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Summary

Obesity is a serious medical problem worldwide and disruption of metabolic/energy homeostasis
plays a pivotal role in this global epidemic. In obese people, fatty liver (steatosis) develops, which
increases the risk for diabetes, cardiovascular disease, and even, liver cancer. Sirtuin 1 (SIRT1) is a
NAD*-dependent deacetylase that functions as a key metabolic/energy sensor and mediates
homeostatic responses to nutrient availability. Accumulating evidence indicates that SIRT1 is a
master regulator of the transcriptional networks that control hepatic lipid metabolism. During
energy-deprived conditions, SIRT1 deacetylates and alters the expression and activities of key
transcriptional regulators involved in hepatic lipogenesis, fatty acid p-oxidation, and cholesterol/
bile acid metabolism. This review will discuss the latest advances in this field, focusing on
beneficial roles of SIRT1 in hepatic lipid metabolism including its potential as a therapeutic target
for treatment of steatosis and other obesity-related metabolic diseases.
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[. Introduction

Obesity is a serious medical problem worldwide and dysregulation of metabolic pathways,
caused by imbalances in energy metabolism, plays a pivotal role in this global epidemic
(Grundy, et al. 2004; Russell and Proctor. 2006). In nearly 80% of obese individuals, fatty
liver (hepatic steatosis) develops, which substantially increases the risk for type 2 diabetes,
cardiovascular disease, and even, liver cancer (Stefan, et al. 2008; Cohen, et al. 2011).
Despite its clinical importance, what causes hepatic steatosis and possible therapeutic
options to treat steatosis remain poorly understood.

The liver is the chief organ that is responsible for maintaining lipid and glucose levels in the
body. In response to nutritional and hormonal signals, the liver controls lipid and
carbohydrate metabolic pathways to maintain homeostasis. A growing body of evidence
indicates that SIRT1 is a master regulator of hepatic lipid (fatty acid, triglyceride,
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cholesterol, bile acid) metabolism. SIRT1 is a NAD*-dependent deacetylase that links
cellular energy and metabolic status to transcriptional outcomes to meet energy deficits
under energy-deprived conditions, such as fasting or exercise (Guarente. 2007; Canto and
Auwerx. 2009; Chalkiadaki and Guarente. 2012; Houtkooper, et al. 2012). SIRT1 regulates
transcriptional programs of hepatic metabolism by deacetylating transcriptional regulatory
proteins, as well as, histones at its metabolic target genes (Chalkiadaki and Guarente. 2012;
Houtkooper, et al. 2012). In this review, we will provide an update of the latest advances in
the SIRT1 field, with a focus on the role of SIRT1 in hepatic lipid metabolism. We will
discuss how the expression and activity of hepatic SIRT1 are regulated under normal
physiological conditions and how they are dysregulated in fatty liver in obesity. We will also
discuss how SIRT1 modulates transcriptional regulators involved in hepatic lipid metabolism
and further discuss the underlying mechanisms by which SIRT1 regulates their expression
levels and activities by protein deacetylation. Finally, we will discuss the therapeutic
potential of SIRT1 as a novel target for treating hepatic steatosis and other obesity-related
disease, such as type 2 diabetes, cardiovascular disease, and certain cancers.

[I. SIRT1 as a master regulator of metabolism

A. SIRT1 as a link between metabolic/energy status and transcriptional outcomes

In mammals, there are seven sirtuin proteins (SIRT1-7) (Guarente. 2007; Yamamoto, et al.
2007). They are ubiquitously expressed and share a common catalytic core domain but also
have distinct features in their subcellular localization, enzymatic activities, and target
proteins. Of the sirtuins, SIRT1 is the best-characterized protein. SIRT1 is a mammalian
ortholog of the yeast silent information regulator 2 (sir2) (Klar, et al. 1979; Sinclair and
Guarente. 1997). Yeast sir2 was originally discovered as one of several genes that encode
transcriptional regulators that silence gene expression and was shown to be a longevity
protein that increased life span (Gottlieb and Esposito. 1989; Sinclair and Guarente. 1997).
SIRT1 was then shown to be a NAD*-dependent enzyme that catalyzes deacetylation of
histones (Imai, et al. 2000). Intensive studies during the last decade have demonstrated that
SIRT1 also deacetylates a wide range of non-histone regulatory proteins including
transcriptional nuclear receptors involved in diverse biological pathways, such as
metabolism, stress response, and possibly the aging process (Finkel. 2003; Sinclair, et al.
2006; Canto and Auwerx. 2009). Well-known transcriptional regulators involved in the
cellular stress response and metabolism that are modulated by SIRT1-mediated
deacetylation include p53, FOXOs, PGC-1a, NF-kB, CRTC2, LXRs, FXR, and SREBPs.

