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Summary
Lipid metabolism is tightly controlled by the nutritional state of the organism. Nutrient-rich
conditions increase lipogenesis whereas nutrient deprivation promotes fat oxidation. In this study,
we identify the mitochondrial sirtuin, SIRT4, as a novel regulator of lipid homeostasis. SIRT4 is
active in nutrient-replete conditions to repress fatty acid oxidation while promoting lipid
anabolism. SIRT4 deacetylates and inhibits malonyl CoA decarboxylase (MCD), an enzyme that
produces acetyl CoA from malonyl CoA. Malonyl CoA provides the carbon skeleton for
lipogenesis and also inhibits fat oxidation. Mice lacking SIRT4 display elevated MCD activity and
decreased malonyl CoA in skeletal muscle and white adipose tissue. Consequently, SIRT4 KO
mice display deregulated lipid metabolism leading to increased exercise tolerance and protection
against diet-induced obesity. In sum, this work elucidates SIRT4 as an important regulator of lipid
homeostasis, identifies MCD as a novel SIRT4 target, and deepens our understanding of the
malonyl CoA regulatory axis.
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Introduction
According to the bioenergetic demands of the organism, tissues must appropriately adjust
their metabolism to either store lipids or catabolize fatty acids to generate more energy
(Duncan et al., 2007; Long and Zierath, 2006). This balance between lipid anabolic and
catabolic processes is coordinately and precisely regulated, in part by the cellular levels of
the metabolite malonyl CoA (Saggerson, 2008; Saha and Ruderman, 2003). To undergo β-
oxidation, fatty acids must cross both the inner and outer mitochondrial membranes, and this
rate-limiting step is catalyzed by carnitine palmitoyltransferase 1 (CPT1), which is
allosterically inhibited by malonyl CoA. In addition, malonyl CoA serves as the chain-
elongating unit for fatty acid synthesis. Thus, regulation of malonyl CoA levels provides a
means to control the balance between fat synthesis and fat oxidation. Two enzymes regulate
cellular malonyl CoA levels: acetyl CoA carboxylase (ACC) converts acetyl CoA to
malonyl CoA and malonyl CoA decarboxylase (MCD) converts it back to acetyl CoA. The
regulation of ACC activity through phosphorylation by AMPK is well characterized
(Hardie, 2011), whereas the regulation of MCD activity is much less studied.

Sirtuins are NAD+-dependent deacylases and ADP-ribosyltransferases involved in many
biological processes, mediating adaptive responses to the cellular environment (Houtkooper
et al., 2012; Lombard et al., 2011). Proteomic surveys revealed that a majority of
mitochondrial metabolic enzymes are differentially acetylated according to the nutritional
state of the cell (Wang et al., 2010; Yang et al., 2011; Zhao et al., 2010) suggesting that
acetylation may regulate global cellular metabolism and coordinates fuel switching. Three of
the mammalian sirtuins (SIRT3, SIRT4 and SIRT5) are located in the mitochondria and may
play roles as sensors of energy status in this organelle (Houtkooper et al., 2012; Lombard et
al., 2011). SIRT4 is one of the least characterized mitochondrial sirtuins (Haigis et al., 2006;
Ahuja et al., 2007). Previously, it was shown that SIRT4 represses fat catabolism (Nasrin et
al., 2010), but the direct substrates involved and the physiological significance remain
unknown. Importantly, the role of SIRT4 in lipid synthesis and storage has never been
investigated.

In this study, we demonstrate a novel function for SIRT4 in the regulation of lipid
metabolism. We find that SIRT4 represses fatty acid oxidation in skeletal muscle and
stimulates lipogenesis in white adipose tissue (WAT), indicating that SIRT4 can regulate the
balance between fat oxidation and fat synthesis. To achieve this regulation, SIRT4 directly
binds, deacetylates and represses malonyl CoA deacarboxylase (MCD). As a consequence,
SIRT4 KO mice display deregulation of crucial physiologic aspects of lipid metabolism
leading to increased tolerance to exercise challenge and protection against diet-induced
obesity.

Results
SIRT4 promotes lipid synthesis and represses fatty acid oxidation

To assess the role of SIRT4 on lipid homeostasis, we initially examined its role in de novo
lipid synthesis. As WAT is the major organ responsible for lipid synthesis and storage, we
tested the role of SIRT4 on lipogenesis in the mouse adipocyte cell line, F442A. We found
that overexpression of SIRT4 leads to an increase in lipogenesis, as measured by [14C]-
acetate incorporation into the lipid fraction (Figure 1A), and an increase in accumulation of
trigycerides (TG) and stored lipids (Figure 1B and 1C). This increase was not observed in
cells overexpressing the catalytic mutant of SIRT4, SIRT4H162Y (Ahuja et al., 2007). To
confirm these results using a primary model, we examined lipogenesis using adipocytes
freshly isolated from WAT from SIRT4 WT and KO mice. As observed in F442A cells,
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lipid synthesis was decreased in SIRT4 KO primary adipocytes (Figure 1D). Together, these
results suggest that SIRT4 activity promotes fat anabolism.

To assess the role of SIRT4 in lipid catabolism, we measured fatty acid oxidation in C2C12
cells, a mouse myocyte cell line. As muscles rely primarily on fatty acids for energy,
myocytes provide a good model to study fatty acid oxidation. We found that the oxidation of
palmitate, a saturated long chain fatty acid, was significantly higher in C2C12 cells in which
SIRT4 expression was stably reduced by lentiviral expression of three independent shRNAs
against SIRT4 compared to control cells (Figure 1E). Conversely, palmitate oxidation was
diminished in C2C12 cells stably overexpressing SIRT4, but not in cells overexpressing
SIRT4H162Y (Figure 1F). Similarly, fatty acid oxidation was elevated in primary SIRT4
KO mouse embryonic fibroblasts (MEFs) (Figure 1G). These data demonstrate for the first
time that SIRT4 promotes lipogenesis and represses fatty acid oxidation, indicating that
SIRT4 may coordinate the balance between lipid catabolic and anabolic pathways.

