle-aged mice is not due to alteration of NKT

cells

Several reports have recently indicated that the activation of NKT cells are involved in chronic-
plus-binge ethanol-induced liver injury and inflammation [25, 28, 29]. A previous study reported
that aging is associated with increased NKT cell function as demonstrated by markedly increased
liver injury in middle-aged mice after a-Galcer injection [30], suggesting that hepatic NKT cells
are more active in middle-aged mice than in young mice. We therefore analyzed hepatic NKT
cells in E10d+1B fed young and middle-aged mice. Flow cytometry analysis showed that the
percentage of NKT cells inliver lymphocytes was lower in middle-aged mice, with an average of
~17.8% when compared to young mice that had an average of ~27.4% (Fig. 4A). Furthermore,
the total number of NKT cells from middle-aged livers was also lower than in young mice (Fig.
4A). Activation of NKT cells, which was determined by using the activation marker CD69, was
comparable between middle-aged and young mice (Fig. 4B). Also, injection of a-Galcer only
caused higher levels of liver injury in middle-aged mice when compared to young mice (Fig.
4C). In addition, aged mice (>16 months) had comparable levels of NKT cells and slightly
higher levels of liver injury after injection of a-Galcer when compared to young mice (data not
shown). Collectively, our results suggest that NKT cells do not account for the increased

susceptibility of middle-aged mice to ethanol-induced liver injury.

Aging exacerbates long-term (8wks)-plus-multiple binges-induced liver fibrosis



Liver fibrosis was examined in two different models by using short-term plus one ethanol binge
(E10d+1B) or long-term ethanol feeding plus multiple ethanol binges (E8w+nB). Supporting Fig.
5, shows results from E10d+1B that expression of some fibrotic genes were upregulated after
E10d+1B in both young and middle-aged mice, but there were no differences between these two
groups (supporting Fig. 5A). Sirius Red staining showed no significant fibrosis in young mice,
but interestingly middle-aged mice demonstrated slight fibrosis after E10d+1B (supporting Fig.
5B).

Interestingly, Sirius Red staining in Fig. 5A displayed chicken wire-like fibrosis in Ew+nB-fed
middle-aged mice, which is about a 4- to 5-fold greater than that observed in ESw+nB-fed young
mice (Fig. 5A). Hepatic expression of a-SMA protein was increased in E§w+nB-fed middle-
aged mice (Fig. 5B). At the mRNA levels, a-Sma, collagen I and 11l expression were also higher

in Ew+nB-fed middle-aged mice when compared to young mice (Fig. 5C).

Suppression of SIRT1 contributes to enhanced alcohol induced liver injury and fibrosis in

middle-aged mice

To further understand the mechanisms by which aging exacerbates ethanol-induced liver injury,
we measured the protein levels of hepatic SIRT1 in mice that were exposed to E10d+1B. As
illustrated in Fig. 6A, hepatic SIRT 1 protein expression was significantly decreased in middle-
aged mice compared to young mice. Interestingly, hepatic SIRT1 mRNA expression was not
altered (data no shown). To identify the function of SIRT1 in alcoholic liver injury and fibrosis,
we determined whether restoration of hepatic SIRT1 protein expression via the injection of
adenovirus SIRT1 decreased susceptibility of middle-aged mice to ethanol-induced liver injury.
As illustrated in Fig. 6B, adenovirus-mediated overexpression of SIRT1 ameliorated the overall
morphology of the livers and reduced liver fibrosis in E10d+1B treated middle aged mice. Serum
levels of ALT were also decreased by overexpression of SIRT1 in middle-aged mice when
compared to Ad-GFP injected mice (Fig. 6C). In addition, real-time PCR analysis showed that
overexpression of SIRT1 led to a significant decrease in expression of fibrosis related genes such

as a-Sma, Tgf-p, and in Collal, 201, and 5ol in middle-aged mice (Fig. 6D).

