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1. ABSTRACT

In lower organisms such as yeast, silent information regulator 2 (Sir2), a NAD-dependent
deacetylase, links the metabolic activity of yeast to its aging phenotype. Mammals have seven
Sir2 homologs, SIRT1-7, which have conserved NAD-dependent deacetylase and/or ADP-
ribosyltransferase activities. Although mammalian sirtuins have not been shown to regulate life
span, they affect various cellular processes including cell survival and metabolism. In this
project, we study SIRTS, a mitochondrial sirtuin previously shown to regulate carbamoyl
phosphate synthetase 1 (CPS1), the rate-limiting enzyme of the urea cycle, via reversible
acetylation. Our aim was to determine whether SIRTS5 regulates cholesterol metabolism. We
show that SIRTS KO mice on high cholesterol diet had lower levels of cholesterol and
triglycerides in their serum, but this phenotype did not repeat in a following trial. Also, we show
that expression levels of select genes in mitochondrial oxidative phosphorylation are upregulated
in the heart of SIRTS KO mice. Our findings highlight the importance for future studies in

uncovering new functions of SIRTS.



2. INTRODUCTION

2.1 Discovery of sirtuins

Aging is a regulated biological process. In yeast, aging has been partially attributed to the
formation and the accumulation of extrachromosomal rDNA circles (ERCs), which are produced
at the rDNA loci during recombination. ERCs show a strong bias at segregation during cell
division towards the mother cell, where they accumulate and exponentially increase in number
with each division. The toxic effect of ERCs comes from their large excess, which can lead to
interference of the transcriptional machinery. Short-lived yeast mutant strain sgs/ accumulate
ERCs more rapidly and undergo premature aging of the mother cells, characterized by shortened
replicative life span of about 40% as well as aging-induced phenotypes such as sterility, further
supporting the idea that ERCs are involved in the mechanism of yeast aging (Sinclair and
Guarente 1997; Sinclair et al. 1997).

The silent information regulator (Sir) proteins regulate ERC levels in yeast, and
mutations in Sir2/3/4 proteins lead to shortened life span, albeit by different mechanisms. Both
Sir3 and Sir4 mutants simultaneously express a and o mating-type information, which indirectly
leads to increased rDNA recombination and an increase in ERC levels. On the other hand,
mutation in Sir2 leads to direct failure to repress recombination, indicating that Sir2 protein is a
central component in regulation of yeast aging. Adding a second copy of the SIR2 gene extends
yeast replicative life span by 30% beyond wild type (WT), and loss of Sir2 leads to reduction of
life span by about 50% compared to WT (Kaeberlein et al. 1999).

Initially, the enzymatic activity of Sir2 protein was thought to be ADP-ribosylation that is
dependent on NAD'. Through its ADP-ribosyltransferase activity, Sir2 was thought to modify

histones or other factors that promote gene silencing (Tanny et al. 1999). Later, Sir2 was also



discovered to possess a NAD-dependent histone deacetylase activity (Landry et al. 2000). The
dependence of Sir2 protein on NAD", which reflects the metabolic activity of the cell, suggests a
novel link between metabolism and various physiologies related to aging.

Indeed, Sir2 influences longevity depending on metabolic cues. Calorie restriction (CR)
is a dietary regimen in which the calorie intake is reduced by between 20% and 40% of normal
intake without malnutrition (Bordone and Guarente 2005). CR increases life span in most model
organisms (Haigis and Guarente 2006), including in lower organisms such as yeast (Jiang et al.
2000), fruit flies (Mair et al. 2003), and nematodes (Lakowski and Hekimi 1998), as well as in
higher organisms such as rodents (Weindruch and Walford 1982). Most recently, a 20-year study
on rhesus monkeys showed that calorie restriction delays mortality and onset of age-related
diseases such as diabetes, cancer, cardiovascular disease, and brain atrophy (Colman et al. 2009).
Some studies suggest that Sir2 is required for CR-mediated life span extension in yeast (Lin et al.

2000), flies (Rogina and Helfand 2004), and worms (Wang and Tissenbaum 2006).

2.2 Mammalian sirtuins

The NAD-dependent deacetylase activity of Sir2 is conserved in its homologs from
bacterial to eukaryotic proteins (Smith et al. 2000). Mammals have seven homologs of Sir2
called sirtuins (SIRT1-7). SIRT1 is the gene most closely related to yeast Sir2 (Frye 1999),
while SIRTS is most closely related to the prokaryotic sirtuins (Frye 2000). However, all
mammalian sirtuins have a conserved core domain (Frye 2000).

Among the mammalian sirtuins, the protein deacetylase SIRT1 is the most studied. Two
of the best characterized functions of SIRT1 are promotion of cell survival during stress and
mediation of metabolic adaptation due to dietary changes. SIRT1 has many targets involved in

programmed cell death, including proapoptotic factor p53, DNA repair factor Ku70, and



transcription factors FOXO1, FOXO3, FOX04, and NF-kB (Luo et al. 2001; Vaziri et al. 2001;
Cohen et al. 2004; Brunet et al. 2004; Motta et al. 2004; Yeung et al. 2004). Overall, SIRT1
confers stress resistance by inhibiting programmed cell death pathways while augmenting
damage repair. Interestingly, calorie restriction increases SIRT1 levels (Cohen et al. 2004),
suggesting that the physiologies affected by SIRT1, such as cell survival, are linked to the
metabolic state of the cell or the organism as a whole.

SIRT1 has also been shown to regulate various aspects of metabolism such as glucose
homeostasis. For instance, in 3 cells of the pancreas, glucose-stimulated insulin secretion is
upregulated by SIRT1 through downregulation of mitochondrial uncoupling protein UCP-2
expression (Moynihan et al. 2005; Bordone et al. 2006). More relevant to this project, SIRT1 has
also been shown to regulate hepatic lipid metabolism through transcription factors and nuclear
receptors. SIRT1 deacetylates and upregulates nuclear receptors liver X receptor (LXR) and
farnesoid X receptor (FXR), which monitor cholesterol and bile acid levels, respectively, and
maintain systemic lipid homeostasis (Li et al. 2007; Kemper et al. 2009). Moreover, SIRT1
inhibits hepatic lipid synthesis by downregulating sterol regulatory element binding protein 1

(SREBP-I1c), both at transcriptional and post-translational levels (You et al. 2008).

2.3 Mitochondrial sirtuins

Three of the mammalian sirtuins, SIRT3—5, have been found to be localized to the
mitochondria (Michishita et al. 2005). Because of mitochondrial biology, the localization of
these sirtuins is interesting especially in studies of aging and related pathologies. Mitochondria
are important in energy production, programmed cell death, and intracellular signaling. Reactive
oxygen species (ROS), a byproduct of energy production via oxidative phosphorylation, is also

generated in the mitochondria. The central role of mitochondria in many cellular processes



suggests that mitochondrial dysfunction plays a central role in a wide range of age-related
disorders, including diabetes, Alzheimer’s disease, and cancer (Wallace 2005). More than 20%
of mitochondrial proteins were found to be acetylated at lysine residues (Kim et al. 2006), and
since many sirtuins are deacetylases, mitochondrial sirtuins could potentially regulate
mitochondrial function.

