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SUMMARY

Acetylation is increasingly recognized as an important metabolic regulatory posttranslational protein
modification, yet the metabolic consequence of
mitochondrial protein hyperacetylation is unknown.
We find that high-fat diet (HFD) feeding induces
hepatic mitochondrial protein hyperacetylation in
mice and downregulation of the major mitochondrial
protein deacetylase SIRT3. Mice lacking SIRT3
(SIRT3KO) placed on a HFD show accelerated
obesity, insulin resistance, hyperlipidemia, and steatohepatitis compared to wild-type (WT) mice. The
lipogenic enzyme stearoyl-CoA desaturase 1 is
highly induced in SIRT3KO mice, and its deletion
rescues both WT and SIRT3KO mice from HFDinduced hepatic steatosis and insulin resistance.
We further identify a single nucleotide polymorphism
in the human SIRT3 gene that is suggestive of
a genetic association with the metabolic syndrome.
This polymorphism encodes a point mutation in the
SIRT3 protein, which reduces its overall enzymatic
efficiency. Our findings show that loss of SIRT3 and

dysregulation of mitochondrial protein acetylation
contribute to the metabolic syndrome.
INTRODUCTION
The metabolic syndrome is defined by metabolic abnormalities,
including central obesity, insulin resistance, hyperlipidemia,
hyperglycemia, and hypertension (Reaven, 1988). Prevalence of
the metabolic syndrome is rising in the Western world and will
lead to future increases in diabetes and cardiovascular disease
(Ford et al., 2008). Sedentary lifestyles (Ardern et al., 2004) and
high-fat ‘‘Western’’ diets (Feldeisen and Tucker, 2007) have
been implicated in the increase in metabolic syndrome. In
addition to lifestyle and diet, multiple metabolic pathways are
implicated in the pathogenesis of metabolic disease, including
aberrant lipogenesis (Roden et al., 1996; Samuel et al., 2004),
increased inflammation (Hotamisligil et al., 1993; Uysal et al.,
1997), and reduced fatty acid oxidation (Ji and Friedman, 2007,
2008). Identifying the molecular mechanisms underlying the
metabolic syndrome has been described as one of the most
critical endeavors in modern medicine (Taubes, 2009).
The sirtuins (SIRT1-SIRT7) are a family of nicotinamide
adenine dinucleotide (NAD+)-dependent protein deacetylases
(Imai et al., 2000) and regulate multiple cellular processes,
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including metabolic homeostasis (for a review, see Finkel et al.,
2009). SIRT3 is a mitochondrial sirtuin (Onyango et al., 2002;
Schwer et al., 2002) and regulates fatty acid oxidation during
fasting and ATP production (Ahn et al., 2008; Hirschey et al.,
2010). SIRT3KO mice have hyperacetylated mitochondrial
proteins (Lombard et al., 2007). Acetylation controls the
enzymatic activity of mitochondrial metabolic enzymes such as
malate dehydrogenase in the TCA cycle (Zhao et al., 2010),
enoyl-coA hydratase/3-hydroxyacyl-coA dehydrogenase (Zhao
et al., 2010), and long-chain acyl-CoA dehydrogenase (LCAD)
(Hirschey et al., 2010) in the fatty acid oxidation pathway;
3-hydroxy-3-methylglutaryl CoA synthase 2 (HMGCS2) in the
ketone body synthesis pathway (Shimazu et al., 2010); carbamoyl phosphate synthetase 1 (Nakagawa et al., 2009) and
ornithine transcarbamoylase (Hallows et al., 2011) in the urea
cycle; and manganese superoxide dismutase (Qiu et al., 2010;
Tao et al., 2010) in the antioxidant system.
Recent large-scale proteomics analyses revealed that every
major metabolic pathway contains acetylated proteins, including
glycolysis, the tricarboxylic acid (TCA) cycle, the urea cycle,
fatty acid metabolism, and glycogen metabolism (Choudhary
et al., 2009; Kim et al., 2006; Wang et al., 2010; Zhao et al.,
2010). Global mitochondrial protein acetylation is regulated
by the nutritional status of the cell and is sensitive to fasting
(Kim et al., 2006), calorie restriction (Schwer et al., 2009), and
ethanol metabolism (Picklo, 2008). However, the metabolic
consequence of mitochondrial protein hyperacetylation is not
known. Here, we show that decreased SIRT3 expression,
reduced SIRT3 activity, or complete ablation of SIRT3 induces
mitochondrial protein hyperacetylation and accelerates the
development of the metabolic syndrome in mice and possibly
in humans.
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RESULTS
Chronic High-Fat Diet Feeding Induces Global
Mitochondrial Protein Hyperacetylation
and Loss of SIRT3
Western blot analysis of hepatic mitochondrial extracts with an
antiacetyllysine antibody revealed that chronic high-fat diet
(HFD) feeding (13 weeks) but not acute HFD feeding (1 week)
induced global mitochondrial protein acetylation (Figure 1A).
Because SIRT3KO mice have hyperacetylated mitochondrial
proteins (Lombard et al., 2007), and HFD feeding leads to mitochondrial protein hyperacetylation, we tested the possibility that
the expression of SIRT3, the primary mitochondrial protein
deacetylase, might be suppressed in the liver of wild-type (WT)
mice fed a HFD.
Hepatic SIRT3 expression was initially increased in response
to a 1 week HFD feeding in WT mice (Figure 1B). In contrast,
hepatic SIRT3 was suppressed with chronic HFD feeding
(13 weeks on a HFD) compared to a standard diet (SD) (Figure 1B). Suppression of SIRT3 with chronic HFD feeding resulted
in elevated global mitochondrial protein acetylation (Figure 1A).
To determine if reduced Sirt3 transcription underlies the
suppression of hepatic SIRT3 in HFD-fed mice, we measured
SIRT3 mRNA. We found significantly reduced hepatic SIRT3
mRNA in mice chronically fed a HFD (Figure 1C). Because Sirt3
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Figure 1. Chronic HFD Feeding Results in Global Mitochondrial
Hyperacetylation and Reduces Hepatic SIRT3
(A) Mitochondria were isolated from livers of WT mice fed a standard or HFD for
1 week or 13 weeks (Jackson Laboratory) and analyzed for mitochondrial
protein acetylation by western blot analysis with an acetyllysine-specific
antiserum; n = 3 mice/condition.
(B) Mitochondria were isolated from livers of WT mice fed a SD or HFD for 1, 5,
or 13 weeks (Jackson Laboratory) and analyzed for SIRT3 expression by
western blot analysis with an antiserum specific for SIRT3. Integrated density
values were calculated for SD- and HFD-fed WT mice; data are represented in
arbitrary units (AU) ± SEM, n = 3 mice/condition, *p < 0.05.
(C and D) mRNA transcript levels were quantified by qPCR from WT mice,
(from B, *p < 0.05, n = 3/genotype, SD or HFD, ± SEM).
(E and F) mRNA transcript levels were quantified by qPCR from WT mice fed
a SD or HFD overexpressing adenoviral PGC-1a or GFP as a control (*p < 0.05,
**p < 0.01, n = 5/condition, ± SEM).
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gene expression is regulated by peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a) (Kong
et al., 2010), we measured hepatic PGC-1a mRNA in mice chronically fed a HFD and found significantly reduced levels, consistent
with the reduction in Sirt3 gene expression (Figure 1D). To
confirm that PGC-1a regulates Sirt3 gene expression in HFDfed mice, adenoviral constructs overexpressing PGC-1a, or
GFP as a control, were injected into WT mice fed a SD or HFD.
After intravenous administration, hepatic tissue homogenates
were collected and assessed for PGC-1a and SIRT3 mRNA
expression. We observed a 6.8- to 12.1-fold increase in hepatic
PGC-1a expression in mice overexpressing adenoviral PGC-1a
fed a HFD or SD, respectively, compared to mice overexpressing
adenoviral GFP (Figure 1E). Furthermore, we found a 1.7-fold
increase in SIRT3 expression in mice overexpressing adenoviral
PGC-1a fed a HFD, compared to mice overexpressing adenoviral
GFP (Figure 1F). In contrast, no differences were observed in
SIRT3 expression between mice overexpressing PGC-1a or
GFP fed a SD (Figure 1F). These data demonstrate that the reduction in SIRT3 observed in mice fed a HFD is a direct result of the
reduction in hepatic PGC-1a, and can be rescued by exogenous
PGC-1a overexpression.
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HFD Feeding Induces LCAD Hyperacetylation
and Reduces Enzymatic Activity
Previous studies show that SIRT3 regulates fatty acid oxidation
by reversibly deacetylating proteins in the fatty acid oxidation
pathway, such as LCAD, and ablation of SIRT3 increases
LCAD acetylation and reduces LCAD activity (Hirschey et al.,
2010). To test the possibility that HFD-induced loss of SIRT3
could influence LCAD activity, we measured LCAD acetylation
and activity in SD- and HFD-fed mice, both in the presence
and absence of SIRT3. As shown previously (Hirschey et al.,
2010; Lombard et al., 2007), SIRT3KO mice fed a SD showed
a significant increase in global hyperacetylated mitochondrial
proteins compared to WT mice (159% increase; Figure 2A).
WT mice fed a HFD also showed an increase in global hyperacetylation of mitochondrial proteins compared to SD-fed mice
(51% increase; Figure 2A). While SIRT3KO mice fed a HFD
show increased acetylation compared to WT mice, no further
increase in protein acetylation was observed when comparing
the global mitochondrial protein acetylation levels between
SD-fed and HFD-fed SIRT3KO mice (Figure 2A).
To determine if SIRT3 protein levels, and not diet composition,
could regulate mitochondrial protein acetylation, we measured
SIRT3 expression in mice fed a SD and HFD mice. We observed
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Figure 2. Chronic HFD Feeding Induces LCAD Hyperacetylation and
Reduces Enzymatic Activity
(A) Mitochondria were isolated from livers of 6-month-old WT and SIRT3KO
mice fed a SD or HFD and analyzed for mitochondrial protein acetylation with
an acetyllysine-specific antiserum; average integrated densitometry values
(IDV) were calculated relative to WT mice fed a SD, ± SEM.