NAD*-dependent SIRT1 activity is particularly important in the regulation of metabolic/
energy homeostasis because it can sense nutrient availability and connect cellular energy/
metabolic status to transcriptional outcomes. A large body of evidence indicates that cellular
NAD™ levels in mammalian tissues are increased in response to metabolic stress conditions,
such as fasting, calorie restriction, and vigorous exercise, which leads to increased SIRT1
deacetylase activity (Guarente. 2007; Chalkiadaki and Guarente. 2012; Houtkooper, et al.
2012). Further, recent studies demonstrated that NAD* levels also fluctuate in response to
circadian rhythm and that the clock genes are regulated by SIRT1. In addition to SIRT1,
AMP-activated kinase (AMPK) is another major cellular energy sensor that maintains
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metabolic/energy homeostasis in the body (Kahn, et al. 2005). AMPK activator agonists like
AICAR were shown to increase NAD™ levels and activate the SIRT1activity (Canto, et al.
2009). All these studies demonstrate that SIRT1 senses changes in cellular NAD* levels that
reflect intracellular energy levels and adjusts energy outputs by protein deacetylation, which
modulates levels and activities of transcriptional metabolic regulators and alters usually, but
not always, transcriptional programs of cellular metabolic pathways.

B. Regulation of SIRT1 in physiology and disease

Fluctuating nutrient and hormonal signals during fasting and feeding cycles dynamically
regulate the expression of SIRT1 (Fig. 1A). Recent studies have shown that cCAMP-
responsive element binding protein (CREB) positively activates SIRT1 gene transcription
during fasting, while carbohydrate response element binding protein (ChREBP) negatively
regulates SIRT1 expression after feeding (Chalkiadaki and Guarente. 2011; Noriega, et al.
2011). After short-term fasting (5-6 h in mice), increased glucagon levels lead to the
dephosphorylation of CREB-regulated transcriptional coactivator 2 (CRTC2), which results
in transport of CRTC2 into the nucleus (Liu, et al. 2008). The CREB/CRTC2 transcriptional
complex then activates transcription of the SIRT1 gene as well as gluconeogenic genes.
Under more prolonged fasting conditions (at least 12 h-18 h in mice), SIRT1 deacetylates
CRTC2, which results in its ubiquitination and proteasomal degradation (Noriega, et al.
2011). Furthermore after prolonged fasting, SIRT1 deacetylates key regulators of
gluconeogenesis and fatty acid p-oxidation, PGC-1a and Foxo-1, thus, increasing their
transcriptional activities (Brunet, et al. 2004; Rodgers, et al. 2005). These coordinated
transcriptional events lead to fatty acid f-oxidation and continued gluconeogenesis to meet
energy demands during prolonged fasting. Conversely, under feeding conditions, the
expression of SIRT1 is transiently decreased by ChREBP, a transcriptional factor that
couples hepatic glucose utilization and lipid synthesis (Uyeda and Repa. 2006). ChREBP is
transported into the nucleus and binds to a site in the SIRT1 promoter that overlaps the
CREB binding site resulting in repression of SIRT1 gene transcription (Noriega, et al. 2011).