Among the mitochondrial sirtuins, SIRT3 is the best characterized. SIRT3 is a NAD-
dependent deacetylase found in the mitochondrial matrix, and its import into the matrix depends
on the N-terminal peptide sequence that contains the mitochondria-targeting signal (Onyango et
al. 2002; Schwer et al. 2002). In mice, SIRT3 was first found to be highly expressed in brown
adipocytes, where it was shown to respond to CR as well as changes in temperature (Shi et al.
2005). Mitochondrial acetyl-CoA synthetase 2 (AceCS2) in the mitochondrial matrix is a direct
substrate of SIRT3 (Hallows et al. 2006; Schwer et al. 2006). AceCS2 is responsible for
synthesis of acetyl-CoA from acetate, CoA, and ATP, and under nutritionally deprived state,
deacetylation and activation of AceCS2 by SIRT3 increases acetyl-CoA, which can enter the
tricarboxylic acid (TCA) cycle to produce energy. SIRT3 has also been shown to control the
acetylation state of glutamate dehydrogenase (GDH), although the functional significance of
SIRT3 deaceylation of GDH remains unclear (Lombard et al. 2007).

SIRT3 can control the cellular energy level not only through the intermediates in the
TCA cycle but also through the electron transport chain. SIRT3 has been shown to target
subunits of NADH dehydrogenase (complex I) and succinate dehydrogenase (complex II),
Ndufa9 and SdhA, respectively (Ahn et al. 2008; Cimen et al. 2010). SIRT3 knockout (KO) mice
have reduced basal levels of ATP in certain organs and the lack of SIRT3 leads to increased
acetylation of multiple components of complex I (Ahn et al. 2008). Also, complex II activity in

SIRT3 KO is about 30% lower compared to WT (Cimen et al. 2010). Thus these studies show



that deacetylation of complexes I and II by SIRT3 leads to their activation and increased
production of ATP through oxidative phosphorylation.

Mitochondrial ribosomal protein L10 (MRPL10), a component of the 55s mitochondrial
ribosome, is a substrate of SIRT3. Deacetylation of MRPL10 by SIRT3 decreases ribosomal
activity and downregulates mitochondrial protein synthesis (Yang et al. 2010). Also, SIRT3 has
been proposed to be a tumor suppressor, as the loss of SIRT3 combined with aging leads to a
decrease in manganese superoxide dismutase (MnSOD), a mitochondrial antioxidant protein,
resulting in an increased mitochondrial superoxide levels and a corresponding increase in the
likelihood of carcinogenesis (Kim et al. 2010).

SIRT4 is a mitochondrial ADP-ribosyltransferase, which catalyzes the transfer of an
ADP-ribose group from NAD" onto a target protein. Although it is widely expressed, its known
function is limited to B cells of the pancreas. In these cells, SIRT4 ADP-ribosylates and inhibits
glutamate dehydrogenase (GDH), which converts glutamate to a-ketoglutarate, a TCA cycle
intermediate. By inhibiting GDH, SIRT4 also inhibits amino acid-stimulated insulin secretion
(AASIS), a process dependent on GDH activity (Haigis et al. 2006). AASIS, similar to glucose-
stimulated insulin secretion, occurs through an increase in ATP/ADP ratio as a-ketoglutarate
enters the TCA cycle and the subsequent insulin exocytosis is mediated by the closure of ATP-
dependent K" channels and opening of voltage-gated L-type Ca** channels (Argmann and
Auwerx, 2006).

SIRTS is also a NAD-dependent deacetylase located in the mitochondrial matrix
(Nakagawa et al. 2009). It was first shown to translocate into the mitochondrial intermembrane
space where it deacetylates cytochrome ¢ (Schlicker et al. 2008). However, this interaction
between SIRTS and cytochrome ¢ and the ability of SIRTS to translocate into the intermembrane

space have not yet been confirmed in vivo. In cerebellar granule neurons (CGNs), SIRTS was



shown to be present in the nucleus, cytoplasm, as well as mitochondria, and when localized to
the mitochondria, protective effect of SIRTS in response to homocysteic acid (HCA) treatment,
low potassium (LK) conditions, or serum withdrawl is replaced by a proapoptotic effect,
indicating that SIRTS may have a neuroprotective acitivy (Pfister et al. 2008). Again, however,
this was an in vitro overexpression study and has not been confirmed in vivo.

The only bona fide SIRTS substrate identified so far is carbamoyl phosphate synthetase-1
(CPS1), the rate-limiting enzyme in the urea cycle (Nakagawa et al. 2009). Although SIRT5 had
been shown to have a weak deacetylase activity against histone H4 peptide (North et al. 2003),
its activity against CPS1 is robust, suggesting a high level of substrate specificity (Nakagawa et
al. 2009). SIRTS5 deacetylates and activates CPS1. This activity is biologically significant when
the organism is put under energetic stress, which leads to protein catabolism for energy
generation and the subsequent formation of toxic ammonia species. Ammonia is neutralized
through the urea cycle in the liver, and the upregulation of SIRTS activity under this condition
also leads to an increase in CPS1 activity, resulting in overall upregulation of ammonia
detoxification. Indeed, SIRT5 KO mice were shown to have elevated levels of ammonia during
starvation or on a high-protein diet (Nakagawa et al. 2009). A subsequent study with SIRTS5
overexpression confirmed CPS1 as a target of SIRTS (Ogura et al. 2010).

Because sirtuins link the metabolic state of the cell or the whole organism to certain
physiologies such as conferring adaptability in dietary changes, they are an interesting target for

studying not only aging but also various metabolic diseases.

2.4 Rationale for the project
To study the function of SIRTS in hepatic metabolism, as liver is the major metabolic

organ of the body, the Haigis Lab had previously performed a microarray of liver tissues from



WT and SIRTS5 KO mice. Notably, the assay revealed that genes of cholesterol biosynthesis
pathway were upregulated in SIRTS KO liver (Table 1). Although most differences were small,
cytochrome P450 cholesterol 7a-hydroxylase (Cyp7al) showed a two-fold increase in SIRTS
KO mice. Cyp7al is the rate-limiting enzyme in the neutral bile acid synthesis pathway, in which
cholesterol is converted to bile acids (reviewed by Chawla et al. 2000; Russell 2003; Chiang
2004). Thus Cyp7al regulates the production of cholesterol from bile.