Downregulation of SIRT1 expression in HSCs from middle-aged mice, and SIRT1 inhibits

HSC activation in vitro
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The above data suggest that SIRT1 expression is downregulated in hepatocytes and contributes
to the increased ethanol-induced liver injury and fibrosis in middle-aged mice when compared to
young mice. Next, we examined the effects of SIRT1 in hepatic HSCs, one of the main cell types
responsible for liver fibrogenesis [31]. As illustrated in Fig. 7A-B, isolated HSCs from middle-
aged mice became activated faster when cultured in vitro than those from young mice, as
expressions of a-Sma and collagen I mRNAs were higher in HSCs derived from middle-aged
mice compared to those cells from young mice. The western blot analysis revealed decreased
SIRT1 protein expression in freshly isolated HSCs (day 0) from middle-aged mice than those
from young mice (upper panel in Fig. 7C). In addition, protein levels of SIRT1 were
downregulated in activated HSCs (day 5) than those in freshly isolated HSCs (day 0) (lower
panel in Fig. 7C).

Next, we determined whether the restoration of SIRT1 protein expression via the Ad-SIRT1
treatment prevented HSC activation in vitro. Our results showed that hepatic expression of
fibrosis related genes including a-Sma, Pdgfr-¢, Collal, and Timp-1 were lowered in Ad-
SIRT1-infected HSCs than those in Ad-GFP-infected HSCs, (Fig. 7D). Decreased protein levels
of a-SMA and PDGFR-a were also evident in the Ad-SIRT1 infected HSCs (Fig. 7E).

In addition, we examined the effects of endogenous SIRT1 on HSC activation in vitro. The
SIRT1 gene deletion in HSCs was achieved via the infection of SIRT1""HSCs with Ad-CRE.
As illustrated in Fig. 7F, SIRT1 expression was diminished in Ad-CRE-treated SIRT1 1 HSCs,
confirming that SIRT1 protein was efficiently deleted. Hepatic expressions of several fibrosis
related genes were increased in Ad-CRE-infected SIRT1""HSCs compared to those in Ad-GFP
infected HSCs (Fig. 7G), indicating that overexpression of SIRT1 attenuates HSC activation.

To further examine the mechanism by which SIRT1 inhibits HSC activation, we examined the
expression of c-Myc that is known as an important onco-protein to promote HSC activation [32].
As illustrated in Fig. 7H, overexpression of SIRT1 via the incubation with Ad-SIRT1 markedly

downregulated expression of c-Myc in cultured HSCs.

HSC-specific SIRT1 knockout (LratCre*SIRTT"”") mice are more susceptible to long-term

chronic-plus-multiple binges ethanol-induced liver fibrosis
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To examine the role of HSC-specific SIRT1 in liver fibrogenesis in vivo, we generated HSC
specific HSC knockout (LratCre*SIRT1") mice. As illustrated in Fig. 8A, Sirius Red staining
revealed that LratCre*SIRT1”" mice had greater degree of fibrosis than the control (LratCre
SIRT1") mice after E10d+1B ethanol feeding. Serum levels of ALT and the total number of
peripheral neutrophils in the blood were comparable between ethanol-fed LratCre*SIRT1" and
WT mice (Fig. 8B). Hepatic expressions of several fibrosis related genes including o-Sma,
Pdgfr, Col5al were higher in ethanol-fed LratCre*SIRT 1" mice than those in-ethanol-fed WT
mice, (Fig. 8C). While hepatic expressions of Timpl, Collal and Col3al had a trend that
showed an increase level in ethanol-fed LratCre*SIRT1" mice compared to ethanol-fed WT

mice, but with no statistical differences (Fig. 8C).
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DISCUSSION

Previous studies have identified several mechanisms underlying the increased susceptibility of
aged rats to ethanol-induced liver injury as described in the introduction. In this current paper we
used a, a mouse model of chronic-plus-binge ethanol feeding. We demonstrated that
downregulation of SIRT1 in hepatocytes and HSCs contributes to the increased susceptibility of
middle-aged mice to chronic-plus-binge ethanol-induced liver injury, and that SIRT1 attenuates
HSC activation via the downregulation of PDGFa and c-Myec. In contrast, NKT cells did not
contribute to the increased sensitivity of middle-aged mice to ethanol-induced liver injury. We
have integrated all of these findings in a model that depict potential mechanisms underlying the

role of SIRT1 in alcohol and aging-induced liver injury (Supporting Fig.'5).