Recent studies have suggested that the expression levels and deacetylase activity of SIRT1
are constitutively decreased under pathological conditions, such as in fatty livers of obese
mice (Fig. 1B) and that small non-coding microRNAs (miRs) play a key role in this
abnormal regulation (Coste, et al. 2008; Lee, et al. 2010). MiRs have been recently
demonstrated as important cellular regulators that function as negative gene regulators by
directly binding to the 3’untranslated region (3’ UTR) of target genes (Bartel. 2004; Neilson
and Sharp. 2008). Consistent with their critical biological functions, miRs are aberrantly
expressed in human diseases (Esau, et al. 2006; Cheung, et al. 2008; Cermelli, et al. 2011).
MiR-34a is the most highly elevated hepatic miR in fatty liver disease patients and obese
mice (Cheung, et al. 2008; Lee, et al. 2010; Cermelli, et al. 2011; Trajkovski, et al. 2011). In
recent studies, our group has shown that SIRT1 expression is post-transcriptionally inhibited
by abnormally elevated levels of miR-34a in fatty livers of dietary or genetic obese mice
(Lee, et al. 2010). SIRT1 deacetylase activity was also shown be inhibited by decreased
levels of intracellular NAD™ levels in fatty liver of obese mice (Yoshino, et al. 2011). In
obesity, SIRT1 activity is also inhibited by an unusual protein interaction between SIRT1
and a negative regulator of SIRT1, DBC1. Metabolic stress induced by a high fat diet
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increases the interaction between SIRT1 and DBC1, resulting in decreased SIRT1
deacetylase activity (Escande, et al. 2010). Unlike normal physiological regulation of SIRT1,
transcriptional regulation of SIRT1 under pathological conditions has not been well-studied.
Further, it remains largely unknown whether aberrant post-translational modifications of
SIRT1 negatively regulate the expression levels and activities of SIRT1 under pathological
conditions.

C. Metabolic functions of SIRT1

The role of SIRT1 in cellular metabolism has been demonstrated in a number of studies
using small molecule SIRT1 activators or transgenic mice that are deficient for SIRT1
expression or that overexpress SIRT1. The small molecule compounds activating SIRT1
include resveratrol, a polyphenolic compound abundant in red-grape skin, and synthetic
compounds, such as SRT1720 (Baur, et al. 2006; Lagouge, et al. 2006; Feige, et al. 2008). In
vivo animal studies using these natural or synthetic compounds have revealed that activation
of SIRT1 ameliorates insulin resistance, increases mitochondrial content, improves
metabolic profiles, and increases survival in mice challenged with a high fat diet (Baur, et al.
2006; Lagouge, et al. 2006; Feige, et al. 2008). Remarkably, a recent human study has
shown that calorie restriction-like beneficial effects on energy metabolism and metabolic
profiles were observed in obese humans when treated with a resveratrol-supplemented diet
for 30 days (Timmers, et al. 2011).

In transgenic studies, SIRT1-overexpressing mice were resistant to body weight gain and
also, insulin resistance and glucose intolerance was ameliorated when these mice were fed a
high fat diet compared to wild-type control mice (Banks, et al. 2008; Rodgers and
Puigserver. 2007; Pfluger, et al. 2008). Consistent with these SIRT1 gain-of-function studies,
detrimental metabolic effects were observed in loss-of-function studies. In SIRT1 liver-
specific knockout (SIRT1 LKO) mice fed a high fat diet, fatty acid metabolism was altered
and the fat (triglyceride) was accumulated abnormally in the liver, resulting in hepatic
steatosis and elevated inflammatory responses (Purushotham, et al. 2009). Further, in SIRT1
LKO mice generated by a different group, mTorc2/Akt signaling was impaired, which led to
hyperglycemia, oxidative stress, and insulin resistance (Wang, et al. 2011).

All told, these recent studies demonstrate that SIRT1 is a master regulator of cellular
metabolism and mediates beneficial metabolic effects in various metabolic tissues. In the
following sections, we will discuss beneficial metabolic functions of SIRT1, with a focus on
hepatic lipid metabolism.