The two nuclear receptors that affect Cyp7al expression in opposite directions are liver X
receptor (LXR) and farnesoid X receptor (FXR). In rodents, oxysterols activate LXR, which then
heterodimerizes with retinoid X receptor (RXR) and directly upregulates the expression of
Cyp7al via the LXR response element in its promoter region (Lehmann et al. 1997). Lack of
LXRa has previously been shown to impair cholesterol metabolism because Cyp7al cannot be
upregulated (Peet et al. 1998). FXR, in contrast, is activated by bile acids and the FXR/RXR
heterodimer represses Cyp7al transcription (Chiang et al. 2000). FXR inhibits Cyp7al
expression through upregulation of small heterodimer partner (SHP), which then binds to and
inactivates liver receptor homolog 1 (LRH-1), the promoter-specific activator of Cyp7al
(Goodwin et al. 2000; Lu et al. 2000).

The upregulation of Cyp7al in SIRT5 KO mice suggests that these animals metabolize
cholesterol differently when compared to WT. We hypothesized that due to this Cyp7al
upregulation, SIRT5 KO mice would have an increased level of cholesterol metabolism to bile
and decreased levels of systemic cholesterol. To test this hypothesis, we stressed the system by
placing WT and SIRT5 KO mice on a high cholesterol diet and monitored changes in their blood
lipid profiles. Also, we surveyed the expression levels of other genes involved in cholesterol
homeostasis, namely those genes under the control of LXR and FXR. By characterizing the gene

expression profile of WT and SIRT5 KO animals, we aimed to reveal whether SIRTS plays a



role in cholesterol metabolism and which part of the cholesterol homeostasis pathway is affected

by SIRTS.

Gene Fold change P value
Hmgcs 1.3 0.1
Hmgr 1.1 0.2
Pmvk 1.1 0.2

Mvd 1.4 0.1

Fdps 1.3 0.09

Fdpt 1.4 0.1

Sqel 1.6 0.1

Lss 1.2 0.2
Cyp5s1 1.3 0.1
Sc4mol 1.4 0.2
Nsdhl 1.1 0.3

Hsd17b7 1.3 0.04
Dher24 1.4 0.07

Scsdl 1.1 0.1

Dher7 1.1 0.3
Cyp7al 2.0 0.02

Table 1. Comparison of the expression levels of genes involved in cholesterol homeostasis. Various genes that
regulate cholesterol homeostasis are upregulated in SIRTS KO mice, identified by a microarray of fasted (24 h) WT
and SIRTS KO mice liver tisues. Cyp7al is significantly upregulated in SIRT5 KO mice (n =6 WT and 6 KO).
Abbreviations used: Hmgcs, HMG-COA synthase; Hmgr, HMG-CoA reductase; Pmvk, phosphomevalonate kinase;
Mvd, mevalonate (diphospho) decarboxylase; Fdps, farnesyl diphosphate synthase; Fdpt, farnesyl diphosphate
farnesyltransferase; Sqel, squalene epoxidase; Lss, lanosterol synthase; Cyp51, cytochrome P450 lanosterol 140-
demethylase; Sc4mol, sterol-C4-methyl oxidase-like; Nsdhl, NAD(P)-dependent steroid dehydrogenase-like;
Hsd17b7, 17B-hydroxysteroid dehydrogenase; Dher24, 24-dehydrocholesterol reductase; Sc5dl, sterol-C5-
desaturase-like; Dher7, 7-dehydrocholesterol reductase; Cyp7al, cytochrome P450 cholesterol 7a-hydroxylase.



3. EXPERIMENTAL DESIGN
To study the role of SIRTS in cholesterol metabolism, experiments were performed as

shown in Figure 1:

A
SIRT5 WT and KO mice

Take serum Organs
— samples, - Perform qRT-PCR on tissues
harvest organs

Standard chow diet Serum

Analyze lipid profiles

B
SIRT5 WT and KO mice

4 wks Take serum 4 wks Take serum
— samples, — samples,
\ continue diet harvest organs
o .
2% cholesterol diet \ Serum / \;gans
Analyze lipid profiles Perform qRT-PCR on tissues

Figure 1. Planned experimental approach. In the first part of the project (A), serum samples from strain 129
SIRTS5 WT and KO mice fed a standard chow diet will be obtained and the lipid profile will be analyzed. Animals
will be sacrificed and their organs, especially the liver and the heart, will be harvested. Quantitative real-time
polymerase chain reaction (QRT-PCR) will be performed to determine the expression levels of various genes. In the
second part (B), 129 SIRTS WT and KO mice will be placed on a 2% (high) cholesterol diet. After four and eight
weeks, serum samples will be obtained and analyzed for lipid profile. At the end of the specialized diet, same organs
will be harvested and the expression levels of relevant genes will be measured if a phenotypic difference emerges.
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4. RESULTS

4.1 Cyp7al is upregulated in SIRT5 KO mice

To confirm Cyp7al upregulation observed in the microarray, we performed qRT-PCR.
We synthesized cDNA from liver samples of WT and SIRT5 KO mice of 129 strain under
normal dietary conditions. Expression levels of Cyp7al and Sqel, the gene with the second
highest upregulation in SIRTS KO mice, were measured.

Cyp7al expression showed an approximately two-fold increase in SIRTS KO mice
compared to WT (p = 0.046). Sqel expression increased in SIRTS5 KO mice, but the difference
was not statistically significant (p = 0.26) (Figure 2). Both results were similar to those obtained
in the microarray and confirm that Cyp7al is upregulated in SIRTS KO animals under normal

dietary conditions.

2.5+
* CawT

2.04 I KO

1.54
1.04 1 €L

Fold change

0.5+

0.0 1 } ]
Cyp7a Sqel

Figure 2. Cyp7al is upregulated in SIRT5 KO mice. qRT-PCR was performed on liver samples obtained from

SIRTS WT and KO mice (n =6 WT and 6 KO). The data confirms the upregulation observed in the microarray data
(*p<0.05).
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4.2 Cyp7al upregulation does not lead to differential cholesterol homeostasis and blood lipid
profile in SIRT5 KO mice under normal dietary conditions

To probe for physiological differences between SIRTS WT and KO animals with regards
to cholesterol homeostasis and blood lipid profiles, we obtained serum samples from WT and
SIRTS KO mice on 129 background fed a normal diet. These samples were analyzed for lipid
levels. None of the tested parameters—total serum cholesterol (Figure 3A), serum high-density
lipoprotein (HDL, Figure 3B), serum triglycerides (Figure 3C), serum free fatty acids (Figure
3D), total liver cholesterol (Figure 3E), and total liver triglycerides (Figure 3F)—changed in the
absence of SIRTS. These findings suggest that SIRTS5 KO animals do not have an obvious
metabolic phenotype under normal conditions when compared to WT animals, which is in

agreement with the current literature (Lombard et al. 2007; Finkel et al. 2009).
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Figure 3. Blood lipid profile remains the same between SIRT5 WT and KO animals under normal dietary
conditions. Total serum cholesterol (A), serum HDL (B), serum triglycerides (C), serum free fatty acids (D), total
liver cholesterol (E), and total liver triglycerides (F) levels were measured in SIRTS WT and KO animals without
special dietary restrictions or supplements (n =6 WT and 6 KO).
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Figure 4. LXR and FXR target genes are not significantly altered between SIRT5 WT and KO mice under
normal dietary conditions. Liver and heart samples were obtained from SIRTS WT and KO mice (n =6 WT and 6
KO). qRT-PCR was performed on LXR target genes in the liver (A), LXR target genes in the heart (B), cholesterol
homeostasis genes in the heart (C), and FXR target genes in the liver (D). Only NTCP shows significant, but small,
change between SIRTS WT and KO genotypes (*p<0.05).