It is known that iINKT cells are enriched in liver lymphocytes, which play an important role in
host defenses against tumor transformation and pathogen infection [28, 33]. NKT cells are also
involved in the pathogenesis of liver injury, inflammation and fibrosis [28, 33]. Recent studies
from several laboratories including ours, demonstrated that iNKT cells were activated after
undergoing chronic-plus binge ethanol feeding, which contributed to hepatic neutrophil
recruitment and liver injury [25, 28, 29]. Moreover, a previous study reported that aged mice are
more susceptible to the NKT activator o-Galcer-induced liver injury with a peak serum ALT
levels of 5000 IU/L [30]. However, we were unable to reproduce these findings, and our results
showed that middle-aged and aged mice had slightly increased liver injury after o-Galcer
injection with peak serum ALT levels of 500 IU/L compared to young mice. The reasons for this
discrepancy are not clear, but it may be related to different environment and gut microbiota that
are known to affect NKT cell development [34]. Moreover, the number and activation of hepatic
NKT cells were comparable in ethanol-fed middle-aged and young mice. Collectively, our
findings suggest that NKT cells do not contribute to the increased susceptibility to chronic-plus-

binge ethanol-induced liver injury and inflammation.

Previous studies have well documented that hepatocyte SIRT1 plays a critical role in protecting
against alcoholic liver injury via the activation of several signaling pathways [19, 20]. Here, our
results demonstrated that hepatic SIRT1 protein expression was downregulated in middle-aged

mice when compared to that in young mice, and that restoration of SIRT1 protein expression in
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the liver ameliorated chronic-plus-binge ethanol-induced liver injury in middle-aged mice. These
results suggest that the downregulation of SIRT1 contributes to the amplified susceptibility of

middle-aged mice to ethanol-induced liver injury.

In addition to decreased SIRT1 protein expression in aged liver, SIRT1 activity is  also
downregulated via several mechanisms. First, SIRT1 is an NAD+ dependent protein deacetylase,
and aging is known to decrease the NAD+ availability from various metabolic pathways
including alcohol oxidation [13], causing a decrease in SIRT1 activity in aged liver.” Second, a
recent study reported that menin, a protein is encoded by multiple endocrine neoplasia 1 (Menl)
gene, recruits SIRT1 to inhibit hepatic CD36 expression and triglyceride accumulation via
histone deacetylation [35]. Expression of menin is downregulated in the liver from aged mice,

which could reduce SIRT1 activity in aged liver [35].

Downregulation of SIRT1 protein expression is seen in various organs including the liver during
aging [36]. However, the underlying mechanisms still remain unclear. A variety of factors have
been shown to regulate SIRT1 expression at both transcriptional and posttranslational levels,
including hypoxia, nutrient deprivation, DNA damage, C/EBPB-HDACI, and oxidative stress
[36, 37]. Many of these factors likely contribute to the downregulated SIRT1 protein expression
in aged liver. For example, in the present study, we found that hepatic oxidative stress was
greater in chronic-plus-binge ethanol-fed middle-aged mice than in young mice. Moreover,
treatment of hepatocytes with oxidative stress inducers markedly downregulated SIRT1 protein
expression (data not shown). Thus, the increased oxidative stress in middle-aged mice likely
contributes to the downregulation of SIRT1 protein expression in the liver. However, further
studies are required to identify the mechanisms underlying oxidative stress-mediated
downregulation of SIRTI in hepatocytes. In addition, ethanol feeding also downregulated
hepatic SIRT1 protein expression, which is at least in part due to severe disruption of carotenoid
metabolism and subsequent reduction of its metabolite lycopenic acid, a factor known to increase

hepatic SIRT1 expression and ameliorate fatty liver in mice [38].