lll. Regulation of hepatic fat (triglyceride, TG) metabolism by SIRT1

A. Regulation of hepatic TG levels

The liver is the central organ in the body that ensures metabolic homeostasis. The liver
controls nearly all aspects of lipid (fatty acid and TG, cholesterol/bile acids) and
carbohydrate (glucose, glycogen) metabolic pathways. In these sections, we will focus on
the regulation of hepatic fatty acid and TG metabolic pathways in response to metabolic
signals. Hepatic fat (TG) metabolism largely involves the uptake, synthesis, storage, and
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utilization of fatty acids and TG in response to nutrient and hormonal metabolic signals
under fasting and feeding conditions (Cohen, et al. 2011). During fasting, the liver converts
TG into usable energy through the process of fatty acid f-oxidation to meet energy deficits.
Conversely, under feeding conditions, lipid metabolic programs in the liver are reversed in
order to store extra energy in the form of lipid TG droplets. Under normal physiological
conditions, these processes are tightly controlled, but in disease states, such as non-alcoholic
fatty liver disease (NAFLD), regulation of these processes is impaired, resulting in an
imbalance between hepatic storage and removal of TG (fat) and abnormal accumulations of
fat in the liver. In NAFLD, hepatic insulin resistance, ER stress, and chronic inflammation
are increased (Meshkani and Adeli. 2009; Baker, et al. 2011), which substantially increases
the risk for type 2 diabetes, cardiovascular disease, and hepatobiliary liver diseases, such as
gallstones, steatohepatitis, cirrhosis, and liver cancer.

As shown in Figure 2, there are four major pathways controlling hepatic TG levels: 1) TG
Import through uptake of dietary TG, 2) TG synthesis (lipogenesis), 3) utilization of TG
through fatty acid p-oxidation, and 4) TG export through VLDL lipoproteins. First, after a
meal, dietary lipids taken up in the small intestine are packaged as TG-rich chylomicrons
and released into the systemic circulation. About 20% of chylomicrons are taken up by the
liver to provide a source of lipid for hepatic TG (Cohen, et al. 2011). Second, hepatic TG
levels are also increased by lipogenesis by conversion of fatty acids into TG. Two major
transcription factors, sterol response element binding protein-1c (SREBP-1c) and ChREBP,
are largely responsible for the activation of the hepatic lipogenic program of fatty acid
synthesis and subsequent TG production (Brown and Goldstein. 1997; Uyeda and Repa.
2006). Third, during prolonged fasting, TG levels are decreased by release of fatty acids
from TG followed by fatty acid f-oxidation in mitochondria that provides energy fuel
sources for the body, especially ketone bodies for brain. In addition, fatty acids produced by
[B-oxidation can also be re-esterified and converted back to TG in the liver, which partially
restores hepatic TG levels. Fourth, hepatic TG levels are decreased by export into the blood
as the very low density lipoprotein (VLDL) lipoprotein particle. Human subjects with a
heterozygous mutation in the gene encoding apolipoprotein B (Apo B), a structural protein
of VLDL, showed 3-fold increase in hepatic TG levels compared to normal individuals
(Tanoli, et al. 2004).

Recent studies have shown that SIRT1 decreases hepatic TG levels by inhibiting lipogenesis
and stimulating fatty acid -oxidation (Purushotham, et al. 2009; Ponugoti, et al. 2010;
Walker, et al. 2010). SIRT1 inhibits hepatic fatty acid and TG synthesis by targeting
SREBP-1c and stimulates B-oxidation by targeting PPARa and its coactivator, PGC-1a,
which will be discussed further in the following sections.

B. Inhibition of hepatic lipogenesis by SIRT1

Recent studies from our group and A. Narr and his colleagues have shown that SIRT1
inhibits hepatic lipogenesis by deacetylation of SREBP-1c, a key lipogenic activator, during
fasting (Ponugoti, et al. 2010; Walker, et al. 2010). SREBPs are DNA binding transcription
factors that are critically involved in the regulation of cellular lipid and cholesterol levels
(Brown and Goldstein. 1997). There are three isoforms of SREBPs (SREBP-1c, -1a, and 2)
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encoded by two genes (Horton. 2002). SREBP-1a and -1c are synthesized from the same
gene and SREBP-2 from a separate gene. SREBP-1c is more abundantly expressed in adult
liver, whereas SREBP-1a is the predominant isoform in cultured hepatic cells. SREBP-1a
and -1c regulate fatty acid and TG synthesis and SREBP-2 is a critical regulator of
cholesterol synthesis (Shimano, et al. 1997; Horton, et al. 1998). In response to increased
insulin levels in the fed state, SREBP-1c binds to and activates its lipogenic target genes,
such as fatty acid synthase, acetyl coA carboxylase, stearyl coA desaturase, and also its own
gene, SREBP-1c, which results in increased fatty acid synthesis (Repa, et al. 2000; Chen, et
al. 2004). In contrast, SREBP-2 is not transcriptionally regulated upon feeding (Shimano, et
al. 1997; Horton, et al. 1998).