4.3 Expression levels of LXR and FXR target genes do not change under normal dietary

conditions

After serum samples were obtained from 129 SIRTS WT and KO mice, we harvested the
livers and the hearts for RNA isolation and cDNA synthesis. We performed qRT-PCR to
compare the expression levels of LXR and FXR target genes, other than Cyp7al, between WT
and SIRTS KO genotypes.

In the liver, we measured expression levels of sterol regulatory element binding protein
(SREBP1) and SREBP2 for LXR targets. FXR targets studied in the liver were small

heterodimer partner (SHP), bile salt export pump (BSEP), Na'/taurocholate co-transporting
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polypeptide (NTCP), cytochrome P450 sterol 12a-hydroxylase (Cyp8bl), and subunits of solute
carrier organic anion transporter (Oatplal and Oatpla4). In the heart, LXR targets examined
were LXRa, SREBP1, SREBP2, and SREBP-1c. Expression levels of FXR target genes were not
surveyed, but those genes involved in cholesterol homeostasis, namely 3-hydroxyl-3-methyl-
glutaryl-CoA reductase (HMG-CoAR), squalene epoxidase (Sqel), and 17B-hydroxysteroid
dehydrogenase (Hsd17b), were studied.

Expression levels of LXR target genes (Figure 4A) in the liver as well as LXR target
genes (Figure 4B), and cholesterol homeostasis genes (Figure 4C) in the heart between WT and
SIRTS KO animals were not different. Among the FXR target genes (Figure 4D) in the liver,
NTCP transcription was only slightly upregulated, although the difference was statistically

significant (p = 0.0107).

4.4 Expression levels of mitochondrial genes Ndufa9, Cox4a, and Cox5a increase in the heart,
but not in the liver, of SIRT5 KO mice under normal dietary conditions

Because SIRTS is a mitochondrial protein, we compared the expression levels of various
mitochondrial genes in the liver and heart samples between WT and SIRTS KO animals. The
particular genes tested in the heart were subunits of NADH dehydrogenase (complex I of the
electron transport chain, Ndufa9 and Ndufb5), subunits of succinate dehydrogenase (complex I,
Sdha and Sdhb), subunits of ubiquinol-cytochrome c reductase (part of complex III, Uqgcrcl and
Uqcrc2), cytochrome ¢ oxidase (complex IV, Cox4a and Cox5a), and subunits of ATP synthase
(Atp5al and Atp5gl). In the liver, we examined the expression levels of Ndufa9, Sdhb, Cox4a,
and Cox5a.

In the liver, none of the genes tested was expressed differently between WT and KO

genotypes (Figure 5A). However, in the heart, we found that many of the tested genes were
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upregulated, and the changes in Ndufa9 (p = 0.0263), Cox4a (p = 0.0227), and Cox5a (p =
0.0399) were statistically significant (Fiture 5B). Because the genes involved in the electron
transport chain are upregulated in the heart of SIRTS5 KO animals, the results suggest that SIRTS

may regulate an aspect of cellular energy production.

4.5 SIRT5 KO mice are protected from the effects of high cholesterol diet on blood lipids

Next, we tested whether SIRTS regulates cholesterol metabolism by placing 11- to 12-
month old mice of 129 strain on a high cholesterol (2%) diet. The animals were divided into four
groups, with WT and KO mice fed a standard chow diet or the high cholesterol diet. Four and
eight weeks after the animals were placed on separate diets, serum samples were obtained and
analyzed for lipid levels.

By four weeks into separate diets, mice placed on a high cholesterol diet had lower total
serum cholesterol levels, regardless of SIRTS genotype, but only when they were fed (Figure
6A). Although there was no significant difference in the total serum cholesterol levels between
WT and SIRTS5 KO animals placed on the high cholesterol diet, SIRTS KO animals had lower
levels of HDL when compared to WT, both in fed and fasted states (Figure 6B, p = 0.004 for fed,
p = 0.04 for fasted). Serum triglycerides showed a same trend and SIRTS KO animals on the
high cholesterol diet had lower serum triglyceride levels compared to WT animals in fed and
fasted state. (Figure 6C, p = 0.01 for fed, p = 0.02 for fasted). Serum free fatty acid levels were
not affected by SIRTS genotype (Figure 6D).

After eight weeks on high cholesterol diet, only the blood lipid profiles in the fed state
were studied to exclusively compare SIRT5 WT and KO genotypes, and the trend observed four
weeks into the diet continued. While SIRTS WT animals on high cholesterol diet had higher

serum cholesterol levels compared to those animals on standard chow diet, differences began to
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emerge between the serum cholesterol levels between WT and KO animals on high cholesterol
diet, and KO mice had lower levels of total serum cholesterol (Figure 6E, p = 0.0193). The
difference observed for serum triglyceride levels became even more pronounced and KO animals
showed a significantly lower level of serum triglyceride compared to WT (Figure 6F, p =

0.0003).
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Figure 5. Mitochondrial genes in the heart samples of SIRT5 KO animals are upregulated. Liver and heart
samples obtained above were also used to measure expression of mitochondrial genes (n = 6 WT and 6 KO).
Although mitochondrial genes in the liver (A) do not show any significant changes, many of the tested
mitochondrial genes in the heart (B) are upregulated in SIRTS KO mice. The three most significantly upregulated
genes were Ndufa9, Cox4a, and Cox5a (*p<0.05).
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Figure 6. SIRTS KO mice on high cholesterol diet have lower levels of serum cholesterol and serum
triglycerides. 129 SIRT5 WT and KO mice were placed on a high cholesterol diet (standard chow diet
supplemented with 2% cholesterol), and their serum samples were collected four and eight weeks after being placed
on the diet (n =6 WT and 6 KO). By four weeks, mice fed the high cholesterol diet have lower levels of total serum
cholesterol when compared to mice on standard chow diet, but there is no significant difference between the SIRTS
genotypes (A). After four weeks on high cholesterol diet, SIRTS KO mice have lower levels of both serum HDL (B)
and serum triglycerides (C), but not serum free fatty acids (D). By eight weeks, the differences in serum cholesterol
(E) and serum triglycerides (F) are more pronounced (¥p<0.05).
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Figure 7. SIRTS KO phenotype of lower serum cholesterol and triglycerides does not repeat in the original
strain of mice. To confirm the development of the metabolic phenotype observed from the initial experiments on a
high cholesterol diet, a new cohort of 129 mice was placed on a high cholesterol diet (n = 6 WT and 5 KO). After
four and eight weeks on the diet, serum samples were collected from these animals and the blood lipid profile was
analyzed. After four weeks, total serum cholesterol (A), HDL (B), triglycerides (C), and free fatty acids (D) did not
change in SIRTS KO animals. After eight weeks, the tested parameters remained the same (E—H), in contrast to the
original data.