SIRT4 represses Malonyl CoA Decarboxylase (MCD)
As SIRT4 represses palmitate oxidation and stimulates lipogenesis, we reasoned that SIRT4
regulates an enzyme positioned at the interface between oxidative and synthetic pathways.
One major branch point in lipid homeostasis is the interconversion of acetyl CoA to malonyl
CoA, a metabolite that inhibits fat oxidation, while promoting fat synthesis (Figure 2A).
Two enzymes regulate cellular malonyl CoA levels: acetyl CoA carboxylase (ACC)
converts acetyl CoA to malonyl CoA, and malonyl CoA decarboxylase (MCD) converts it
back to acetyl CoA. Together these enzymes constitute a highly responsive control system
modulating the levels of malonyl CoA and thereby the rate of fatty acid catabolism or
synthesis (Figure 2A). To test this idea, we determined whether SIRT4 physically binds with
ACC or MCD in co-immunoprecipitation studies. We did not detect an interaction between
SIRT4 and ACC (Figure S1A). While MCD localizes both to the cytosol and the
mitochondrial matrix, in skeletal muscle the majority of MCD activity resides within
mitochondria (Kerner and Hoppel, 2002). Thus, we investigated and observed a physical
interaction between SIRT4 and SIRT4H162Y with mitochondrial MCD (Figure 2B and 2C).
We confirmed that SIRT4 and MCD colocalize in mitochondria using confocal microscopy
(Figure 2D). In contrast to SIRT4, the other mitochondrial sirtuins, SIRT3 and SIRT5,
showed no detectable physical association with MCD in control immunoprecipitations under
these conditions, further indicating a specific interaction between SIRT4 and MCD.

We next investigated the importance of MCD activity in SIRT4-mediated regulation of lipid
homeostasis. We observed that overexpression of MCD in C2C12 and F442A cells increases
fatty acid oxidation rates and repressed lipogenesis, respectively (Figure S1B–1D). Thus,
MCD overexpression phenocopied SIRT4 deletion. To assess directly whether SIRT4
regulates lipid homeostasis through MCD, we analyzed fatty acid oxidation in SIRT4 WT
and KO MEFs in which MCD expression was stably reduced by lentiviral expression of
shRNA against MCD (Figure S1E). Reduction of MCD abrogated the increased fatty acid
oxidation found in SIRT4 KO cells to levels comparable to WT cells (Figure 2E),
demonstrating that the increased fatty acid oxidation in SIRT4 KO cells required MCD
activity.

Based on these findings, we hypothesized that MCD activity would be elevated in SIRT4
KO cells, decreasing malonyl CoA levels, subsequently increasing fat oxidation. In
agreement with this model, MCD activity was elevated 2-fold in SIRT4 KO MEFs
compared to WT MEFs (Figure 2F). Next, to confirm that acute modulation of SIRT4
activity can regulate MCD, we treated cells with a pan-sirtuin inhibitor nicotinamide
(NAM). We found that MCD activity was significantly increased in the WT cells treated
with NAM compared to the untreated cells. This is due to inhibition of SIRT4, as NAM had
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no further effect in SIRT4 KO cells (Figure 2F). To confirm these findings, we further
examined the effect of SIRT4 on MCD activity in muscle and adipocyte cells, using C2C12
and F442A cell lines stably expressing WT or H162Y SIRT4. In both cell types,
overexpression of SIRT4 resulted in reduced MCD activity, whereas overexpression of the
catalytic mutant had no effect (Figure 2G and 2H). Taken together, these data suggest that
SIRT4 represses MCD activity in muscle and adipocyte cell lines.

SIRT4 deacetylates MCD
Our results demonstrate that in cells SIRT4 binds MCD and represses its enzymatic activity.
We sought to assess whether this repression is mediated by post-translational modification.
Although they belong to the same protein family, sirtuins exhibit several enzymatic
activities, including deacetylation, deacylation, and ADP-ribosylation. Previous reports
found that SIRT4 is a weak ADP-ribosyltransferase but not a BSA or histone deacetylase
(Ahuja et al., 2007; Haigis et al., 2006; Schwer et al., 2002). To identify posttranslational
modifications of MCD, we immunoprecipitated MCD from C2C12 cells and analyzed
posttranslational modifications by mass spectrometry. MCD was previously shown to be
acetylated on 6 different lysines (K58, K167, K210, K316, K388, and K444) (Nam et al.,
2006). Our analysis identified additional acetylation on lysine residue 471 (Figure S2A), but
did not detect ADP-ribosylation, malonylation or succinylation. Notably, K471 is one of the
most conserved lysines of MCD and is invariant from D.Rerio to humans (Figure S2B).
Hence, we speculated that SIRT4 may have a substrate-specific deacetylase activity, as has
been demonstrated for SIRT6 and SIRT7 (Barber et al., 2012; Zhong et al., 2010).

To test whether MCD acetylation level is regulated by SIRT4, we stably expressed a FLAG-
tagged murine MCD in MEFs and treated cells with or without NAM. MCD acetylation was
measured after immunoprecipitation of MCD by western blotting with anti-acetyl lysine
antibody. We found that NAM treatment increased MCD acetylation levels (Figure 3A). We
also detected an increase in the acetylation level of MCD in the SIRT4 KO cells compared
to the WT cells (Figure 3B). Furthermore, SIRT4 overexpression reduced MCD acetylation
(Figure 3C). These data demonstrate that SIRT4 regulates the acetylation levels of MCD in
cells.