Recent studies independently carried out by two groups, including us, support the
conclusion that SIRT1 deacetylates and thus, downregulates hepatic SREBP-1c lipogenic
activity during fasting (Fig. 3) (Ponugoti, et al. 2010; Walker, et al. 2010). Biochemical
proteomic analysis along with mechanistic studies have revealed that SREBP-1c is
acetylated by p300 and deacetylated by SIRT1 at Lys-289 and Lys-309 and that
deacetylation of SREBP-1c by SIRT1 downregulates SREBP-1c transcriptional activity by
promoting ubiquitination and possibly, proteasomal degradation (Ponugoti, et al. 2010;
Walker, et al. 2010). Consistently, treatment with small molecule activators of SIRT1
decreased nuclear SREBP-1c levels, whereas SIRT1 inhibitors increased the levels (Walker,
et al. 2010). Further, deacetylation by SIRT1 inhibited binding of SREBP-1c to its target
lipogenic genes. Remarkably, while SREBP-1c acetylation levels were dynamically
regulated in response to fasting and feeding under normal physiological conditions,
SREBP-1c acetylation levels were constitutively elevated in fatty livers of obese mice
(Ponugoti, et al. 2010). Consistent with the role of SIRT1 in downregulating SREBP-1c,
adenoviral-mediated hepatic overexpression of SIRT1 or treatment with resveratrol daily for
1 week decreased SREBP-1c acetylation levels in these mice with hepatic gene expression
profiles consistent with beneficial metabolic effects (Ponugoti, et al. 2010).

In addition to SREBP-1c, ChREBP is also an important lipogenic activator (Fig. 3).
ChREBRP is a transcription factor that couples hepatic glucose utilization and fatty acid and
TG synthesis and is translocated into the nucleus when glucose and fatty acid levels are
elevated during feeding (Uyeda and Repa. 2006). Increased ChREBP expression was
observed in SIRT1 LKO mice and further, hepatic steatosis was evident even under normal
feeding conditions (Wang, et al. 2010). However, it is not known whether the expression of
ChREBP-1c is a direct SIRT1 target for deacetylation or is indirectly regulated by SIRT1.

The nuclear bile acid receptor, Farnesoid X receptor (FXR), is also a direct target of SIRT1
in the regulation of hepatic lipid metabolism (Kemper, et al. 2009; Kemper. 2011). FXR is
the primary biosensor for bile acids and plays a central role in maintaining bile acid
homeostasis (Lee, et al. 2006; Lefebvre, et al. 2009). In addition to controlling bile acid
levels, FXR also indirectly regulates transcription of genes involved in TG synthesis and
clearance, leading to decreased hepatic TG levels (Watanabe, et al. 2004; Zhang, et al.
2004). In recent studies, our group has shown that FXR acetylation levels were dynamically
regulated during fasting and feeding in normal mice, but constitutively elevated in fatty liver
of obese mice (Fig. 3) (Kemper, et al. 2009). SIRT1 deacetylates FXR during fasting and
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enhances FXR transactivation potential by increasing occupancy of FXR/RXRa
heterodimers at their target genes. Notably, downregulation of hepatic SIRT1 increases FXR
acetylation levels, resulting in gene expression patterns expected to be detrimental, including
increased expression of the lipogenic SREBP-1c and FAS genes. Further, treatment of obese
mice with resveratrol daily for 1 week substantially decreased FXR acetylation levels and
beneficial metabolic effects (Kemper, et al. 2009). These findings indicate an intriguing
functional link between elevated FXR acetylation levels and decreased hepatic SIRT1
activity with deleterious effects, further providing evidence that SIRT1 is a potential
therapeutic target for treating metabolic disease.