(B) Mitochondria were isolated from livers of WT and SIRT3KO mice fed
a standard or HFD and analyzed for SIRT3 expression by western blot analysis
with an antiserum specific for SIRT3.
(C) Liver extracts from WT and SIRT3KO mice fed a standard or HFD were
immunoprecipitated with an antiacetyllysine antiserum and analyzed with
anti-LCAD antiserum; average integrated densitometry values (IDV) were
calculated relative to one WT mouse fed a SD, and LCAD input was used as
a reference, ±SEM.
(D) Liver extracts from WT and SIRT3KO mice fed a SD or HFD were assessed
for enzymatic activity ex vivo using 2, 6 dimethylheptanoyl-CoA as a substrate;
*p < 0.05, all samples from same mice, n = 3/condition, representative samples
shown, ±SEM.
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Figure 3. SIRT3KO Develop Diet-Induced Obesity
and Insulin Resistance
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(A) Body weight measurements were recorded from WT
and SIRT3KO mice weaned onto and maintained on a HFD
(n = 20/genotype).
(B and C) Three-month-old WT and SIRT3KO mice were
assessed for the volume of oxygen consumption (VO2)
(B) and carbon dioxide exhalation (VCO2) (C), in metabolic
cages, n = 10/genotype, three independent trials, data
collected over 48 hr and normalized to lean body mass,
averages were totaled for dark and light cycles, ±SEM.
(D and E) Twelve-month-old SIRT3KO and WT mice fed
a HFD were tested for glucose (D) and insulin tolerance (E)
and measured for blood glucose levels; inset data represent AUC, ±SEM.
(F and G) Twelve-month-old SIRT3KO and WT mice fed
a SD were tested for glucose (F) and insulin tolerance (G)
and measured for blood glucose levels; inset data represent AUC (n = 5/genotype, fasted 6 hr, SD); *p < 0.05,
**p < 0.01, ±SEM.
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acetylation is sufficient to reduce enzymatic
activity. Furthermore, SIRT3KO mice fed a
a significant reduction in SIRT3 protein in WT mice fed a HFD HFD showed a 57% reduction in LCAD activity compared to
(67% reduction compared to SD; Figure 2B). The reduction in WT mice fed a SD, but was not significantly reduced compared
SIRT3 in 6-month-old HFD-fed mice (Figure 2B) was stronger to SIRT3KO mice fed a SD (Figure 2D). Thus, we find a direct
than in 4-month-old HFD-fed mice (Figure 1B), and demon- correlation between SIRT3 expression, global acetylation levels,
strates that SIRT3 continues to be suppressed by HFD feeding LCAD acetylation levels, and LCAD activity.
over time. Furthermore, we observed a direct correlation
between the level of SIRT3 and the levels of mitochondrial SIRT3KO Mice Develop Diet-Induced Obesity
protein acetylation. HFD feeding suppresses SIRT3 and induces and Insulin Resistance
moderate mitochondrial protein hyperacetylation, whereas abla- To identify the metabolic consequences of chronic mitochondrial
tion of SIRT3 in standard or HFD-fed conditions induces severe protein hyperacetylation, we placed SIRT3KO mice on a HFD
mitochondrial protein acetylation. These data support the finding and measured several metabolic parameters. No early differthat SIRT3 levels are regulated by diet and directly influence ences in weight were noted between WT and SIRT3KO mice
global mitochondrial protein acetylation levels.
(Figure 3A). However, SIRT3KO mice developed diet-induced
Furthermore, we observed low levels of LCAD acetylation in obesity at an accelerated rate when maintained on a HFD (FigWT mice fed a SD and a 134% increase in LCAD acetylation in ure 3A), but not a SD (see Figure S1 available online). On
SIRT3KO mice fed a SD (Figure 2C), as reported previously a HFD, SIRT3KO mice weighed 7% more than WT mice (p =
(Hirschey et al., 2010). WT mice fed a HFD showed a significant 0.075) by 18 weeks, 10% more by 33 weeks, and 15% more
increase in LCAD acetylation (55% increase compared to WT by 52 weeks (p values 0.042 and 0.018, respectively). Dual
mice fed a SD; Figure 2C). HFD-fed SIRT3KO mice also showed energy X-ray absorptiometry (DEXA) analyses showed that the
an increase in LCAD acetylation compared to HFD-fed WT mice increased weight in SIRT3KO mice was due to increased
(Figure 2C). However, the level of LCAD acetylation was similar in adiposity (Figure S1).
SIRT3KO mice fed a SD or HFD (Figure 2C).
To assess the relative contributions of energy intake (food
In the absence of SIRT3, hyperacetylation of LCAD causes consumption) and energy expenditure (activity, respiration) to
reduced enzymatic activity (Hirschey et al., 2010). Thus, we increased obesity, metabolic cage analyses were performed in
tested the possibility that diet-induced LCAD hyperacetylation WT and SIRT3KO mice. Oxygen consumption (VO2) was 15%
1.5