4.6 The initial blood lipid phenotype in 129 SIRT5 WT and KO mice on a high cholesterol diet
does not repeat in a new cohort of 129 mice

To confirm the development of metabolic phenotype on a high cholesterol diet, we
repeated the experiment with a new cohort of 129 mice. 9- to 10-month old SIRT5 WT and KO
mice were placed on the same high cholesterol diet. After four and eight weeks, serum samples

were collected and analyzed for blood lipid chemistry.
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Unlike the initial observations made on 129 SIRTS WT and KO mice on high cholesterol
diet, the new cohort did not have altered blood lipid levels after four weeks on the diet. Total
serum cholesterol (Figure 7A), HDL (Figure 7B), triglycerides (Figure 7C), and free fatty acids
(Figure 7D) levels were not different between SIRTS WT and KO mice. After eight weeks on the

high cholesterol diet, none of the above parameters showed any difference (Figures 7E-H).
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5. DISCUSSION

In yeast, Sir2 protein has been shown to extend the replicative life span of the mother
cells by suppressing the formation of ERCs. An interesting aspect of Sir2 is that it is NAD-
dependent and links metabolism to longevity. There are seven mammalian homolgs of Sir2,
SIRT1-7. Although mammalian sirtuins have not yet been proven to regulate mammalian life
span, their roles in many different processes including cell survival and various metabolic
pathways have already been revealed.

SIRTS, a mitochondrial matrix protein, is a NAD-dependent deacetylase. Although it has
been suspected to interact with cytochrome c in the intermembrane space and to have
neuroprotective activity, the only bona fide substrate of SIRTS is carbamoyl phosphate
synthetase 1 (CPS1), the rate-limiting enzyme of the urea cycle. In response to nutrient
limitation, i.e. fasting, the body begins to metabolize amino acids to produce energy, producing
ammonia as a byproduct. Ammonia is toxic to the body and thus is neutralized in the liver
through the urea cycle for secretion. By deacetylating and activating CPS1 during nutrient-
limiting conditions, SIRT5 upregulates the entry of ammonia into the urea cycle when it
becomes necessary.

Here, we identify cholesterol metabolism as another possible pathway regulated by
SIRTS. This study was initiated after a screening of hepatic gene expression profiles between
WT and SIRTS5 KO mice revealed differences in many genes involved in cholesterol
homoestasis, especially in cytochrome P450 cholesterol 7a-hdyroxylase (Cyp7al), the rate-
limiting enzyme in the neutral bile acid synthesis pathway. Because bile acid is metabolized
from cholesterol, and because under normal conditions SIRT5 KO mice lacked an obvious
metabolic phenotype, we stressed the system by feeding 129 WT and SIRTS KO animals a diet

high in cholesterol and measuring their physiological response.
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5.1 Role of SIRTS in cholesterol metabolism and maintenance of lipid levels

Levels of triglycerides and cholesterol, especially high density lipoprotein (HDL), are
linked to metabolic syndrome and its progression into chronic diseases such as cardiovascular
disease and diabetes (Eckel et al. 2010). As heart disease remains the leading cause of death in
the United States (Lloyd-Jones et al. 2009), it is important to understand the regulation of the
disease etiology, including the contributions of diet and metabolism. Since sirtuins respond to
various metabolic cues and facilitate adaptation according to the diet, i.e. SIRTS upregulates
CPSI1 to promote detoxification of urea in amino acid metabolism, they may also be involved in
regulating cholesterol and lipid metabolism. Various mammalian sirtuins have already been
shown to mediate lipid metabolism (reviewed by Lomb et al. 2009).

In a screen of hepatic gene expression levels, a microarray performed by our lab revealed
that Cyp7al was upregulated in SIRTS KO mice compared to WT. To confirm the data, we
performed qRT-PCR and found that Cyp7al was indeed upregulated in SIRT5 KO mice. Since
Cyp7al is the rate-limiting enzyme of the cholesterol metabolism pathway, this data suggested
that SIRTS is involved in maintaining the systemic cholesterol balance and revealed a possible
role of SIRTS in development of heart disease.

As expected, the upregulation of Cyp7al in SIRTS5 KO mice did not lead to any
physiological differences under normal condition, i.e. standard chow diet. When 129 WT and
SIRTS KO mice were placed on a 2% (high) cholesterol diet, blood lipid chemistry began to
change. By four weeks, serum levels of HDL—but not total cholesterol—and triglycerides
decreased in SIRTS KO mice. By eight weeks on the high cholesterol diet, the differences in
serum HDL and triglycerides became more pronounced, and total serum cholesterol also
decreased in SIRTS KO mice relative to WT. Throughout the diet, serum levels of free fatty

acids remained unchanged.
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The decrease in cholesterol levels supported our hypothesis that Cyp7al upregulation
would lead to an increased metabolism of cholesterol. What we did not expect to see, however,
was the decrease in serum triglyceride levels in SIRT5 KO mice. Cyp7al is only involved in the
metabolism of cholesterol, suggesting that SIRTS regulates more than one gene in the overall
pathway studied.

Expression of Cyp7al is mainly regulated by the opposing actions of two nuclear
receptors, liver X receptor (LXR) and farnesoid X receptor (FXR), that control the balance of
lipids in the body (reviewed by Russell 1999). Interestingly, both LXR and FXR are substrates of
SIRT1. Deacetylation of LXR by SIRT1 activates LXR and increases the expression of LXR
target genes (Li et al. 2007). FXR deacetylation by SIRT1 leads to its increasing ability to form a
heterodimer with retinoid X receptor (RXR) and promote the transcription of its target genes
(Kemper et al. 2009).