Another interesting finding from the current study was that middle-aged mice were more
susceptible to long-term chronic-plus-multiple binges-induced liver fibrosis. This increased
susceptibility was partly because ethanol metabolism and age synergistically enhances the redox

potential, liver injury, and inflammation, and subsequently increase HSC activation [13-16]. In
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addition, because deletion of the SIRT1 gene in hepatocytes exacerbated alcoholic liver fibrosis
[20], the downregulation of hepatic SIRT1 protein expression in aged mice is likely an important
mechanism that is responsible for enhancing alcoholic liver fibrosis in these aged mice.
Moreover, our studies identified a novel mechanism that may contribute to the exacerbated
alcoholic liver fibrosis in aged mice. First, SIRT1 protein expression is downregulated in HSCs
from aged liver. Second, restoration of SIRT1 protein expression attenuated aged HSC activation
in vitro. Third, deletion of the SIRT1 gene accelerated the activation of HSCs isolated from
young mice when they were cultured in cell culture plates. This is in agreement with a previous
study showing that knockdown of SIRT1 using siRNA enhanced HSC activation in vitro [39].
Finally, HSC-specific SIRT1 knockout mice were more susceptible to chronic-plus-binge
ethanol-induced liver fibrosis. Collectively, our findings suggest that SIRT1 reduces liver
fibrosis. Furthermore, we identified two novel mechanisms by which SIRT1 attenuates HSC
activation. First, expression of PDGFR-a in cultured HSCs is inhibited by overexpression of
SIRT1 and upregulated by knockdown of SIRT1. Since PDGFR-a is one of the most important
factors that promotes HSC activation via the augmentation of TGF-3 signaling, HSC survival
and proliferation [40, 41], inhibition of PDGFR-a is probably an important mechanism by which
SIRT1 attenuates HSC activation and liver fibrosis. Second, c-Myc is known to promote HSC
activation and proliferation [32]. Our data showed that overexpression of SIRTI1 markedly
decreased expression of c-Myc in cultured HSCs, suggesting that SIRT1 inhibits HSC activation

via the downregulation of c-Myc.
In summary, aging exacerbates alcoholic liver injury and fibrosis via the downregulation of

SIRT1 in hepatocytes and HSCs. Activation of SIRT1 may be a potential therapeutic strategy for
the treatment of ALD in elderly patients.
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FIGURE LEGENDS

Fig. 1: Aging exacerbates short-term chronic-plus-one binge ethanol-induced (E10d+1B)
liver injury and inflammation. Young (8-12 W) and middle-aged (12-14 M) mice were pair-
fed or E10d+1B fed. (A) Serum ALT, AST and triglycerides levels are shown. (B)
Representative images of H&E and Oil Red O staining (magnification of 200x). (C)
Quantification of TUNEL positive cells. (D) Quantitative real-time PCR analysis-of Ly6g and
F4/80. Values represent means = SEM (n= 4-12). *P<0.5, **P<0.01.

Fig. 2: Aging exacerbates long-term plus-multiple binges-induced (E8w+nB) liver injury
but attenuates liver regeneration. Young and middle-aged mice were pair-fed or ethanol-fed
with Lieber-DeCarli liquid diets for 8 weeks, plus two binges of ethanol weekly during 8-week
chronic feeding. Mice were sacrificed 9h post the last binge. (A) Serum ALT, AST and
percentage of liver to body weight [LW/BW] ratio in pair-fed and EtOH-fed mice. (B)
Representative H&E staining are shown and hepatic triglyceride levels were measured. (C)
Immunohistochemistry images and quantification of positive TUNEL staining shown by the red
arrows (200x). (D) Brdu was injected 2h before collecting the liver tissues. BrdU incorporation
was analyzed by immunohistochemistry, representative positive staining images are shown by
the red arrows (100x) and quantification. Values represent means = SEM (n= 5-10). *P< 0.05,
*#P<0.01.

Fig. 3: Aging exacerbates chronic-plus-binge-induced oxidative stress. (A) Young and
middle-aged mice were treated with chronic (8wks)-plus-multiple binges as described in Fig. 2.
Hepatic levels of HNE adducts and protein nitration were measured by using an ELISA kit. (B)
Young and middle-aged mice were treated with chronic (10d)-plus-one binge as described in Fig.
1. Immunohistochemistry for 4-HNE was performed, magnification at 200x. Values represent

means * SEM (n=5). *P< 0.05, **P<0.01.