100

180 Molecular Cell 44, 177–190, October 21, 2011 ª2011 Elsevier Inc.

AUC

1.0

ITT Glucose (mg/dL)

GTT Glucose (mg/dL)

AUC

1.5

1.0

Molecular Cell
Loss of SIRT3 Accelerates the Metabolic Syndrome

lower in SIRT3KO mice during light (p = 0.001) and 14% lower
during dark (p = 0.003) cycles (Figure 3B). Additionally, SIRT3KO
mice had lower CO2 exhalation (VCO2) during both light and
dark cycles (15% lower during the light cycle and 16% lower
during the dark cycle, p = 0.01 and 0.003, respectively) (Figure 3C); however, no differences in the respiratory exchange
ratio (RER) were observed (Figure S1). Because no significant
differences were observed in food intake or spontaneous activity
(Figure S1), we concluded that lower energy expenditure in
SIRT3KO mice preceded the onset of diet-induced obesity and
is the primary driver for the development of increased adiposity
and weight gain.
Insulin resistance is a hallmark of obesity and the metabolic
syndrome (Biddinger and Kahn, 2006; Kahn et al., 2006; Reaven,
1988). We therefore measured glucose tolerance and insulin
sensitivity in WT and SIRT3KO mice. Obese 12-month-old
SIRT3KO mice fed a HFD exhibited hyperglycemia during
glucose-tolerance testing and were insulin resistant by insulin
tolerance testing (Figures 3D and 3E). To assess the role of
SIRT3 on insulin resistance in the absence of obesity, we measured glucose and insulin tolerance in nonobese 12-month-old
SD-fed WT and SIRT3KO mice (Figure S1). We observed marked
hyperglycemia in SIRT3KO mice upon intraperitoneal glucose
injection (52% increase in area under the curve [AUC]) and
marked insulin resistance upon intraperitoneal insulin injection
(34% increase in AUC; Figures 3F and 3G, respectively).
To measure the progression of the observed insulin resistance
in 12-month-old SD- and HFD-fed SIRT3KO mice, we measured
glucose and insulin sensitivity in 3-month-old SD- and HFD-fed
WT and SIRT3KO mice. No differences were observed in
glucose or insulin tolerance in 3-month-old WT and SIRT3KO
mice fed a SD (Figure S2). However, glucose and insulin tolerance tests in 3-month-old WT and SIRT3KO mice maintained
on a HFD revealed key differences. Namely, SIRT3KO mice displayed equal ability to regulate glucose levels as WT mice in
response to intraperitoneal glucose injection, but generated
higher insulin levels to maintain glucose homeostasis (Figure S2).
HFD-fed SIRT3KO mice were also insulin resistant upon insulin
tolerance challenge by intraperitoneal insulin injection (Figure S2). Together, these data demonstrate that lack of SIRT3
and mitochondrial protein hyperacetylation leads to disrupted
insulin signaling and insulin resistance with age. Furthermore,
HFD feeding accelerates the development of insulin resistance
and glucose intolerance in SIRT3KO mice at 3 months of age
in the absence of obesity, which is significantly exacerbated in
obese 12-month-old mice.
Hepatic Steatosis and Nonalcoholic Steatohepatitis
in SIRT3KO Mice
Abnormal hepatic lipid accumulation has been proposed as
a possible mechanism for the development of insulin resistance
in the metabolic syndrome (Reaven, 1988). We therefore
measured lipids in WT and SIRT3KO mice fed a HFD. Staining
of liver sections for total lipids with oil red O showed high lipid
levels in WT mice fed a HFD but even higher levels in SIRT3KO
mice fed the same diet (Figures 4A and 4B and Figure S3). Direct
measurement of lipids in liver tissue homogenates showed that
3-month-old SIRT3KO mice had 38% more hepatic triglycerides