It is important to address the different localizations of all the components in lipid
synthesis and metabolism pathway. LXR and FXR are nuclear proteins, and many proteins
involved in cholesterol metabolism including Cyp7al are located in the endoplasmic reticulum
(ER). SIRTS, however, is a mitochondrial matrix protein. How could SIRTS5 affect nuclear or
microsomal proteins, if such interactions exist? Two mechanisms are possible. Mitochondria,
through various intermediates, are already in dynamic communication with the nucleus
(reviewed by Finley and Haigis, 2009), and SIRTS activity may somehow regulate a signaling
molecule directed to the nucleus or the ER. Also, the localization of SIRTS may be variable.
SIRT3, another mitochondrial matrix sirtuin, has been shown to translocate to the nucleus when
expressed with SIRTS (Nakamura et al. 2008), although this phenomenon has not yet been
proven in vivo. Likewise, SIRTS may translocate to other cellular compartments depending on

various cues.
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The observed metabolic phenotype in SIRTS KO mice fed a high cholesterol diet appears
to be connected to increased FXR activity. Activation of FXR by agonists such as bile acids
decreases levels of blood cholesterol due to a decrease in HDL (Fiorucci et al. 2007) and levels
of triglyceride (Kast et al. 2001; Watanabe et al. 2004). FXR decreases triglyceride levels by
stimulating apolipoprotein C-II (apoC-II), a cofactor of lipoprotein lipase (LPL), and increases
hydrolysis of triglycerides (Kast et al. 2001). FXR also downregulates SREBP-1c, which leads to
a decrease in the synthesis of triglycerides (Watanabe et al. 2004). The latter mechanism of
triglyceride regulation occurs through the direct target of FXR, small heterodimer partner (SHP),
which inhibits LXR-mediated upregulation of SREBP-1c¢ (Watanabe et al. 2004). Activation of
FXR also leads to the downregulation of apolipoprotein A-I (apoA-I), a component of HDL, and
a decrease in HDL levels (Claudel et al. 2002).

qRT-PCR was performed for select cholesterol homeostasis genes in the heart and the
liver. There was no significant difference in the gene expression profiles of WT and SIRTS KO
mice on standard chow diet. We could not perform qRT-PCR on the first cohort of mice on the
high cholesterol diet because their liver tissues were used in a separate experiment. Thus we
repeated the experiment by placing a new cohort of mice on the high cholesterol diet. Although
the metabolic phenotype in the first trial was clear and obvious, the phenotype surprisingly did
not repeat in the second experiment, and it did not make sense to characterize the gene
expression profiles when a clear phenotypic difference was absent. The results may have failed
to repeat because animals in the second experiment were between two and three months younger.
Sirtuins are involved in regulation of aging in model organisms (Haigis and Guarente 2006), and
mammalian SIRT1 is associated with a variety of chronic diseases including cancer,
cardiovascular diseases, and neurodegenerative diseases (Haigis and Sinclair 2010). Likewise,

the effects of SIRTS on the regulation of lipid metabolism may become more obvious with
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increasing age, or lipid metabolism itself may be altered with age. Thus the age difference in the
mice between the two experiments may account for the lack of the same metabolic phenotype in
the younger mice, and it would be interesting to replicate the experiment on mice at the same age
as the first cohort, perhaps even at an older age.

Our observations give rise to several possible mechanisms by which SIRT5 could
regulate cholesterol metabolism, although none of them completely explain both the gene
expression data and the metabolic phenotype. We propose the following model for the overall
cholesterol metabolism pathway, and we indicate where in this pathway SIRTS may have its
effects (Figure 8). In a high cholesterol diet, LXR becomes activated due to an increase in its
agonist, cholesterol, and subsequently upregulates Cyp7al. Cyp7al then catalyzes the
conversion of cholesterol to bile acids. Once formed, bile acids activate FXR, which then causes
a cascade of reactions. First, it upregulates SHP, which then leads to inhibition of LRH-1 and
LXR, preventing further formation of Cyp7al as well as LXR-mediated upregulation of SREBP-
lc. Decreasing levels of SREBP-1c leads to decreased synthesis of triglycerides. Another way
that FXR activation decreases serum levels of triglycerides is through SHP-independent
upregulation of apoC-II, which increases LPL activity and hydrolysis of triglycerides. The last
even that occurs as a result of high cholesterol diet is the SHP-independent downregulation of
apoA-I and a decrease in HDL levels. The above phenotype—decrease in levels of triglycerides
and HDL—is observed in SIRT5 KO mice, indicating that SIRTS itself inhibits the FXR-
mediated metabolic phenotype.

SIRTS inhibition of FXR activity could potentially occur through the following
mechanisms. First of all, SIRTS may simply reduce FXR activity. This would prevent the
increase in apoC-II, decrease in apoA-I, and inhibition of SREBP-1c, ultimately resulting in

unchanged blood lipid chemistry. Absence of SIRTS5 would upregulate FXR and lead to the
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observed phenotype. Secondly, SIRTS5 could inhibit LXR, leading to cholesterol insensitivity. If
LXR does not respond to high levels of cholesterol, Cyp7al would not be upregulated, and all
the reactions downstream of Cyp7al activity would be inhibited. It is possible, however, that the
cells have a basal expression of Cyp7al that catalyzes the conversion of cholesterol to bile acids,
which would lead to FXR activation regardless of LXR activity, but Cyp7al levels would remain
low and FXR activity would be decreased when compared to the normal state. Lastly, SIRTS
may upregulate the ability of FXR to stimulate SHP expression. In this case, SHP would inhibit
LXR-mediated Cyp7al upregulation, creating a similar condition to when LXR itself is
downregulated.

The flaw with the first model is that if SIRTS inhibits FXR, then SHP would be
upregulated in SIRTS KO mice. Although this may be in agreement with qRT-PCR data (Figure
4D, although the difference is small and statistically insignificant due to high variability in the
measurement), it counters our initial observation that Cyp7al is upregulated in SIRT5 KO mice
because SHP upregulation would lead to decreased expression of Cyp7al. The second model
supports the upregulation of Cyp7al in SIRT5 KO mice because absence of SIRTS would
activate LXR, but the lipid homeostasis pathway is probably more complex than the proposed
model and may have compensatory pathways. The last model of SHP expression upregulation by
SIRTS encounters a similar problem as the second model. In addition, this regulation causes a
more complex cascade in response to the high cholesterol diet. WT mice would have decreased
levels of Cyp7al as well as inhibition of LXR-mediated upregulation of Cyp7al, preventing bile
acid synthesis and FXR activation. SIRT5 KO mice would respond to the high cholesterol diet
by upregulating Cyp7al, as the lack of SIRTS prevents SHP expression. The observed phenotype
of lower levels of triglycerides in SIRTS5 KO mice would be independent of SHP activity, and

the decreased level of triglycerides would only be the result of an increased hydrolysis and not
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from decreased synthesis as well. These flaws could be discounted if SIRTS activity is affected
by higher levels of cholesterol. Also, obtaining the gene expression profile of WT and SIRTS

KO mice on a high cholesterol diet would aid in understanding the mechanism more clearly.