C. Stimulation of hepatic fatty acid p-oxidation by SIRT1

Fatty acid p-oxidation is a major means of TG utilization in liver under energy-limited
conditions, and the transcriptional regulators, PPARa and PGC-1a, play key roles in this
process (Evans, et al. 2004; Rodgers, et al. 2008). While SIRT1 increases transcriptional
activity of the coactivator PGC-1a by deacetylation, it is not known whether PPARa is also
a direct target of SIRT1 deacetylation during fasting (Fig. 3). Studies utilizing liver-specific
SIRT1 LKO mice or adenoviral-mediated liver-specific acute downregulation of SIRT1 in
mice have shown that SIRT1 stimulates f-oxidation and decreases hepatic TG levels in
response to fasting (Purushotham, et al. 2009). Acute downregulation of hepatic SIRT1 by
adenoviral ShRNA resulted in reduced expression of 3-oxidation genes in livers of fasted
mice. Consistent with these findings, a recent SIRT1 LKO mouse study showed that hepatic
deletion of SIRT1 results in impaired PPARa signaling and decreased expression of genes
involved in B-oxidation, whereas overexpression of SIRT1 leads to increased PPARa
transcriptional signaling. Further, SIRT1 LKO mice were more susceptible to high fat diet-
induced gain weight and hepatic steatosis (Purushotham, et al. 2009).

However, contradictory results were observed in another study using similarly generated
SIRT1 LKO mice. In these SIRT1 LKO mice, a reduction in weight gain and reduced liver
TG accumulation were observed when the mice were fed a high fat diet (Chen, et al. 2008).
Because these mice are the same mouse strain CVV57BL and similarly generated, the
differences in dietary composition (different carbohydrate and cholesterol levels in the high
fat diet) and/or the ages of the mice may account for the discrepancies in these two studies.

IV. Regulation of hepatic cholesterol and bile acid metabolism by SIRT1

The liver is the chief metabolic organ that maintains whole body cholesterol and bile acid
homeostasis. Cholesterol and bile acids are steroid molecules that play essential roles in
biological functions. Cholesterol serves as a component of the cell membrane and also is a
precursor for biosynthesis of steroid hormones, lipid-soluble vitamins, and bile acids
(Russell and Setchell. 1992; Russell. 2003). Bile acids are detergent-like amphipathic
molecules that facilitate digestion of lipid-soluble nutrients. In addition to this traditional
role, bile acids have been recently recognized as key signaling molecules that control
integrative metabolism and energy balance in the body (Chiang. 2009; Hylemon, et al.
2009). Consistent with their critical functions in the body, excesses of cholesterol and bile
acids lead to human diseases, such as cardiovascular disease, hepatobiliary disease, and
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liver/colon cancer. Therefore, the levels of cholesterol and bile acids are tightly regulated
under normal physiological conditions. Liver plays the key role in accomplishing these
important functions because first, cholesterol conversion to bile acids exclusively occurs in
the liver and second, this process is the major route for elimination of cholesterol from the
body because a minor fraction (about 5 %) of cholesterol (as bile acids) is excreted daily
through feces (Russell. 1999; Chiang. 2009). In this section, we will discuss how SIRT1
mediates beneficial metabolic effects to maintain cholesterol and bile acid homeostasis by
modulating key regulators of hepatic cholesterol and bile acid metabolism.

A. The role of SIRT1 in hepatic cholesterol metabolism

SIRT1 plays a beneficial metabolic role in cholesterol metabolism by deacetylating and thus,
increasing the activity of the oxysterol receptors, liver X receptors (LXRs). LXRs (LXRa
and LXRp) are nuclear receptors that function as sterol sensors and are key regulators of
body lipid homeostasis (Tontonoz and Mangelsdorf. 2003; Kalaany and Mangelsdorf. 2006).
LXRs promote reverse hepatic cholesterol transport by promoting efflux of HDL
cholesterol-containing lipoproteins from peripheral tissues and uptake in the liver, where
lipoproteins can be degraded and the released cholesterol can then be removed from the
body through its conversion into bile acids (Tontonoz and Mangelsdorf. 2003). Therefore,
this LXR-mediated reverse cholesterol transport prevents the formation of foam cells in
arterial walls, which reduces atherosclerosis and the incidence of cardiovascular diseases.