than WT mice, and 41% more hepatic cholesterol esters (Figure 4B). Metabolomic analyses of 3-month-old WT and SIRT3KO
mice fed a HFD revealed increased accumulation of hepatic
long-chain acylcarnitine species in SIRT3KO mice, but not
organic acids or amino acids (Figure S4). These results are
consistent with the previously demonstrated reduced fatty acid
oxidation in SIRT3KO mouse livers (Hirschey et al., 2010).
Because SIRT3 deficiency reduces fatty acid oxidation and
results in accumulation of hepatic lipids, we sought to determine
if SIRT3 overexpression is protective against hepatic lipid
accumulation. Recombinant adenoviruses containing the cDNA
encoding Sirt3, or green fluorescent protein (GFP) as a control,
were injected into the tail veins of WT mice, and hepatic tissue
homogenates were assessed for total lipid levels. Hepatic
triglyceride levels were 50% lower in WT mice injected with
SIRT3-expressing adenovirus than in mice injected with the
GFP-expressing virus (Figure 4C). These data demonstrate
that SIRT3 overexpression reduces hepatic lipids and suggest
a possible therapeutic role for enhanced SIRT3 expression in
the management of the metabolic syndrome.
Histological analysis of liver sections from 12-month-old mice
fed a HFD showed higher lipid levels in SIRT3KO mice than in
WT mice with features consistent with steatohepatitis. Aged
SIRT3KO mice had more macrovesicular steatosis, which was
evaluated based on the percentage of fat in a histologic section
of the liver parenchyma. Strikingly, 12-month-old SIRT3KO mice
also had more lobular lymphoplasmacytic inflammation (Figure 4D and Figure S3), as determined by histological scoring of
the average number of lymphoplasmacytic aggregates in five
1003 fields. Additionally, a trend toward more hepatocyte
ballooning degeneration and hepatic fibrosis was observed in
the SIRT3KO mice compared to WT mice (Figure 4D and
Figure S3).
Because we observed signs of hepatic inflammation, which
has been linked to obesity and metabolic dysfunction (Hotamisligil et al., 1993), we measured serum inflammatory cytokines from
WT and SIRT3KO mice fed a HFD. We found aged SIRT3KO
mice had markedly higher levels of inflammatory cytokines
than WT mice (Figure 4E). In particular, interferon-g (3-fold),
IL-10 (3-fold), IL-12p70 (12-fold), IL-6 (10-fold), TNF-a (1.7fold), and CXCL1 (1.2-fold) were all significantly higher in obese
12-month-old SIRT3KO mice fed a HFD compared to WT mice,
but were unchanged in nonobese 3-month-old SIRT3KO mice
(Figure 4E). These data show that lack of SIRT3 and the accompanying mitochondrial protein hyperacetylation are linked to
increased cytokines and the development of steatohepatitis in
aged, obese mice.
SIRT3KO Mice Develop Hyperlipidemias
with HFD Feeding
Obesity, insulin resistance, and the metabolic syndrome often
coincide with lipid abnormalities, including hypertriglyceridemia,
hypercholesterolemia, and other dyslipidemias (Reaven, 1988).
Serum lipid measurements from 12-month-old SIRT3KO mice
fed a HFD revealed higher levels of triglyceride (97% increase)
and cholesterol (141% increase) than in WT mice (Figure 4F).
We also found higher levels of low-density lipoproteins (LDL,
60% increase) and very-low-density lipoproteins (VLDL, 100%
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Figure 4. SIRT3KO Mice Fed a HFD Develop Hepatic Steatosis and
Inflammation
(A) Histological analysis of livers from HFD fed WT and SIRT3KO mice with oil
red O Stain (fed or fasted 24 hr).
(B) Livers extracts from WT and SIRT3KO mice fed a HFD were analyzed for
total phospholipids, triglycerides, and cholesterol esters (n = 5/genotype,
fasted 24 hr, ±SEM).
(C) Hepatic lipids were measured in WT mice 1 week after injection with
adenovirus expression vectors for GFP or SIRT3.
(D) Hepatic sections from 12-month-old WT and SIRT3KO mice fed a HFD
were fixed; stained with hematoxylin and eosin (H&E), Masson’s trichrome,
or reticulin; and scored for inflammation, steatosis, ballooning, and fibrosis
(n = 15/genotype, Wilcoxon rank-sum test, *p < 0.05).

Increased Hepatic Saturated Lipids Induce SCD1
Expression in SIRT3KO Mice
To characterize possible changes in nuclear gene expression
that occur as a consequence of SIRT3 deficiency, microarray
analyses were performed on livers of WT and SIRT3KO mice.
Because HFD feeding is associated with large changes in gene
transcription (Kim et al., 2004), and to identify gene expression
changes unique to SIRT3 deficiency, we compared gene expression in WT and SIRT3KO mice fed a SD. Of 28,800 genes
tested, 18 were significantly upregulated (increased greater
than 1.2-fold, p < 0.001), and nine were significantly downregulated (decreased greater than 1.2-fold, p < 0.001) in liver from
SIRT3KO mice (Figure S5). Interestingly, the most highly induced
gene (1.7-fold increase) was stearoyl-CoA desaturase 1 (SCD1)
(Figure S5). SCD1 is a fatty acid synthesis enzyme that catalyzes
the biosynthesis of monounsaturated long-chain acyl CoAs from
saturated long-chain acyl CoAs (Miyazaki et al., 2001). Mice with
hyperlipidemias or humans with obesity and type II diabetes
have increased SCD1 expression (Attie et al., 2002; Hulver
et al., 2005). Increased SCD1 mRNA abundance was independently validated using quantitative RT-PCR, and a 5-fold increase in mRNA was detected in SIRT3KO mice compared to
WT mice (Figure 5A). Surprisingly, SCD1 was the only mRNA
for lipogenic genes whose expression was increased (Figure 5A
and Figure S5).
To determine if increased SCD1 expression correlated with
increased SCD1 activity, we measured the plasma desaturation
index. This index represents the ratio of serum palmitoleate:
palmitate (16:1/16:0) or oleate:stearate (18:1/18:0) and is a
well-documented marker for SCD1 activity (Attie et al., 2002).
In the plasma of SIRT3KO mice fed a SD, the free fatty acid
desaturation indexes for C16:1/C16:0 and C18:1/C18:0 were
increased (213% and 62%, respectively) (Figure 5B). Triglyceride desaturation indices were also increased (66% for triglyceride C16:1/C16:0) (Figure 5B).
Scd1 gene transcription is sensitive to hormones (e.g., insulin)
and fatty acids, (e.g., polyunsaturated fatty acids) (Ntambi et al.,
2004) and regulated by multiple transcription factors (e.g., sterol
regulatory element-binding protein 1c [SREBP-1c]), as part of
a coordinated fatty acid synthetic effort (Shimano et al., 1999).
However, because no differences were observed in the levels
of SREBP-1c or other lipogenic enzymes in SIRT3KO mice (Figure 5A and Figure S5), we sought to determine the molecular
mechanism underlying the specific increase in SCD1.
(E) Cytokine analyses were conducted on serum obtained from 12-month-old
WT and SIRT3KO mice maintained on a HFD (n = 5/genotype, ±SEM).
(F) Serum triglyceride (TG), cholesterol (Chol), high-density lipoprotein (HDL),
low-density lipoprotein (LDL), and very-low-density lipoprotein (VLDL) were
measured in 12-month-old WT and SIRT3KO mice fed a HFD ad libitum (fasted
24 hr, n = 5 mice/genotype, ±SEM).
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Figure 5. SIRT3KO Mice Have High Expression and
Activity of Hepatic SCD1