To test whether SIRT4 can directly deacetylate MCD, we assessed the ability of SIRT4 to
deacetylate MCD protein in vitro. We incubated MCD-FLAG with SIRT4-FLAG and
SIRT4H162Y immunoprecipitated from HEK293T cells in the presence of NAD+. We
observed that SIRT4 directly deacetylates MCD in vitro, whereas SIRT4H162Y does not
(Figure 3D). Since SIRT4 interacts with SIRT3 (Ahuja et al., 2007), we wanted to exclude
the possibility that the observed deacetylation was due to a contamination by SIRT3. We
performed in vitro deacetylation assays using SIRT4 immunoprecipitated from HEK293T
cells where SIRT3 was stably reduced by shRNA (Figure S2C) and immunoprecipitated
MCD from SIRT3 KO cells. We then observed that SIRT4 isolated from SIRT3-deficient
cells could deacetylate MCD (Figure S2D). Next, to determine whether the deacetylation of
MCD by SIRT4 regulates its activity, we measured MCD activity after in vitro deacetylation
by SIRT4. MCD activity was reduced after incubation with SIRT4, but not with
SIRT4H162Y (Figure S2E). Together, these results demonstrate for the first time that SIRT4
has a substrate-specific deacetylase activity, and that MCD is a novel target of SIRT4.

To elucidate which residues on MCD are deacetylated by SIRT4, we performed a series of
mass spectrometry-based deacetylation assays using chemically synthesized acetylated
peptides of MCD. We found that SIRT4 deacetylated lysine 471 of MCD with the highest
efficiency but presented little activity against other acetylated MCD peptides (Figure 3E,
Figure S2F and Table S1). Providing an additional negative control, SIRT4 did not
deacetylate pyruvate dehydrogenase (PDH), which is readily deacetylated by SIRT3 (data
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not shown), suggesting that SIRT4 deacetylase activity is substrate-specific (Figure 3E), and
also not due to contaminant deacetylase activity. Moreover, this activity was NAD+-
dependent and the SIRT4 used in this assay showed a Km for NAD+ comparable to that of
other sirtuins (Figure 3F). Next we investigated the contribution of K471 to the total
acetylation level and enzymatic activity of MCD. We tested the acetylation level of K471R
MCD mutant, which cannot be acetylated on that residue, and found that K471R MCD was
notably less acetylated than wild-type MCD (Figure 3G). To confirm the significance of
K471 deacetylation to MCD enzyme function, we tested the enzymatic activity of K471R
and K471Q MCD mutants, which mimic constitutive deacetylation and acetylation,
respectively. K471R MCD had a reduced enzymatic activity (Figure 3H), whereas the
K471Q variant had elevated activity (Figure 3H). These data indicate that SIRT4 possesses
direct deacetylase activity on K471 of MCD in vitro and acetylation of this residue accounts
for a significant contribution to the total level of MCD acetylation and activity.

Finally, we examined the consequences of K471 acetylation status on palmitate oxidation
and lipogenesis. In accordance with the effect observed on its enzymatic activity, the K471R
MCD variant diminished fat oxidation whereas K471Q MCD enhanced fat oxidation (Figure
3I). Similarly, lipogenesis was promoted by K471R MCD and repressed by K471Q MCD
(Figure 3J). Of note, mutation of K210 in MCD, which was a weaker peptide SIRT4
substrate, did not alter fat oxidation or lipogenesis (Figure S2D and S2E). These results
show that the acetylation status of the K471 residue of MCD regulates both lipogenesis and
FAO.

SIRT4 deacetylates MCD in vivo during the fed state
We next sought to understand the physiological relevance of the biochemical regulation of
MCD by SIRT4. During periods of nutritional abundance, when surplus metabolic
intermediates funnel into fatty acid synthesis and energy storage, the steady-state levels of
malonyl CoA rise (Saggerson, 2008). This in turn prevents entry of fatty acids into
mitochondria and dampens fat oxidation, while promoting fat synthesis (Figure 4A, left
panel). Conversely, in the fasted state, when malonyl CoA is low, fatty acids are transported
into the mitochondria and undergo β-oxidation (Figure 4A, right panel). Thus, malonyl CoA
level is tightly linked to the nutritional state of the organism. As malonyl CoA is the
substrate for MCD, we hypothesized that the regulation of MCD by SIRT4 might be linked
to nutritional status of mice. To test this idea, we measured SIRT4 protein levels during the
fed and fasting state in WT mice. SIRT4 levels decreased with fasting in muscle (Figure 4B)
and WAT (Figure 4C), supporting the idea that SIRT4 may be important for the regulation
of lipid metabolism during nutrient rich conditions.

As SIRT4 represses MCD activity via deacetylation, we reasoned that MCD acetylation
would be regulated by nutrient status. We assessed the acetylation level of MCD in muscle
and WAT in WT mice under fed and fasted conditions. Proteins were immunoprecipitated
with monoclonal anti-acetyl-lysine antibody and analyzed by western blot with MCD
antibody. We found that MCD was deacetylated in muscle and WAT of fed mice (Figure 4D
and 4E). Importantly, MCD is hyperacetylated in muscle and WAT of SIRT4 KO mice
compared to WT (Figure 4F and 4G), demonstrating that SIRT4 is necessary for MCD
deacetylation in vivo under fed conditions.