—— Cholesterol "

v

v
TG hydrolysis HDL TG synthesis 4

Figure 8. Lipid homeostasis pathway affected by increase in the dietary intake of cholesterol and possible
involvement of SIRTS. Dotted lines indicate possible regulation by SIRT5 but do not necessarily indicate direct
impact. Green arrow indicates positive input while red arrow indicates negative input. The three different models are
discussed in the text.
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5.2 Significance of mitochondrial gene upregulation in the heart of SIRT5 KO mice
Interestingly, we also found upregulation of several mitochondrial genes in SIRTS KO
mice. When performing qRT-PCR on mitochondrial genes, as SIRTS is a mitochondrial protein,
we observed a trend of upregulation in the genes of the electron transport chain, three of which
were significant: Ndufa9, Cox4a, and Cox5a. Ndufa9 is a subunit of NADH dehydrogenase
(complex I), while Cox4a and Cox5a are subunits of cytochrome ¢ oxidase (complex IV). It is
important to note that these differences were observed in the heart, but not the liver. Although
the only substrate of SIRTS identified so far is a hepatic enzyme, SIRTS itself is broadly
expressed, with especially high levels in brain, heart, liver, and kidney (Nakagawa et al. 2009).
Its expression in multiple tissues suggests that SIRTS has other functions in those tissues. Also,
the heart obtains most of its energy through oxidative phosphorylation (Stanley et al. 2005).
Since the upregulated genes identified in the qRT-PCR are involved in oxidative
phosphorylation, our findings suggest that SIRT5 may be involved in ATP production in the

heart.

5.3 Concluding remarks

Here, we show that under high cholesterol diet, SIRT5 KO mice show an obvious
metabolic phenotype of decreased serum cholesterol (especially HDL) and triglyceride levels.
We have proposed three possible mechanisms by which SIRTS regulates lipid metabolism.
SIRTS appears to have a detrimental effect in lipid metabolism by increasing serum triglycerides,
as triglyceride has been identified as risk factor for cardiovascular disease independent of HDL
(Hokanson and Austin 1996). However, SIRTS5 null animals also have decreased HDL level,
which has been implicated in development of heart disease. Thus it is unclear whether SIRTS has

a beneficial role in lipid metabolism as it does in amino acid metabolism. Unfortunately, this
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phenotype did not repeat in the second trial, and the gene expression levels could not be
obtained. Our findings remain inconclusive and additional experiments need to be performed to
reveal whether SIRTS does indeed have a role in cholesterol metabolism. Throughout the
process, we also revealed that SIRTS5 may be involved in mitochondrial oxidative

phosphorylation of the heart, which requires more investigation.
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6. FUTURE DIRECTIONS

6.1 SIRTS and lipid metabolism

SIRTS is a mitochondrial deacetylase and may be involved in post-translational
modification of proteins not yet identified as SIRTS substrate. Although interesting gene
expression changes were observed, mainly in the mitochondrial gene expression of the heart, a
different approach may be used to explore the biochemistry of SIRTS and determine the specific
proteins that this sirtuin targets. Alternatively, SIRTS5 could directly regulate transcription factors
or affect a signaling pathway from mitochondria.

Also, in characterizing the mechanism of SIRTS action in the lipid metabolism pathway,
we constructed a model based on the observed phenotype and the available literature. Without
identifying the actual substrates of SIRTS, the model will remain incomplete and inconclusive,
especially because cholesterol homeostasis involves a complex network that controls—in
addition to metabolism—transport of cholesterol throughout the body via carrier proteins such as
ATP-binding cassette (ABC) transporter family, which is also under the control of nuclear
receptors (Repa et al. 2000; Costet et al. 2000; Berge et al. 2000; Engel et al. 2001; Tall 2003;
Wang et al. 2004).

Characterizing the expression levels of genes involved in cholesterol metabolism when
the mice are fed a high cholesterol diet remains an incomplete goal of this study. Liver tissues
were unavailable from the first experiment because they were used in a separate study, and the
liver tissues from the second experiment could not be used due to the absence of the phenotype
observed in the first trial. Thus the phenotype itself remains inconclusive and another high
cholesterol diet experiment needs to be performed under close scrutiny to confirm the role of

SIRTS in either direction.
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6.2 SIRTS and bile acid synthesis

Another important area to explore in SIRTS regulation of cholesterol metabolism is bile
acid synthesis. As mentioned above, Cyp7al catalyzes the metabolism of cholesterol to bile
acids. To obtain a more complete picture of all the biological and biochemical processes
involved in cholesterol metabolism as possibly controlled by SIRTS, we need to confirm that

respective changes are also occurring for bile acids.

6.3 SIRTS and electron transport chain, oxidative phosphorylation in cardiac muscle

An interesting lead that appeared in the project is the possible impact of SIRTS5 on
mitochondrial activity, mainly in the electron transport chain and oxidative phosphorylation. It is
important to note that the gene expression level differences were only observed in the heart
tissue, and not the liver. Thus, it may provide a new insight into SIRTS activity if we could
identify the electron transport chain proteins or transcription factors affecting the expression of

such proteins as novel targets of SIRTS.

In sum, while these studies remain preliminary, our work highlights the importance of

future SIRTS studies.
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7. MATERIALS AND METHODS

7.1 Animal care and diets

The original SIRTS5 mice were obtained from Dr. Frederick Alt and the colony was
maintained by inbreeding. The animals were housed in a room with 12:12 hour light/dark cycle.
Food and water were available ad libitum. The protocol for animal care was approved by the
Harvard Medical School Standing Committee on Animals and the Center for Animal Resources
and Comparative Medicine. During the dietary experiments, only male mice were used, and four
animals were placed in each cage. Control mice were fed a 5053 PicoLab® Rodent Diet 20
(LabDiet), while mice in the high-cholesterol diet group were fed the standard 5053 chow

supplemented with 2% cholesterol (LabDiet).

7.2 Determination of animal genotypes

At the time of weaning, tail clippings were obtained from each mouse. The clippings
were boiled in 100 pl of 50 mM NaOH for one hour. The extract was neutralized by the addition
of 10 pl of 1 M Tris. Polymerase chain reaction (PCR) was set up by preparing a mixture of 1x
FastStart PCR Master (Roche), 5 uM of SIRTS primers (IDT), and the DNA extract obtained
from tail clippings for each mouse to be genotyped. The sequences of the mouse SIRTS primers
used in the PCR were 5-TCATTCTCAGTATTGTTTTGCC-3’, 5-AGGAGGTGGCAAA
GGTCTTGC-3’, and 5’-CTGAGGTAGAGTCTCTCATTG-3’. The thermal cycler conditions
for SIRTS gene amplification were denaturation at 95°C for 15 min, followed by 30 cycles of
94°C for 30 s, 62°C for 90 s, and 72°C for 60 s. The amplified samples were run in a 1.5%
agarose gel with 1x SYBR® safe DNA gel stain (Invitrogen) for detection of DNA bands and

determination of the SIRT5 genotypes.
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7.3 Measurement of blood lipid profile

The following steps were performed by Dr. David Lomb. Four and eight weeks after the
animals were place on separate diets, their blood lipid profile was determined. Blood was drawn
by submandibular bleeding and collected in Microtainer” Blood Collection Tubes (BD). Serum
was isolated by incubation of blood for 30 min to allow clotting and centrifugation at 6,500g for
2 min. The serum samples were frozen at —20°C and were sent to Mouse Metabolic Phenotyping
Center at Vanderbilt University Medical Center or to Dr. David Cohen’s lab at Harvard Medical

School.