Fig. 4: Increased ethanol-induced liver injury in middle-aged mice is not due to the
alternation of NKT cells. (A, B) Young and middle-aged mice were subjected to E10d+1B
feeding. Liver lymphocytes were isolated and used for flow cytometry analysis of NKT number

and percentage (A) and flow cytometry analysis of CD69 expression level in young and middle-
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aged mice (B). (C) Serum ALT levels after a-Galcer i.v. injection at 9 hrs and 24 hrs. Values
represent means * SEM (n=3-6). *P<0.05, **P<0.01.

Fig. 5: Aging exacerbates long-term (8wks)-plus-multiple binges-induced liver fibrosis.
Young and middle-aged mice were treated with chronic (8wks)-plus-multiple binges as
described in Fig. 2. (A) Representative images of Sirius Red staining at a magnification of 200x.
Sirius Red positive area was quantified. (B) Western blot analysis of hepatic expression levels of
a-SMA. (C) Quantitative real-time PCR analysis of fibrosis related genes. Values represent

means + SEM (n= 4-8). *P< 0.05, **P<0.01.

Fig. 6: Down-regulation of SIRT1 contributes to the enhanced alcohol induced liver injury
and fibrosis in middle-aged mice. (A) Young and middle-aged mice were treated with chronic
(10d)-plus-one binge as described in Fig. 1. Western blot analysis of hepatic SIRT1 protein
levels and quantification graph. (B, C, D) Middle-aged mice were injected with either control
adenovirus-GFP or adenovirus-SIRT1, followed by chronic (10d)-plus-one binge feeding.
Representative images of H&E and Sirius Red staining of livers (Panel B). Serum ALT and total
blood neutrophils were measured (Panel C). Quantitative real-time PCR analysis of fibrosis
related genes in liver tissues (Panel D). Values represent means + SEM (n= 4-6). *P< 0.05,
*#P<0.01.

Fig. 7: Effects of SIRT1 on HSC activation in vitro. (A-C) HSCs were isolated from non-
treated young and middle-aged mice (without ethanol feeding), and cultured in vitro.
Representative morphological images of cultured primary HSCs captured by using a phase
contrast microscope of cultured primary HSCs (Panel A). Quantitative real-time PCR analysis of
fibrosis related genes (Panel B). Western blot analysis of SIRT1 proteins (Panel C) (DO: freshly
isolated HSCs; D5: 5-day cultured HSCs). (D and E) HSCs were isolated from middle-aged mice
and infected with adenovirus-GFP (Ad-GFP) or adenovirus-SIRT1 for 5 days. Quantitative real-
time PCR analysis of fibrosis related genes (Panel D), and Western blot analysis (Panel E). (F)
HSCs were isolated from non-treated SIRT1%¥1% mice, and infected with Ad-GFP or Ad-CRE,
and cultured for 5 days. (F) Western blot analysis confirms SIRT1 deletion in Ad-Cre*SIRT1"
HSCs. (G) Quantitative real-time PCR analysis of fibrosis related genes. (H) HSCs from non-

treated WT mice were infected with adenovirus-SIRT1 or adenovirus-GFP control for 3 days.
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Protein extracts were prepared and used for western blotting analysis, using c-Myc protein.

Values represent means + SEM (n= 4-6). *P< 0.05, **P<0.01

Fig. 8: HSC-specific SIRT1 KO mice are more susceptible to long-term-plus-multiple
binges (E8w+nB) alcohol feeding-induced liver fibrosis. Eight-week old WT (LratCre
SIRT1™") and HSC-specific SIRT1 KO (LratCre'SIRT1"") mice were subjected to long-term
(8wks)-plus-multiple binges of ethanol feeding. (A) Representative images of H&E and Sirius
Red staining of livers, magnification 100x. (B) ALT levels and total blood neutrophils were
measured in WT and SIRT1 KO mice. (C) Quantitative real-time PCR analysis of fibrosis related
genes. Values represent means + SEM (n= 6-8). *P< 0.05, **P<0.01
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