To determine whether SIRT4 represses MCD activity in vivo, we measured MCD activity in
muscle and WAT of WT and SIRT4 KO mice in the fed state and found that, as in cells,
MCD activity was significantly increased in SIRT4 KO compared to WT tissues (Figure 4H
and 4I). Since MCD regulates lipid metabolism by lowering malonyl CoA levels, we
hypothesized that SIRT4 may control malonyl CoA levels in response to nutrient
availability. As expected, in both muscle and WAT of WT mice, malonyl CoA levels
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diminished with fasting (Figure 4J and 4K). Strikingly, SIRT4 deletion reduced malonyl
CoA levels in both muscle and WAT during the fed state and abolished the switch between
high and low malonyl CoA levels in the fed versus fasted state (Figure 4J and 4K). Thus,
these studies identify SIRT4 as a physiological regulator of malonyl CoA levels in vivo.

Alteration of lipid metabolism in SIRT4 KO mice
As MCD activity and malonyl CoA levels were altered in SIRT4 KO mouse, we examined
potential physiological indicators of dysregulation in lipid metabolism. We measured the
lipid composition of WAT and skeletal muscle isolated from WT and SIRT4 KO mice under
fed and fasted conditions and observed that the levels of triglycerides and phospholipids in
SIRT4 KO mice under fed conditions trended to the levels observed in WT and SIRT4 KO
mice under fasting conditions (Figure 5A–C). Moreover, the differences between fed and
fasted levels of triglycerides and phospholipids were blunted in SIRT4 KO tissues. These
observations indicated that SIRT4 loss in WAT and muscle may in part mimic a fasted state
of lipid metabolism during fed conditions, and dampens the physiological switch to low
nutrient conditions.

We next examined the physiological relevance of low malonyl CoA levels in fat oxidation
and lipid synthesis. Exercise capacity is one well-established physiological readout of fatty
acid oxidation. For example, AMPK activation increases skeletal muscle oxidative capacity
and exercise endurance in mice (Narkar et al., 2008; Thomson et al., 2007). As SIRT4 loss
increased MCD activity resulting in low malonyl CoA level, we speculated that a metabolic
shift toward lipid utilization in SIRT4 KO mice might augment exercise performance. Using
untrained SIRT4 KO and WT littermate controls, we found that SIRT4 KO mice ran 20%
further distance and longer running times during a graded, maximal treadmill challenge
(Figure 5D and 5E). Whole body indirect calorimetry showed that the respiratory exchange
ratio (RER) of SIRT4 KO mice trended lower at high workloads and throughout 15 min of
recovery (Figure 5F and G), suggesting increased lipid oxidation during these periods. We
did not detect any major changes in the fiber types of SIRT4 WT and KO mice (Figure
S3A). As well, blood glucose and lactate levels, measured 15 min after exercise, were
similar between genotypes (Figure S3B). To test the possibility that these phenotypes stem
from a general increase in mitochondrial content or function, we examined mitochondrial
DNA content, but did not observe differences in muscle or WAT of SIRT4 WT and KO
mice (Figure S3C). In addition, we did not detect gross abnormalities in mitochondrial
ultrastructure analyzed by electron microscopy (Figure S3D). Finally, we do not see a
significant difference in mitochondrial and fat oxidation gene expression in the muscle of
SIRT4 KO mice compared to WT muscle (Figure S3E). Thus, these results are consistent
with an increase in fat oxidation in SIRT4 KO mice, leading to higher exercise capacity.

To examine whether SIRT4 loss affected lipid synthesis in vivo, we monitored de novo
lipogenesis by measuring incorporation of deuterated water into palmitate, as previously
described (Edmond et al., 1998; Lee et al., 1994). Deuterium atoms exchange with hydrogen
atoms on different carbon positions of glucose metabolites as they go through the glycolytic/
gluconeogenic pathways and the TCA cycle (Radziuk and Pye, 2002), and the accumulation
of these deuterated metabolites can contribute to deuterium labeling of fatty acids during de
novo lipogenesis. The extent of labeled palmitate, representing de novo lipid synthesis, can
be measured by GC-MS. We observed a 50% reduction in the percentage of newly
synthesized lipids in SIRT4 KO WAT compared to WT tissue, highlighting the importance
of SIRT4 to de novo lipogenesis in vivo (Figure 5H). This effect is not observed in liver and
plasma where we found that palmitate synthesis was identical in WT and SIRT4 KO animals
(Figure 5I and 5J). Malonyl CoA levels were also not different in livers of SIRT4 KO mice
(Figure S3F), consistent with previous studies identifying a major role for MCD in organs
other than the liver (Ruderman et al., 2003). Overall, these results suggest that SIRT4 plays
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a major role in lipid homeostasis by repressing fat oxidation and promoting lipid anabolism
in vivo.

SIRT4 deletion protects against dietary induced obesity
Increased lipogenesis can contribute to obesity. We therefore investigated whether the
decrease in lipogenesis observed in SIRT4 KO mice would correspond with a change in
weight gain. On a standard low fat diet (LFD), SIRT4 KO mice have normal growth curves
(Figure 6A), and do not display differences in adipose fat mass (Figure S4A–4D) or serum
lipid profiles (Figure S4E–4H). Strikingly, when SIRT4 KO mice were placed on a high fat
diet (HFD), their weight gain remained similar to the mice under LFD, and was significantly
less than the weight gain of WT mice under HFD (Figure 6A). Thus, we show for the first
time that loss of SIRT4 protects mice from HFD-induced obesity.

To better understand the mechanism of protection against obesity in SIRT4 KO mice, we
assessed the body composition of animals fed a HFD using computed tomography (CT)
scans. The percentage of fat mass was significantly lower in SIRT4 KO mice compared to
control animals (Figure 6B and 6C). By contrast, absence of SIRT4 did not appear to affect
the percentage of brown adipose tissue (BAT) (Figure S4I). In addition, while liver weight
was not affected by SIRT4 loss (Figure S4J), weight of epididymal WAT was significantly
lower in the SIRT4 KO mice compared to WT animals (Figure 6D). We found that WAT in
SIRT4 KO mice appears normal and we did not detect increased signs of apoptosis,
structural alterations, or inflammation (Figure 6E and S4K–L).