A

B

C

D

E

(A) mRNA transcript levels were quantified by qPCR from
WT and SIRT3KO mice (*p < 0.05, n = 3/genotype,
3-month-old mice, SD, ±SEM).
(B) Plasma samples from 3-month-old SIRT3KO and WT
mice were analyzed for desaturation indices in triglyceride
(TG) phospholipids (PL) and free fatty acids (FFA) by
measuring palmitate (C16), palmitoleate (C16:1), stearate
(C18), and oleate (C18:1) (*p < 0.05, n = 5/genotype,
3-month-old mice, SD, ±SEM).
(C) Adenoviral SCD1 promoter activity in Huh7 cells after
treatment with lipids extracted from plasma or liver tissue
in WT or SIRT3KO (*p < 0.05, n = 3/genotype, 12-week-old
mice, SD).
(D) Hepatic extracts from SIRT3KO and WT mice were
analyzed for acyl-CoA lipid species (*p < 0.05, n = 5/
genotype, 12-week-old mice, SD).
(E) Adenoviral SCD1 promoter activity in Huh7 cells after
treatment with palmitate, palmitoleate, stearate, oleate
(n = 3/condition, ±SEM, *p < 0.05).
(F) Hepatic triglycerides from WT, SCD1KO, SIRT3KO, and
SCD1KO/SIRT3KO (dKO) mice fed a standard (SD) or
high-fat (HF) diet were measured (n = 5/genotype, fed or
fasted 24 hr, ±SEM).
(G) Two-month-old WT, SIRT3KO, SCD1KO, and dKO
mice fed a HFD were tested for glucose tolerance and
measured for blood glucose levels; inset data represent
AUC, ±SEM.

F

G
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Multiple lipids are implicated in regulating Scd1 gene transcription (for a review, see Paton and Ntambi, 2009), and palmitoleate (C16:1) suppresses Scd1 gene transcription and
enhances insulin sensitivity in mice (Cao et al., 2008). Accordingly, we tested the possibility that accumulated lipids in
SIRT3KO mice increased Scd1 gene transcription. The Scd1
promoter region (1–1500) was cloned in front of a luciferase
gene and packaged into an adenoviral reporter (Cao et al.,
2008). Huh7 hepatoma cells were infected with this adenovirus
and incubated with murine lipid extracts, and Scd1 promoter
activity was measured. As a control, cells were coinfected with
another adenovirus encoding renilla luciferase under control of
the CMV promoter. We found higher levels of Scd1 promoter
activity upon treatment with hepatic lipids extracted from
SIRT3KO mouse (64% higher than from WT mice) (Figure 5C).
The activity of the Scd1 reporter was also sensitive to lipids extracted from SIRT3KO mouse plasma (40% higher than from WT
mice) (Figure 5C).
To identify lipid species in SIRT3KO mice responsible for
increased SCD1 transcriptional activity, we measured levels
of hepatic lipids from SIRT3KO mice. Lipids are activated
by attaching Coenzyme A (CoA) to an acyl chain before
storage. Long-chain acyl CoA acts as signal transduction intermediate and directly regulates gene expression via transcription factor binding (Black et al., 2000). Thus, we measured
the abundance of acyl-CoAs in WT and SIRT3KO mouse livers.
Of 47 hepatic acyl CoAs measured ranging from acetyl-CoA
(C2) to eicospentanoyl-CoA (EPA, C20:05), the acyl-CoA
moiety in the greatest abundance (62% increase for SIRT3KO)
was stearoyl-CoA (Figure 5D). The abundance of saturated
stearoyl-CoA suggested that saturated lipids might regulate
Scd1 promoter activity.
We then measured Scd1 promoter activity in response to longchain saturated (palmitate, stearate) fatty acids with the adenoviral luciferase reporter described above. We infected Huh7
hepatoma cells with an adenovirus reporter encoding the Scd1
promoter and measured its sensitivity to saturated fatty acids.
Palmitate and stearate increased Scd1 promoter activity in
a dose-dependent manner (Figure 5E). Thus, these data show
accumulation of saturated lipids directly increased Scd1 gene
transcription, and suggest that high hepatic stearate levels in
SIRT3KO mice cause increased Scd1 gene expression and
contribute to the pathogenesis of the metabolic syndrome in
SIRT3KO mice.
Because Scd1 is elevated in mice and in humans with elevated
lipids (Attie et al., 2002; Hulver et al., 2005) and mice lacking
Scd1 (SCD1KO) have reduced hepatic lipids (Cohen et al.,
2002), we sought to identify the physiological significance of
Scd1 upregulation in SIRT3KO mice and generated mice lacking
both Sirt3 and Scd1 (dKO). Under SD-fed conditions, no differences in hepatic lipids were observed between WT, SIRT3KO,
SCD1KO, or dKO mice (Figure 5F). However, HFD-induced
hepatic steatosis was observed in WT mice and was exacerbated in SIRT3KO mice as described above (Figure 5F). Hepatic
steatosis was absent in SCD1KO mice fed a HFD, as previously
reported (Ntambi et al., 2002). Furthermore, dKO mice showed
markedly reduced hepatic triglycerides with HFD feeding (Figure 5F) and improved insulin sensitivity (Figure 5G), consistent