Recently, Li et al. have shown that LXRs are acetylated at Lys-432 in LXRa and Lys-433 in
LXRp adjacent to the ligand-regulated activation function 2 (AF2) domain of the receptor
(Li, et al. 2007). Upon activation by ligands, LXRs interact with SIRT1, which promotes
deacetylation and consequently ubiquitination/degradation of LXRs. Mutation of Lys-432
eliminates transcriptional activation of LXRs mediated by the SIRT1 demonstrating that
deacetylation of LXRs by SIRT1 is important for their activity. Further, in SIRT1 KO mice,
decreased expression of LXR downstream target genes involved in cholesterol metabolism
including the ATP binding cassette transporter, impaired cholesterol homeostasis, and
hepatic cholesterol accumulation were observed. The role of SIRT1 in cholesterol
metabolism was also shown by other studies in which adenoviral-mediated acute hepatic
down regulation of SIRT1 reduced expression of CYP7AL, the rate-limiting hepatic enzyme
for bile acid biosynthesis from cholesterol (Rodgers and Puigserver. 2007). These results are
consistent with the abnormal cholesterol accumulation in the liver observed in the SIRT1
LKO mice describe above (Li, et al. 2007).

There is a major puzzling issue in the activation of LXRs by SIRT1 deacetylation. In
addition to reversed cholesterol transport, LXRs also promote hepatic lipogenesis by
activating the transcriptional program of fatty acid synthesis, especially by increasing
transcription of SREBP-1c, a key lipogenic activator (Repa, et al. 2000). SIRT1-mediated
deacetylation of LXRs, therefore, can lead to both beneficial (promoting reverse cholesterol
transport) and deleterious (promoting hepatic lipogenesis) effects in hepatic lipid
metabolism. However, SIRT1 deacetylates not only LXRs but also SREBP-1c (Walker, et al.
2010). Under fasting, SIRT1 deacetylates SREBP-1c and thus, reduces its transcriptional
activity. It is known that both LXRs and SREBP-1c contribute to transcriptional activation of
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the SREBP-1c gene (Yoshikawa, et al. 2001; Chen, et al. 2004) and therefore, abrogation of
SREBP-1c activity by SIRT1-mediated deacetylation may allow SIRT1 to show beneficial
effects on hepatic cholesterol metabolism. It will be important to elucidate precise molecular
mechanisms by which deacetylation of LXRs by SIRT1 selectively regulates hepatic
cholesterol and fatty acid metabolism in gene- and metabolic pathway-specific manners.

B. The role of SIRT1 in hepatic bile acid metabolism

SIRT1 also plays beneficial roles in maintaining cholesterol and bile acid homeostasis by
modulating hepatic FXR signaling. FXR belongs to the nuclear receptor superfamily and
functions as the primary biosensor for endogenous bile acids (Mangelsdorf and Evans. 1995;
Kalaany and Mangelsdorf. 2006). Upon activation by elevated hepatic bile acid levels, FXR
mediates transcriptional programs for every aspect of hepatic bile acid metabolism,
including biosynthesis from cholesterol, transport (import and export), and bile acid
metabolism (Lee, et al. 2006; Lefebvre, et al. 2009; Kemper. 2011). Since bile acids are
detergent-like molecules and toxic to hepatocytes, dysregulation resulting in excess bile
acids can cause hepatobiliary disease and liver cancer (Russell and Setchell. 1992; Lefebvre,
et al. 2009). FXR protects the liver from elevated toxic bile acid levels by mediating these
processes and SIRT1 directly targets hepatic FXR signaling in hepatocytes.