7.4 Tissue harvest and RNA isolation

Animals were euthanized by cervical dislocation. Tissue samples were harvested, frozen
in liquid nitrogen, and stored at —80°C until use. Liver and heart tissues were used in RNA
isolation. The previously frozen samples were homogenized with glass homogenizer and rods in
1.5 ml of TRIzol® (Invitrogen). After a freeze-thaw cycle, the samples were centrifuged at 4°C.
300 pl of chloroform was added to the supernatant, mixed, and centrifuged at 4°C. The upper
layer was mixed with 750 pl isopropanol and centrifuged at 4°C. The RNA pellet was washed
with 800 pl of 75% ethanol, centrifuged at 4°C, air-dried, and dissolved in 100 pl of RNase-free
water (Gibco). RNA was purified using RNeasy mini columns (QIAGEN). RNA yield and purity
were determined using Cary 50 Bio UV-Visible Spectrophotometer (Varian). Samples were

stored at —80°C until cDNA synthesis.

7.5 Reverse transcription and cDNA synthesis
1 pg of RNA was reverse transcribed using the iScript™ cDNA Synthesis Kit (Bio-Rad).

The reaction mixture consisted of 15 pl of 67 ng/ul RNA, 4 ul of 5x iScript reaction mix, and 1
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ul iScript reverse transcriptase. The thermal cycler protocol for cDNA synthesis was 25°C for 10
min, 42°C for 30 min, 85°C for 5 min, and hold at 4°C. After the synthesis, cDNA was diluted

with 80 pl of RNase-free water. Samples were stored at —20°C.

7.6 qRT-PCR

The relative gene expression levels of LXR/FXR targets and mitochondrial genes were
measured using quantitative real time polymerase chain reaction (qQRT-PCR) in LightCycler
480" (Roche). The reaction mixture contained cDNA, 500 nM of forward and reverse primers,
and SYBR green master mix (Roche). The primers used are listed in Table 2.

PCR reactions were run using the following protocol: denaturation at 95°C for 10 min,
followed by 45 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 15s. Each PCR reaction
contained an experimental primer set for the gene of interest and a reference primer set for the
reference gene used to normalize the data. The reference gene used was glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or 40S ribosomal protein S16 (rps16). The quality of the

primers and the purity of product formed in the PCR were determined by melting curve.

7.7 Statistical analysis
Values are shown as means =+ standard error of mean (SEM). Unpaired Student’s #-test
was performed on GraphPad Prism software for statistical analysis. P values less than 0.05 were

considered significant.
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Gene Species Sequence (written 5° — 3”)
LXRa Mouse GGATAGGGTTGGAGTCAGCA
CTTGCCGCTTCAGTTTCTTC
HMG-CoAR Mouse AGATGAATGGACATGATCAGTGACA
ATCCACGTGAGATCTTTCCAGAAC
Sqel Mouse TTGTTGCGGATGGACTCTTCTCCA
GTTGACCAGAACAAGCTCCGCAAA
Hsd17b7 Mouse TGCTGGAATCCTGCCTAATCCACA
TGGTTTCAAACACCTCCTGCAACC
SREBP1 Mouse CACTGAAGCAAAGCTGAATAAATCTG
AGTGATTTGCTTTTGTGTGCACTT
SREBP2 Mouse CAAGAGAAAGTTCCTATCAAGCAAGTG
GTCCTTCAACTCTATGATTTTGTCGTT
SREBP-1c Mouse GGAGCCATGGATTGCACATT
GGCCCGGGAAGTCACTGT
Cox4a Mouse GTTCTTCATTGGCTTCACTGCGCT
CTTCATGTCCAGCATTCGCTTGGT
Cox5a Mouse GACATTGATGCCTGGGAATTGCGT
ACCTCCAAGATGCGAACAGCACTA
Sdha Mouse ATGACACTGTGAAAGGCTCCGACT
TTCCCAAACTTGAGGCTCTGTCCA
Sdhb Mouse AAGTGCGGACCTATGGTGTTGGAT
ATTGCCTCCGTTGATGTTCATGGC
Atp5Sal Mouse GGGCGTGTGTTAAGCATTGGTGAT
ATTGTCGGGTTCCAAGTTCAGGGA
Atp5Sgl Mouse ACGGGAATTCCAGACCAGTGTCAT
AGCTACCAAACACTGTGCCAATGC
Ndufa9 Mouse AAACCGGTACCTGCTCTTCCACTT
CAGCCCAAAGAGTTTGCCAATCCA
Ndufb5 Mouse ACTATGACGCTCGCTTCTTGAGGT
CTGCAAGCTCGGCTTCACCAATAA
Ugqcercel Mouse ACATTGGTCGCAGTCTCCTGACTT
TTGGAGCAAATGTCACGCAGCATC
Uqcre2 Mouse ATGTCCAAGCTGCCAAGAACAAGC
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NTCP

SHP

Cyp7al

Cyp8bl

BSEP

Oatplal

Oatplad

ABCGS

psl6

GAPDH

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

TCCTCCCTGATGCCTTTCAC
CAGCTTGGATTTAGTCGGAAGAG

CAGGCACCCTTCTGGTAGATCT
GTCTTCAAGGAGTTCAGTGATGTCA

ACCGGTACCTTGATGAAAGTGGGA
TTGTAGCTCCTGATCCAAAGGGCA

ACGCTTCCTCTATCGCCTGAA
GTGCCTCAGAGCCAGAGGAT

CAATGTTCAGTTCCTCCGTTCA
TCTCTTTGGTGTTGTCCCCATA

AATACCTGGAGCAGCAATATGGA
AAGGCATACTGGAGGCAAGCT

CATTTATGTAGACACTGGGTCTGTGAA
AAAAGCCAATCCACCAAGCA

TGGATCCAACACCTCTATGCTAAA
GGCAGGTTTTCTCGATGAACTG

AATGGGCTCATCAAGGTGAACGGA
TTTGAGATGGACTGTCGGATGGCA

CATGGCCTTCCGTGTTCCTA
CTGGTCCTCAGTGTAGCCCAA

Table II. List of primers used for qRT-PCR.
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