To test whether protection from adiposity was due to difference in food intake, we analyzed
food consumption. SIRT4 KO mice ate equivalent amounts (or slightly more) as WT
controls (Figure 6F). Likewise, we did not detect differences in their respiratory exchange
ratio or physical activity (Figure S4M and S4N). By contrast, analysis of energy expenditure
revealed that SIRT4 KO mice have a significant increase in energy expenditure during the
dark cycle (Figure 6G–6I); this increased energy burning phenotype is consistent with our
cellular data and provides an explanation for the protection against a HFD. As the dark cycle
corresponds to the fed state in mice, this result also supports the role of SIRT4 function
during nutrient abundance. Interestingly, despite protection against diet-induced obesity, the
SIRT4 KO mice were equally susceptible to glucose and insulin intolerance when compared
to their WT counterparts (Figure S5A–E).

Finally, we assessed MCD acetylation levels in SIRT4 WT and KO mice under HFD in
WAT. As expected, we found that MCD was hyperacetylated in SIRT4 KO mice compared
to WT mice (Figure 6J). Measurement of MCD activity demonstrated an elevated activity
(Figure 6K and S5F) and consistently malonyl CoA levels (Figure 6L and S5G) were lower
in SIRT4 KO compared to WT mice. These data demonstrate that SIRT4 loss increases
MCD acetylation and activity during a high fat dietary challenge.

Discussion
In this study, we identify a novel role for the mitochondrial sirtuin, SIRT4, in the metabolic
reprogramming towards anabolic lipid processes to promote lipogenesis while inhibiting
fatty acid oxidation (Figure 1). Mechanistically, SIRT4 mediates this switch in lipid
homeostasis by binding, deacetylating K471, and inhibiting MCD activity (Figures 2 and 3).
Interestingly, only a few cases of protein deacetylation have been described to result in
decreased enzymatic activity (Zhao et al., 2010; Kim et al., 2012). K471 is at close distance
to the malonyl CoA entry point (PDB: 2YGW) and its acetylation might help gate the ligand
entry (Figure S6). In addition, we discovered that SIRT4 regulates MCD activity and
malonyl CoA levels in vivo (Figure 4). SIRT4 represses MCD in the fed state (Figure 4),
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promoting lipid synthesis and storage while inhibiting lipid catabolism. SIRT4 KO mice are
deficient for this switch between fed and fasted states (Figure 5), and demonstrate decreased
lipogenesis in vivo (Figure 5). As a consequence, when placed under HFD, SIRT4 KO mice
are resistant to diet induced obesity (Figure 6).

Sirtuins possess multiple enzymatic activities, and this is the first study to demonstrate that
SIRT4 possesses deacetylase activity. SIRT5 was reported to have deacetylase activity
(Nakagawa et al., 2009), but recent work demonstrated that SIRT5 is also a demalonylase
and desuccinylase (Du et al., 2011; Peng et al., 2011). Similarly, SIRT6 was initially thought
to function solely as an ADP-ribosyltransferase, but later studies identified a substrate-
specific deacetylase activity (Zhong et al., 2010). No deacetylase activity was reported for
SIRT4 using histone or BSA substrates (Haigis et al., 2006; Ahuja et al., 2007; Schwer et
al., 2002). However, our data suggests that the absence of deacetylase activity for SIRT4
may have been a reflection of the lack of an appropriate substrate. Here, we show for the
first time that SIRT4 has a susbstrate-specific deacetylase activity, as SIRT4 deacetylates
MCD directly and regulates the levels of its acetylation in cells and organs. In the future, it
will be interesting to assess whether SIRT4 possesses other deacylase activities.

Maintenance of metabolic homeostasis requires a coordinated regulation of energy intake,
storage, and expenditure. Metabolic pathways are designed to sense incoming nutritional
and environmental cues and to respond appropriately. Due to their dependency on NAD+,
sirtuins are critical modulators of metabolism, sensing changes in metabolic cues in order to
exert adaptive responses (Houtkooper et al., 2012). Our work reveals that SIRT4 is a novel
regulator of the switch between anabolic and catabolic pathways through the regulation of
MCD. It was proposed that AMPK may regulate MCD activity, but this regulation remains
unclear (Kuhl et al., 2006; Habinowski et al., 2001; Sambandam et al., 2004; Saha et al.,
2000). We uncovered a distinct regulation of MCD via acetylation. Thus, it will be
interesting for future studies to examine how MCD acetylation may synergize with
differences in AMPK activity.

Our data suggest that the mitochondrial form of MCD is important for control of lipid
metabolism, shedding new light on the significance of mitochondrial malonyl CoA. Our
findings indicate that influencing mitochondrial malonyl CoA can affect both fat oxidation
and lipogenesis. Indeed, we show that changes in mitochondrial MCD activity clearly affect
total malonyl CoA levels (2–3 fold in SIRT4 KO muscle and WAT). However, little is
known about how the mitochondrial pool of malonyl CoA regulates these pathways. Of
note, a recent study similarly showed that changes in mitochondrial lipogenesis protected
against diet-induced obesity (Smith et al., 2012). It will be important for future studies to
examine the mechanisms that control mitochondrial versus cytoplasmic malonyl CoA, such
as involvement of transporters or shuttle systems, and dissect their role in lipid homeostasis.