with the results that loss of the lipogenic gene Scd1 protects
from HFD-induced metabolic dysfunction.
Genetic Association of a Single Nucleotide
Polymorphism in SIRT3 with the Metabolic
Syndrome in Humans
The metabolic syndrome is a complex disease with several
contributing etiologies, and while no single gene can explain
the full collection of metabolic disorders in humans, several
genes have been shown to influence susceptibility to the metabolic syndrome (Lusis et al., 2008). Because SIRT3KO mice
develop several metabolic disorders at an accelerated rate
compared to WT mice fed a HFD, we tested if variability in the
SIRT3 gene was correlated to increased susceptibility for
developing metabolic dysfunction in humans. We took a gene
candidate approach and interrogated the SIRT3 gene in 834
DNA samples from a cross-sectional cohort of patients with
nonalcoholic fatty liver disease, and initially tested if a single
nucleotide polymorphism (SNP) in SIRT3 increased a patient’s
susceptibility for accelerated progression from fatty liver disease
to more complex metabolic diseases including the metabolic
syndrome (obtained from the Non-alcoholic Steatohepatitis
Clinical Research Network [NASH CRN], Table S2). Thirteen
SNPs spanning SIRT3 were measured, nine of which were
found in the patient cohort and passed all quality control criteria
(Table S3A). Two SNPs in near-perfect linkage disequilibrium
(rs7934919 and rs11246020; D0 : 1.0, r2 = 0.98 [Figure 6A])
were associated with the metabolic syndrome (MetSyn). The
strength of these associations was enhanced following exclusion of individuals with type 2 diabetes.
Next, haplotype analysis of the haplotype block was performed to refine the association signal and to determine if either
SNP (rs7934919 and rs11246020) was a surrogate of the other.
The four-SNP haplotypes did not improve the association signal
(Table S3B). The rs7934919 SNP appears to be a surrogate of
rs11246020, given the associations detected were strongest
for rs11246020, and adjusting for rs7934919 in multivariable
analyses completely attenuated the association signal. Regression analysis of the inferred diplotypes for the 4-SNP haplotype
provided additional evidence that rs11246020 underlies the
association signal between SIRT3 gene variation and the metabolic syndrome (p = 0.007), based on the observation that the
association signal did not improve substantially in comparison
with analysis of rs11246020 alone (Table S3B, shaded row).
Assuming a recessive mode of inheritance, the rs11246020
‘‘A’’ minor allele was associated with increased odds for meeting
the criteria for the metabolic syndrome (odds ratio [OR]: 1.5, 95%
confidence interval [CI]: 1.07—2.02, p = 0.017), after adjustment
for age, sex, and BMI (Figure 6B, middle column). Additionally,
the precision of the point estimate improved when NAFLD was
controlled for in the model examining the relationship between
rs11246020 and metabolic syndrome (Figure 6B, right column,
OR: 1.5, 95% CI: 1.12–2.13, p = 0.008).
To further investigate the correlation between rs11246020 and
the metabolic syndrome in humans, we evaluated rs11246020 in
the Metabolic Syndrome in Men (METSIM) cohort containing
approximately 8000 Finnish men (Stancáková et al., 2009). We
estimated the association between the rs11246020 minor allele
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Figure 6. A Functional SNP in the Human SIRT3 Gene Is Associated with Human Metabolic Syndrome and Encodes a Point Mutation

(A) Heat map detailing the pairwise LD among the seven SNPs spanning the SIRT3 coding region. The pairwise correlations (D0 ) are rendered within each diamond
with greater LD reflected by darker shades of gray. SIRT3 gene structure is depicted above the LD heat map: exons are depicted in gray boxes, introns as
connecting black lines, and untranslated regions as smaller boxes shades in pink. Approximately 10 kbp of flanking DNA sequence was included in the tagSNP
selection procedure. tagSNPs the promoter region is included in the diagram of the SIRT3 gene structure; SNPs rendered in bold are included in the haploblock
outlined in the black triangle; two SNPs encode for nonsynonymous polymorphisms (rs11246020 and rs28365927, gray bold).
(B) Association of SIRT3 rs11246020 with the metabolic syndrome in the NASH-CRN cohort. Abbreviations: P, p value for the test statistic; OR (95% CI), the odds
ratio and 95% confidence interval for the test statistic; VNTR, variable number tandem repeat; UNADJ, unadjusted; ADJ, adjusted for age, sex, and BMI unless
otherwise indicated.
(C) Association of SIRT3 rs11246020 with the metabolic syndrome in the METSIM cohort, adjusted for age and BMI. yMetabolic syndrome criteria based on the
IDF guidelines, excluding the presence of type 2 diabetes. *p value for the overall model.
(D) Schematic of SIRT3 protein; mitochondrial targeting sequence (MTS), mitochondrial processing peptidase (MPP) site.
(E and F) Steady-state kinetic analyses of SIRT3 activity; rates of activity were measured as a function of [NAD+] (E) or [3H-histone H4 peptide] (F), as measured by
organic-soluble radioactive signal, n = 3 independent measurements/sample, ±SEM.

and the metabolic syndrome using additive, dominant, and
recessive genetic models, and found the ‘‘A’’ minor allele again
showed a positive association with increased odds for meeting
the criteria for diagnosis of the metabolic syndrome (OR: 1.30,
95% CI: 1.00–1.71, p = 0.053), after adjustment for type 2 diabetes (Figure 6C). Assumption of either the additive or dominant
modes of inheritance impacted the association signals (Figure 6C
and Table S4).
Different health agencies use different criteria for the definition
of the metabolic syndrome (Reaven, 2006), such as the International Diabetes Federation (IDF), the World Health Organization
(WHO), the European Group for the Study of Insulin Resistance
(EGIR), the U.S. National Cholesterol Education Program Adult
Treatment Panel III (NCEP/ATPIII), and the American Heart Association/National Heart, Lung, and Blood Institute (AHA/NHLBI).
These definitions contain different qualifying criteria and apply
different clinically defined thresholds for several criteria (i.e., fasting glucose, blood pressure). Thus, we sought to measure the
impact of these varying definitions on the association between

