
Sirtuin 3: A major control point for obesity-related metabolic
diseases?

Sean A. Newsoma, Kristen E. Boylea, and Jacob E. Friedmana,b

aDepartment of Pediatrics, University of Colorado School of Medicine, Aurora, CO USA
bDepartment of Biochemistry and Molecular Genetics, University of Colorado School of Medicine,
Aurora, CO USA

Abstract
Obesity and obesity-related complications are epidemic issues currently plaguing much of the
developed world with increasing associated morbidity, mortality, and economic burden. In this
brief review, we discuss emerging evidence and remaining questions regarding the possible role
for mitochondrial sirtuin 3 as a therapeutic target for the treatment of obesity-related metabolic
diseases.

Introduction
Acetylation is a reversible form of posttranslational modification that has recently emerged
as an important mechanism for controlling the activity of a broad array of metabolic
pathways [1,2]. The sirtuins are a family of NAD+-dependent deacetylases (and perhaps
more appropriately, de-acylases) that modify protein activity and gene expression in
response to changes in nutrient status. Thus, this family of proteins provides an important
link between cellular energy availability and control of metabolism. Many of the sirtuin
targets identified to date are enzymes and genes that regulate metabolic processes important
for cancer, obesity, type 2 diabetes, and longevity, making them highly attractive targets for
the pharmaceutical treatment of many diseases. Herein we specifically discuss the possible
role for mitochondrial sirtuin 3 (Sirt3) as a therapeutic target for the treatment of obesity-
related metabolic diseases.

Sirtuin3 is a key regulator of mitochondrial metabolism
Since their initial recognition as silencing factors in yeast, sirtuins have received a
tremendous amount of attention as regulators of both histone and non-histone protein
(de)acetylation, initially due to their perceived role in caloric restriction-induced longevity
[3]. Subsequently, a growing list of genes, metabolic pathways, and physiologic processes
shown to be regulated by various sirtuins has been paralleled by growing interest in their
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expression, regulation, and functions. For a recent, comprehensive review of this topic, we
direct readers to the excellent work of Houtkooper et al. [4]. We instead will focus
exclusively on mitochondrial-localized sirtuins, and in particular the mounting interest in
Sirt3.

Despite a conserved deacetylase domain among all of the seven mammalian sirtuins
(Sirt1-7), some of the sirtuins display little-to-no known deacetylase activity in vivo. This is
true for two of the three mitochondrial-localized sirtuins, including Sirt4 and Sirt5, which
have recently been shown to have ADP-ribosylation, and demalonylation and
desuccinylation activities, respectively [5-7]. Still, relatively little is known about the
physiological significance of the activity of these two mitochondrial sirtuins on
mitochondrial function, which is an emerging area of interest. In contrast, we and others
have helped to characterize the functional role(s) of Sirt3, the primary mitochondrial-
localized deacetylase, under conditions of nutrient excess [8-10]. Development of interest in
Sirt3 in the pathophysiology of obesity was fueled by findings that Sirt3 protein content is
downregulated with obesity, and that Sirt3 deficient mice (Sirt3-/-) display augmented
mitochondrial protein hyperacetylation and accelerated development of the metabolic
syndrome when placed on a high fat diet [9,10]. Furthermore, mass spectrometry-based
proteomics has led to the estimation that at least 20% of the mitochondrial proteome is
acetylated [11], with essentially every major pathway of intermediary metabolism being
represented, suggesting that the deacetylase activity of Sirt3 may help to regulate a broad
array of metabolic processes. Whether altered mitochondrial function is a cause or
consequence of each of these disease conditions is not well established, but the diverse
factors known to provoke these conditions, including oxidative stress, endoplasmic
reticulum stress, hypoxia, high fatty acid availability, and altered inflammatory and immune
responses, are often related to changes in mitochondrial function. Thus, understanding the
regulation of mitochondrial metabolism and function appears paramount for deconstructing
the pathophysiology of a growing number of disease conditions. Below we explore
mechanisms of Sirt3 activity that could make it an attractive therapeutic drug target, discuss
what is known about the regulation of Sirt3, and throughout highlight key questions
presently unanswered that will be important to evaluate prior to the use of Sirt3 as a
therapeutic drug target.