Strikingly, loss of SIRT4 increases exercise capacity. Exercise training activates a number
of pathways that contribute to metabolic reprogramming of lipid handling (Bassel-Duby and
Olson, 2006). Of relevance, decreased malonyl CoA has been observed in muscle after
exercise, increasing fat oxidation (Dean et al., 2000; Hutber et al., 1997). A study showed
that these changes were associated with increased MCD activity (Kuhl et al., 2006). In line
with these observations, we show that deletion of SIRT4 leads to decreased malonyl CoA
levels and increased exercise capacity, suggesting that SIRT4 might play a role in metabolic
reprogramming during exercise training.

The adaptations that improve exercise performance are typically expected to protect against
obesity and related metabolic disorders, making it important to identify proteins involved in
this reprogramming to treat metabolic diseases. However, the glucose homeostasis of SIRT4
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KO mice on a HFD resemble that of WT mice on a HFD (Figure S6), demonstrating that
while SIRT4 loss protects against diet-induced adiposity, it does not protect the animals
against metabolic dysfunction that arises with high-fat challenge. Thus, SIRT4 loss appears
to uncouple metabolic fitness from obesity. Interestingly, and in line with our observation,
deletion of MCD protects against insulin resistance (Koves et al., 2008). Likewise, increased
mitochondrial flux and fatty acid oxidation are associated with some models of insulin
resistance (Sunny et al., 2011; Koves et al., 2008). To understand this uncoupling, it will be
important for future studies to probe the role of SIRT4 and MCD in glucose and insulin
homeostasis and to assess further the potential therapeutic consequences of modulating
SIRT4 or MCD function. In sum, our work uncovers a novel feature of lipid metabolic
reprogramming mediated by SIRT4 deacetylation of MCD.

Experimental procedures
Cell culture

Mouse embryonic fibroblasts (MEFs) were isolated from SIRT4 WT and KO littermate
embryos as described (Xu, 2005) and immortalized using the SV40 large T antigen. F442A
cells were differentiated as previously described (Djian et al., 1985). Isolation of primary
adipocytes was performed as previously described (Eguchi et al., 2011). All primary cell
cultures were performed using a minimum of 2 independently generated cell lines per
genotype. For NAM treatments, cells were incubated overnight with a final concentration of
20 mM NAM. Lentiviral shRNA against SIRT4 clones were purchased from
Openbiosystems and lentiviral shRNA against MCD were obtained from The RNAi
Consortium (TRC) at the Broad Institute/Harvard. Stable knock-down cell lines were
generated according to TRC instructions. MCD cDNA was purchased from Openbiosystems
and cloned into pBabe vector for stable expression and pcDNA (HA tag) for transient
transfection. Cells overexpressing SIRT4 and SIRT4H162Y were generated by retroviral
infection by pBabe vector. Commercial antibodies were used to analyze acetyl-lysine
(ImmuneChem for westen blotting and PTM biolabs for immunoprecipitation), and
antibodies raised against murine SIRT4 were described previously (Haigis et al., 2006).

Measurement of de novo lipogenesis in cells, triglyceride content and Oil Red O staining
For the measurement of lipogenesis, F442A cells and primary adipocytes were placed
overnight in low glucose low serum media, then labeled with 1-14C acetic acid (Perkin
Elmer) while stimulated with insulin and high glucose for 1 hour. Cells were washed twice
with PBS before lysis in 0.5% Triton X-100. The lipid fraction was extracted by the addition
of chloroform and methanol (2:1 v/v), followed by the addition of water. Samples were
centrifuged and 14C incorporation was measured in the bottom, lipid-containing phase using
a scintillation counter. Each condition was normalized to protein concentrations.
Triglycerides were measured using the adipogenesis assay kit from Biovison (K610-100)
and Oil Red O staining were performed using the adipogenesis assay kit from Millipore
(ECM950).

Fatty acid oxidation
C2C12 cells were differentiated in 2% Horse Serum media and incubated overnight in
culture medium containing 100 mM palmitate (C16:0) and 1 mM carnitine. In the final 2
hours of incubation, cells were pulsed with 1.7 μCi [9, 10(n)-3H]palmitic acid (GE
Healthcare), and the medium was collected and eluted on ion exchange columns packed
with DOWEX 1X2-400 resin (Sigma) to analyze the released 3H2O, formed during cellular
oxidation of [3H]palmitate. For FAO assays in MEFs, primary MEFs were used below
passage 5.
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MCD activity assay and determination of Malonyl CoA levels
MCD activity was tested using a radiochemical assay (Kerner and Hoppel, 2002). Briefly,
protein lysates are incubated with [2-14C]malonyl CoA which is decarboxylated by MCD
into [2-14C]acetyl-CoA, which is converted to [2-14C]acetylcarnitine in the presence of
excess L-carnitine (Sigma) and carnitine acetyltransferase (Roche). The positively charged
radiolabeled product, acetylcarnitine, is separated from negatively charged excess
radiolabeled substrate through an exclusion column and the radioactivity is measured by
scintillation counting. MCD activity assays were performed on 50 μg of protein from cell or
tissue lysates. Malonyl CoA was determined by the method previously described (McGarry
et al., 1978; Saha et al., 1995) to measure malonyl CoA-dependent incorporation of
[3H]acetyl CoA into fatty acids, and results were normalized by protein content (Linn,
1981).

Animal Studies
Studies were performed according to protocols approved by the Institutional Animal Care
and Use Committee, the Standing Committee on Animals at Harvard. 3 to 4 month SIRT4
WT and KO male littermates (n=6) fed a normal chow diet (PicoLab Diet 5053) were used
for all LFD studies. For fasting experiments, food was removed just before the dark cycle (7
pm) and mice were subjected to fasting conditions overnight before sacrifice. For lipid
composition, organs were analyzed by the Vanderbilt Mouse Metabolic Phenotyping Center
(MMPC) using GCMS. For HFD experiments, SIRT4 WT and KO male littermates (n=6)
mice were fed D12492 from Research diets for 16 weeks and studies were performed with
2–3 separate cohorts of mice. Body weight was measured weekly. CT scan studies were
performed at the Longwood SAIF (Boston). SIRT4 WT and KO male mice fed a HFD (n=6)
were used. Results were analyzed using InVivoScope software.