rs11246020 in SIRT3 and the metabolic syndrome used by the
IDF with diabetics excluded, IDF with diabetics included, or
the NCEP/ATPIII definition. We found different definitions
impacted both the odds ratios and the precision of the estimates (i.e., 95% CI) (Figure 6C and Table S4). Namely, the IDF
definition of the metabolic syndrome which includes individuals
with diabetes was associated with rs11246020, which strengthened when individuals with diabetes were excluded. However,
when using the NCEP/ATPIII definition, the association was
attenuated.
Functional SNP in SIRT3 Causes a Point Mutation
and Reduces Enzymatic Activity
The nonsynonymous point mutation encoded by rs11246020
results in a change of valine to isoleucine at residue 208 of the
SIRT3 polypeptide. The V208I polymorphism lies within the
conserved catalytic deacetylase domain of SIRT3 (Figure 6D
and Frye, 2000) and could therefore affect its enzymatic activity.
To test this possibility, we expressed recombinant WT SIRT3,
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SIRT3-V208I, and catalytically inactive SIRT3-H248Y in E. coli
and tested their deacetylase activity in vitro. A steady-state
kinetic analysis of SIRT3 activity was performed, and the initial
rates of radioactive release were measured as a function of
NAD+ concentration. The resulting saturation curves were fitted
to the Michaelis-Menten equation, and the Vmax and KM kinetic
parameters were compared among WT SIRT3, SIRT3-V208I,
and catalytically inactive SIRT3-H248Y. We observed an 18%
increase in the KM for NAD+ in SIRT3-V208I, compared to WT
SIRT3 (Figure 6E and Figure S6), indicating more NAD+ is
required in SIRT3-V208I deacetylation reaction. Coincident
with the increase in KM, we observed a 19% reduction Vmax for
NAD+ by SIRT3-V208I, compared to WT SIRT3 (Figure 6E and
Figure S6). Additionally, we observed a 28% reduction in
SIRT3-V208I Vmax for the peptide substrate, compared to WT
SIRT3, but no change in the KM for the peptide substrate
(Figure 6F and Figure S6). These results indicate that the
SIRT3-V208I mutation reduces the catalytic efficiency by 34%
compared to WT SIRT3, in three independent enzyme preparations (Figure S6). These observations demonstrate the mutant
SIRT3-V208I has reduced enzyme efficiency and could partially
explain how human patients with rs11246020 have increased
susceptibility to developing the metabolic syndrome.
DISCUSSION
In this study, we identify SIRT3 and mitochondrial protein
acetylation as crucial regulators of metabolic homeostasis and
demonstrate that deficiency of SIRT3 leads to accelerated
development of the diseases of the metabolic syndrome. While
some genes influence several traits associated with the metabolic syndrome, thus far no single gene influences the entire
spectrum (Lusis et al., 2008), and mouse models encompassing
a single or several traits of the metabolic syndrome continue to
provide a better understanding of the mechanisms underlying
the metabolic syndrome in humans. Our observations support
the model that SIRT3 deficiency and the associated mitochondrial protein hyperacetylation result in mitochondrial dysfunction, and we identify three distinct conditions associated with
decreased SIRT3 expression or activity that all lead to metabolic
dysfunction.
First, WT mice fed a HFD develop obesity, hyperlipidemia,
type 2 diabetes mellitus, insulin resistance, and nonalcoholic
steatohepatitis (Collins et al., 2004; Petro et al., 2004; Rossmeisl
et al., 2003; Surwit et al., 1995), and these deleterious effects of
HFD feeding are further exacerbated in mice with a genetic deletion of Sirt3. We previously reported that SIRT3 deacetylates
mitochondrial proteins and that ablation of SIRT3 is associated
with LCAD hyperacetylation, reduced LCAD enzymatic activity,
and decreased fatty acid oxidation (Hirschey et al., 2010). Interestingly, LCAD deficiency is also associated with accelerated
development of an insulin resistance in mice (Zhang et al.,
2007). Ablation of LCAD in mice results in hepatic steatosis
and hepatic insulin resistance, primarily attributed to lipid accumulation from reduced fatty acid oxidation (Kurtz et al., 1998).
Additionally, ablation of malonyl-CoA decarboxylase (MCD), an
enzyme that regulates mitochondrial fatty acid oxidation, leads
to reduced fatty acid oxidation and insulin resistance (Koves

et al., 2008). We speculate that increased SCD1 expression
also contributes to the metabolic syndrome phenotype in
SIRT3KO mice. Lipids are implicated in regulating Scd1 gene
transcription (for a review, see Paton and Ntambi, 2009), and
elevated hepatic lipids in SIRT3KO mice lead to increased transcriptional signals that further activate Scd1 expression.
Notably, increased Scd1 expression in SIRT3KO mice precedes
the development of the metabolic syndrome phenotype, and
ablation of Scd1 in SIRT3KO mice rescues the hepatic steatosis
phenotype induced by HFD feeding. Thus, primary lesions in
fatty acid oxidation upon ablation of SIRT3, LCAD, or MCD all
result in elevated lipids and insulin resistance, and strongly
support a role for mitochondrial lipid oxidation in the maintenance of insulin signaling and metabolic homeostasis.
Second, prolonged exposure to HFD feeding in WT mice
results in a reduction of hepatic SIRT3 expression and increased
mitochondrial protein acetylation, as reported previously (Bao
et al., 2010). Furthermore, HFD feeding results in LCAD hyperacetylation and reduces LCAD activity, demonstrating that
HFD feeding partially mimics the phenotype of the SIRT3KO
mice. The HFD-induced suppression of Sirt3 occurs at the transcriptional level and is primarily driven by the HFD-induced
suppression of PGC-1a (Crunkhorn et al., 2007; Li et al., 2007),
which regulates the expression of SIRT3 (Kong et al., 2010).
Overexpression of exogenous PGC-1a was sufficient to rescue
the loss of SIRT3 in HFD-fed mice. However, overexpression
of exogenous PGC-1a did not result in overexpression of
SIRT3 in SD fed mice, which displayed basal levels of SIRT3.
These data show that SIRT3 levels are tightly regulated at the
transcriptional level under SD and HFD feeding. Because fatty
acid oxidation is also suppressed by HFD feeding (Ji and Friedman, 2008; Ji and Friedman, 2007), we hypothesize that reduced
SIRT3 and increased mitochondrial protein acetylation could be
a new mechanism to reduce fatty acid oxidation in a HFD-fed
state.
Third, we find a correlation between a genetic polymorphism in
SIRT3 in humans and the development of the metabolic
syndrome. Although SNPs in SIRT3 have not been identified in
large-scale genome-wide association studies in obesity (Heid
et al., 2010; Lindgren et al., 2009; Speliotes et al., 2010), diabetes
(Dupuis et al., 2010; Prokopenko et al., 2009), or cholesterol and
lipid metabolism (Musunuru et al., 2010; Teslovich et al., 2010),
we tested the possibility that SNPs in SIRT3 were associated
with metabolic dysfunction in a Caucasian cohort diagnosed
with fatty liver disease (The NASH CRN). This cohort was chosen
because SIRT3KO mice have clear signs of fatty liver disease,
and we hypothesized these patients might be enriched for one
of 12 SNPs in SIRT3. Our unbiased approach identified a single
SNP that correlated with increased risk of the metabolic
syndrome from over 30 clinical parameters tested.
In a subsequent study focusing specifically on the rs11246020
‘‘A’’ minor allele, we sought to validate the SNP association in
a population of approximately 8000 Finnish men (Stancáková
et al., 2009). We observed an additional correlation between
the frequency of this allele and meeting the criteria for diagnosis
of the metabolic syndrome. While these data are suggestive and
support the findings in the NASH-CRN study, these data are not
definitive and further human genetic studies will fully elucidate
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Figure 7. Working Model
SIRT3 functions to deacetylate mitochondrial proteins and increase fatty acid oxidation and energy production. In SIRT3KO mice or mice fed a HFD, mitochondrial proteins are hyperacetylated, resulting in reduced energy expenditure and less fatty acid oxidation, which contributes to insulin resistance, obesity, and
increased inflammation. Similarly, humans with a unique SNP in the SIRT3 gene have reduced SIRT3 enzymatic efficiency and increased risk to develop the
metabolic syndrome.