Recent studies from several laboratories including ours have shown that SIRT1 regulates
hepatic transcriptional programs of FXR signaling at multiple levels (Fig. 4). SIRT1 and
FXR can form interactive regulatory loops in the liver during fasting. First, SIRT1 increases
FXR gene transcription by upregulating the transcriptional complex, HNF-1a and PGC-1 a
(Purushotham, et al. 2012), although the underlying mechanisms remain unclear. Occupancy
of HNF-1a at the FXR gene was decreased in SIRT1 LKO mice, suggesting that SIRT1 may
increase HNF-1a DNA binding activity. Notably, SIRT1 LKO mice had deranged bile acid
metabolism including impaired transport of biliary bile acids and phospholipids, which
predisposed the mice to the development of cholesterol gallstones when fed a lithogenic diet
containing high fat, cholesterol, and bile acid (Purushotham, et al. 2012). Second, SIRT1
deacetylates FXR and enhances its transactivation potential by increasing heterodimerization
with RXRa and binding to FXR target genes (Kemper, et al. 2009). Well-known direct FXR
target genes involved in hepatic lipid metabolism include small heterodimer partner (SHP), a
key negative regulator of bile acid synthesis, and hepatic bile acid export transporters, like
BSEP, as well as PLTP and Apo ClIlI, stimulators of TG clearance (Lee, et al. 2006; Lefebvre,
et al. 2009; Kemper. 2011). Notably, FXR acetylation levels are constitutively elevated in
fatty liver of obese mice, which results in abnormal transcriptional programs with
deleterious metabolic effects (Kemper, et al. 2009). Third, SIRT1 further activates
transcription of FXR target genes by deacetylating and increasing PGC-1a activity. It was
shown that PGC-1a enhances hepatic FXR activity during fasting by both increasing
transcription of FXR and also by acting as a coactivator of FXR (Zhang, et al. 2004). Fourth,
FXR, in turns, reciprocally increase the expression of SIRT1 by inhibiting miR-34a, which
directly binds to the 3’UTR of the SIRT1 mRNA (Yamakuchi, et al. 2008; Lee and Kemper.
2010; Lee, et al. 2010). These interactive regulatory loops are critical for maintaining bile
acid homeostasis and dysregulation of these networks can lead to metabolic abnormalities,
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resulting in hepatobiliary disease, such as gallstones, cholestasis, steatosis, and
hepatocellular carcinoma (liver cancer).

Combined, SIRT1 plays beneficial roles in maintaining cholesterol and bile acid levels by
assisting the key bile acid regulator FXR.

V. Conclusion and Future Perspectives

SIRT1 was originally discovered as a longevity protein in yeast and soon after, also
identified in multicellular organisms like C. elegans and drosophila (Kaeberlein, et al. 1999;
Tissenbaum and Guarente. 2001). Over a decade ago, SIRT1 was further identified as a
NAD*-dependent deacetylase that mediates mammalian metabolic responses to nutrient
availability (Imai, et al. 2000). Since then, SIRT1 has been intensively studied because of its
great potential for human health benefits. As discussed in this review, SIRT1 plays beneficial
roles in hepatic lipid metabolism by inhibiting hepatic lipogenesis, stimulating fatty acid -
oxidation, and maintaining cholesterol and bile acid levels. Whether or not SIRT1 is a life-
span extension protein in human has not yet been established, but, it is evident that SIRT1
mediates beneficial effects on mammalian physiology and, therefore, activation of SIRT1
should enhance the quality of life by affecting human health in many ways. Not surprisingly,
there have been a number of studies done to understand how SIRT1 levels and activity are
regulated at multiple levels: transcriptionally, post-transcriptionally through microRNAsS,
and post-translationally through its covalent modifications (Kwon and Ott. 2008;
Chalkiadaki and Guarente. 2011; Houtkooper, et al. 2012). Also, numerous studies have
been done to understand how the SIRT1 activity can be enhanced by small molecule
compounds, SIRT1-interacting regulatory proteins, and by increasing cellular NAD* levels
(Canto and Auwerx. 2012). All these SIRT1-based studies should be extremely valuable for
the development of therapeutic drugs for the treatment of age-related human diseases, such
as obesity-related steatosis discussed in this review, diabetes, cardiovascular disease,
neurodegenerative disease, and cancer.
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