Exercise tolerance assays
Male SIRT4 KO and littermate controls (n=11–14) were habituated to the metabolic
treadmills (Columbus Instruments) for 3 days prior to exercise testing. Each 15 min
habituation session consisted of a 5 min exploration session at 0 m/min, 5 min at 6 m/min
and 5 min at 15 m/min at a constant 10 degree incline. A mild electrical stimulus was
applied to trained mice to remain on the moving treadmill belt. O2 and CO2 gas sensors
(Columbus Instruments) were calibrated before every test and testing started at 8AM each
morning following removal of food for 1hr. After collection of resting gasses, the treadmill
was started at a speed of 6 m/min. and was increased by 3 m/min every 3 min until mice
could no longer maintain the set workload. Animals were allowed to recover for 15 min in
the metabolic treadmills after which blood glucose (Accu-Check Aviva) and lactate (Nova
Biomedicals) were obtained from tail blood. All procedures were approved by Duke
University Institutional Animal Care and Use Committee.

Lipogenesis in vivo
De novo lipogenesis studies were done by measuring palmitate (C16:0) enrichments using
gas chromatography (GC)-electron impact ionization (EI) mass spectrometry (MS) as
previously described (Lee et al., 1994) (Edmond et al., 1998). Briefly, mice were injected
with 6% body water of deuterated water and follow with 4% D20 in the drinking water for
14 days. After harvesting the organs, petroleum ether extractions of the fatty acids were
performed after acidification of the saponified tissue. Fatty acid methyl esters (FAME) were
prepared by adding 200 mL methanolic HCl (Supelco) to the dried fatty acid fraction, and
then heated at 100 °C for at least 1 hour. FAME was then dried with nitrogen, re-dissolved
in hexane as solvent and analyzed by GC/MS.
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Statistical Analysis
Analyses were performed using an unpaired Student’s t-test and ANOVA test for lipid
composition. Significant differences are indicated by a single asterisk when p<0.05, double
asterisks when p<0.01 and triple asterisk when p<0.001. All experiments were performed at
least two to three times.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

– SIRT4 represses fatty acid oxidation and stimulates lipogenesis.

– SIRT4 deacetylates and represses MCD regulating malonyl coA levels in vivo.