the association between rs11246020 and the metabolic
syndrome. Although the complexity of different experimental
designs and measures introduces heterogeneity in the results
that are more difficult to interpret together, both studies provide
evidence of an association between a single SNP in SIRT3 and
the metabolic syndrome.
To further define this relationship, we examined the functional
impact of the nonsynonymous point mutation (V208I) in the
SIRT3 protein. Indeed, the V208 lies within the conserved sirtuin
catalytic deacetylase domain, and mutation from valine to
isoleucine reduces SIRT3 enzyme efficiency, by both increasing
the KM for NAD+ and reducing the Vmax. These data are consistent with the model that reduction in SIRT3 enzymatic activity
associated with the V208I mutation plays a pathogenic role
in humans, as in mice, and increases susceptibility to the metabolic syndrome. Taken together, our observations highlight the
importance of using primary cellular and mouse data to direct
human genetic studies and the power of integrating these data
to glean insights into the relationships between human SNPs
and the underlying biology.
We propose that reduction or loss of SIRT3 and the resulting
mitochondrial protein hyperacetylation lead to global mitochondrial dysfunction (Figure 7). Since every major metabolic
pathway in human liver contains acetylated proteins (Zhao
et al., 2010), the function of other critical mitochondrial proteins
is likely to be dysregulated in the absence of SIRT3. A number of
abnormalities in mitochondria have been identified in prior
studies as key pathogenic mechanisms in the development of
the metabolic syndrome, including reduced mass (Kelley et al.,
2002), altered morphology (Civitarese et al., 2010), reduced fatty
acid oxidation (Zhang et al., 2007), lower oxidative phosphorylation (Befroy et al., 2007; Petersen et al., 2005), and increased

reactive oxygen species (Civitarese et al., 2006; Patti et al.,
2003; Petersen et al., 2004; Ukropcova et al., 2007). SIRT3KO
shows an overlapping group of mitochondrial abnormalities
including reduced fatty acid oxidation (Hallows et al., 2011;
Hirschey et al., 2010), lower oxidative phosphorylation (Ahn
et al., 2008), and increased reactive oxygen species (Kim et al.,
2010; Qiu et al., 2010; Someya et al., 2010; Tao et al., 2010).
Thus, these data support the hypothesis that a primary mitochondrial lesion results in global metabolic dysfunction and
can progress to metabolic disease.
We conclude that mitochondrial protein acetylation is a critical
posttranslational modification, whose regulation by SIRT3 is
necessary to maintain metabolic health in mice and possibly in
humans. Future studies will examine the therapeutic potential
of manipulating SIRT3 expression or activity in the liver or other
tissues to ameliorate manifestations of the metabolic syndrome.
EXPERIMENTAL PROCEDURES
Antibodies
Antibodies used were specific for monoclonal and polyclonal acetyllysine (Cell
Signaling Technology, Danvers, MA), SIRT3 (as described [Lombard et al.,
2007]), ETF, and LCAD (Jerry Vockley, University of Pittsburgh, PA).
Animal Studies
All animal studies were performed using IACUC-approved protocols. Studies
used male WT and SIRT3KO 129Sv mice (Lombard et al., 2007) at either
3 months or 12 months of age, maintained on a standard chow diet (5053
PicoLab diet, Ralston Purina Company, St. Louis, MO) or a high-fat ‘‘Western
diet’’ (TD.88137; Harlan Teklad, Indianapolis, IN), unless otherwise indicated.
Mice were sacrificed at 7:00 hr for fed mouse studies, or transferred to
a new cage without food for 24 hr from 7:00 hr to 7:00 hr, and then sacrificed
for fasted mouse studies. For SCD1 mouse studies, WT (C57Bl/6), SIRT3KO
(C57Bl/6-Sirt3/), SCD1KO (B6.129-Scd1tm1Ntam/J, The Jackson Laboratory,
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Bar Harbor, ME), or dKO (C57Bl/6-Scd1/Sirt3/) mice were used. Mice
were sacrificed at 7:00 hr for fed mouse studies or transferred to a new cage
without food for 24 hr from 7:00 hr to 7:00 hr, and then sacrificed for fasted
mouse studies.
DEXA and Metabolic Measurements
For metabolic measurements, body weight and composition were measured in
WT and SIRT3KO mice at 3–4 months or 12 months of age by dual-energy
X-ray absorptiometry (DEXA) scanning. The Comprehensive Lab Animal
Monitoring System (CLAMS) method was used to measure activity level,
food intake, volume of O2 consumption, and volume of CO2 production over
a 48 hr period (Oxymax OPTO-M3 system, Columbus Instruments, Colombus,
OH). Mean VO2 and VCO2 were calculated for dark and light cycles and
normalized to lean body mass. Mean activity and RER were calculated for
dark and light cycles. Glucose and insulin tolerance tests were performed
according to The Jackson Laboratory protocol.
Cell Biology and Immunoprecipitation
WT and recombinant human SIRT3 was cloned into pTrcHis2 expression
vectors, generated by standard PCR-based cloning strategies, and verified
by DNA sequencing. For immunoprecipitation experiments, murine liver mitochondria were prepared and purified as described (Graham, 2001a, 2001b;
Hirschey et al., 2009). Briefly, mitochondria were lysed by sonication and
resuspended in a low-stringency IP buffer (0.05% NP-40, 50 mM NaCl,
0.5 mM EDTA, 50 mM Tris-HCl [pH 7.4], 10 mM nicotinamide, 1 mM trichostatin
A, protease inhibitor cocktail [Roche]).
Statistical Analyses
Results are given as the mean ± standard error. Statistical analyses represent
a one-tailed Student’s t test or a Wilcoxon rank-sum test, and null hypotheses
were rejected at 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, four tables, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.molcel.2011.07.019.
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