– SIRT4 loss increases exercise capacity and protects against diet-induced obesity.
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Figure 1. SIRT4 regulates lipid metabolism
(A) Lipogenesis was measured using 14C-acetate (n=3), (B) Triglyceride levels (n=6), and
(C) Oil Red O staining (n=6) were determined using F442A adipocytes stably expressing
empty vector control (CTL, open bar), SIRT4 (red bar) or the catalytic inactive mutant of
SIRT4, SIRT4H162Y (red striped bar). (D) Lipogenesis was measured using 14C-acetate in
WT (open bar) and SIRT4 KO (blue bar) primary adipocyte lines (n=3). (E) Fatty acid
oxidation (FAO) was measured in C2C12 cells expressing control shRNA (shNT, open bar)
or shRNAs targeted against SIRT4 (blue bars) (n=3). (F) FAO was measured in C2C12 cells
overexpressing empty vector control, SIRT4 or SIRT4H162Y (n=3). (G) FAO was
determined using WT and SIRT4 KO primary MEF lines (n=3). Levels of SIRT4 protein
were determined by Western blotting using antibodies to SIRT4 and tubulin as a loading
control. In each panel, data represent mean ± SEM. (*) p < 0.05; (**) p < 0.01, (***) p <
0.001.
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Figure 2. SIRT4 interacts and represses MCD activity
(A) Schematic of the regulation of lipid homeostasis and malonyl CoA by acetyl-CoA
carboxylase (ACC) and malonyl CoA decarboxylase (MCD). (B) Sirtuin-MCD interactions
were assessed by cotransfecting expression vectors for SIRT3, SIRT4 or SIRT5 (FLAG-
tagged at the C-terminus) with an expression vector for C-terminal HA-tagged MCD in
HEK293T cells. HA-tagged MCD was immunoprecipitated and interactions were detected
by immunoblotting with antibodies against FLAG. (C) Expression vectors containing SIRT4
or SIRT4H162Y (FLAG-tagged) were co-transfected with C-terminal HA-tagged MCD in
HEK293T cells, and SIRT4-MCD binding was assessed by immunoprecipitation of MCD-
HA and Western blotting with FLAG antibodies. (D) The subcellular localization of SIRT4-
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HA (green) and MCD-FLAG (red) stably overexpressed in immortalized MEFs was
examined by immunofluorescence using HA and FLAG antibodies and the mitochondrial
marker Mitotracker (pseudo-colored in blue). (E) FAO rates were assessed in WT and
SIRT4 KO primary MEFs treated with control shRNA (shNT) or two shRNAs against MCD
(sh1 and sh2) as indicated (n=3). (F) Relative MCD activity in SIRT4 WT and SIRT4 KO
immortalized MEFs treated or not with nicotinamide (NAM; striped bars) (n=3). (G–H)
Relative MCD activity in C2C12 (n=3) (G) or in F442A cells (n=3) (H) overexpressing
empty vector control, SIRT4 or SIRT4H162Y. Levels of SIRT4 and MCD proteins were
determined by Western blotting using antibodies for SIRT4 and MCD and tubulin as a
loading control. In each panel, data represent mean ± SEM. (*) p < 0.05; (**) p < 0.01, (***)
p < 0.001. See also Figure S1.
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Figure 3. SIRT4 deacetylates MCD
(A) MCD acetylation was measured in WT immortalized MEFs before or after treatment
with NAM. FLAG-tagged MCD was stably overexpressed in WT MEFs treated with (+) or
without (−) NAM and immunoprecipitated using antibodies against FLAG. MCD
acetylation levels were assessed with antibodies against acetyl-lysine (AcK). (B) MCD
acetylation was assessed using WT and SIRT4 KO MEFs as described for panel A. (C)
MCD acetylation was measured in C2C12 cells stably overexpressing FLAG-tagged MCD
and SIRT4 or SIRT4H162Y. After immunoprecipitation of MCD with anti-FLAG
antibodies, acetylation was measured as for panel A. (D) In vitro deacetylation assay was
performed using immunopurified MCD and SIRT4. FLAG-MCD was immunoprecipitated
from MEFs and incubated with FLAG-SIRT4 and FLAG-SIRT4H162Y immunoprecipitated
from HEK293 cells and MCD acetylation status assessed by Western blot. (E) Recombinant
SIRT4 was incubated with synthesized acetylated peptides of MCD and peptide
deacetylation was assessed using mass spectrometry. Acetylated peptide from pyruvate
dehydrogenase (PDH) was included as a negative control (n=3). (F) Acetylated peptide was
incubated with SIRT4 and NAD+ concentrations were varied as indicated. Peptide
deacetylation levels were analyzed by LC-MS. (G) Constructs encoding MCD, MCD
K471R or MCD K471Q were expressed in HEK 293T cells and MCD activity was
measured (n=4). (H–I) Retrovirus used to generate stable C2C12 (H) and F442A (I) cell
lines overexpressing MCD, MCD K471R or MCD K471Q where FAO rates and lipogenesis
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were assessed (n=3). In each panel, data represent mean ± SEM. (*) p < 0.05; (**) p < 0.01,
(***) p < 0.001. See also Figure S2 and S6.
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Figure 4. SIRT4 deacetylates MCD in vivo during the fed state controlling malonyl CoA levels
(A) Schematic of the regulation of lipid homeostasis during fed and fasted state. (B–C)
Muscle (soleus) and WAT were harvested from mice under fed or fasted conditions and
analyzed for SIRT4 expression by Western blot and normalized to tubulin. Images were
quantified (right panels) for the SIRT4/tubulin ratio using Image J. (D–E) Muscle (soleus)
and WAT extracts from WT mice fed or fasted were immunoprecipitated with a monoclonal
AcK antibody and blotted for MCD. (F–G) Muscle (soleus) and WAT extracts from WT and
SIRT4 KO fed mice were immunoprecipitated with a monoclonal AcK antibody and blotted
for MCD. (H–I) Relative MCD activity in muscle (quadriceps) and WAT from WT and
SIRT4 KO fed mice (n=4 per genotype). (K–L) Malonyl CoA levels were measured in
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muscle (quadriceps) and WAT from WT (open and grey bars) and SIRT4 KO (dark and
light blue bars) mice under fed and fasted conditions (n=4 per genotype, per condition). In
each panel, data represent mean ± SEM. (*) p < 0.05; (**) p < 0.01, (***) p < 0.001.
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Figure 5. SIRT4 KO mice display an altered lipid metabolism in vivo
(A) Triglyceride composition from WAT from WT and SIRT4 KO fed and fasted mice (n=3
mice per genotype, per condition). (B–C) Skeletal Muscle (quadriceps) phospholipid and
triglyceride composition from WT and SIRT4 KO fed and fasted mice (n=3 mice per
genotype, per condition). (D–E) Exercise tolerance assays were performed on WT and
SIRT4 KO mice (n=11–14 per genotype). (F–G) RER in WT and SIRT4 KO mice during
exercise (F) and recovery (G) (n=11–14). (H–J) De novo lipogenesis in vivo was measured
by determining incorporation of deuterated water into palmitate in WAT (H), liver (I), and
plasma (J) (n=6 per genotype). In each panel, data represent mean ± SEM. (*) p < 0.05; (**)
p < 0.01, (***) p < 0.001. See also Figure S3.
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Figure 6. SIRT4 KO mice are protected from diet-induced weight gain
(A) Body weight of WT and SIRT4 KO mice on a low fat diet (LFD) and high fat diet
(HFD) (n=10–12 per genotype). (B) Representative images of CT-scan of WT and SIRT4
KO mice on a HFD with fat mass highlighted. Red represents the highest value in the range
of WAT density and in blue the lowest. (C) Percentage of fat mass analyzed by CT-scan of
WT and SIRT4 KO mice on a HFD (n=6 per genotype). (D) Epididymal WAT weights from
WT and SIRT4 KO mice on a HFD (n=6 per genotype). (E) Representative hematoxylin and
eosin staining slides of WAT of WT and SIRT4 KO mice under LFD and HFD. Scale bar is
50 μM. (F) Food intake in WT and SIRT4 KO mice on a HFD (n=6 per genotype). (G–I)
Energy expenditure in WT and SIRT4 KO mice on a HFD (n=6 per genotype). (J) WAT
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extracts from WT and SIRT4 KO mice under HFD were immunoprecipitated with a
monoclonal AcK antibody and Western blotted for MCD. (K) MCD activity in WAT of WT
and SIRT4 KO mice under HFD. (L) Malonyl CoA levels in WAT of WT and SIRT4 KO
mice under HFD. In each panel, data represent mean ± SEM. (*) p < 0.05; (**) p < 0.01,
(***) p < 0.001. See also Figures S4 and S5.
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