Sirt3 facilitates fatty acid oxidation and electron transport system activity
Insufficient oxidation of fatty acids has long been implicated as a cause of ectopic lipid
accumulation and the development of insulin resistance [12,13]. However, it is important to
recognize that excess weight gain is due to a chronic mismatch between energy intake and
whole body energy expenditure resulting in positive energy balance, rather than insufficient
oxidation of fatty acids per se. Nevertheless, targeting mitochondrial fatty acid oxidation as
a means to enhance total energy expenditure, and thereby affect total energy balance,
remains a possible mechanism to treat obesity and obesity-related metabolic diseases. Sirt3
deacetylates a number of enzymes in the pathways essential for fatty acid oxidation, and
more importantly, several of these Sirt3-dependent modifications have been shown to
regulate enzyme activity. Hirschey et al. [14], first demonstrated that fatty acid oxidation in
mitochondrial extracts from liver, heart, and brown adipose tissue of Sirt3-/- mice is
significantly reduced when compared with wild type mice. In the same report the activity of
long-chain acyl-CoA dehydrogenase (LCAD), a key enzyme of the fatty acid β-oxidation
pathway, was enhanced by Sirt3-mediated deacetylation in response to changes in cellular
nutrient status, thereby providing an enzymatic mechanism for Sirt3-mediated regulation of
fatty acid oxidation [14]. The upstream activator of AMP-activated protein kinase (AMPK),
liver kinase B1 (LKB1) was also recently shown to be a target for Sirt3-mediated
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deacetylation, providing a mechanism for a “global” increase in fatty acid oxidation and
increased mitochondrial resynthesis of ATP [15].

Perhaps even more important, multiple independent investigations have reported Sirt3-
mediated (positive) regulation of multiple enzymes within the TCA cycle [16-18], as well as
multiple protein subunits of complexes comprising the electron transport system (ETS; e.g.,
complex I [19], complex II [20,21], complex III [22]), providing support for the role of Sirt3
as a key regulator of total mitochondrial activity. Indeed, Sirt3-/- mice have lowered fasting
ATP and NAD+ concentrations, lowered complex I-dependent O2 consumption in isolated
mitochondria, impaired fasting cold tolerance, and, not surprisingly, display accelerated
weight gain compared with wild type animals when placed on high fat diet (independent of
genotype-specific hyperphagia or spontaneous activity) [9,19]. These findings clearly
indicate impaired energy expenditure in Sirt3-/- mice, at least partly explain their accelerated
development of the metabolic syndrome (via accelerated weight gain), and strongly support
Sirt3 as a key regulator of mitochondrial energy metabolism. Thus, stimulating Sirt3 activity
may provide a mechanism of increasing energy expenditure, making it an obvious target of
interest for the treatment of obesity and obesity-related metabolic diseases.

Sirt3-mediated deacetylation enhances mitochondrial antioxidant defense
Sirt3-mediated deacetylation is also a key regulator of mitochondrial antioxidant defense
enzymes, and thus oxidative stress. Like Sirt1, Sirt3 is reported to at least partially mediate
the beneficial effects of caloric restriction, including protection against age-related hearing
loss [17], and it is likely that these effects can largely be attributed to control of cellular
reactive oxygen species (ROS). Indeed, the attenuation in cellular oxidative stress that
occurs with caloric restriction is lost in the absence of Sirt3 [17,23], suggesting that Sirt3
may be a critical regulator of cellular redox balance. Most cellular ROS production occurs in
mitochondria, as superoxide (O2

-) is a natural byproduct of ETS metabolism. And because
increased oxidative damage is a known pathological component of cancer, obesity, type 2
diabetes, cardiovascular disease, and many other aging-related disorders, Sirt3 may be an
attractive drug target for treatment of numerous disease conditions via improved redox
balance.

Substantial recent evidence indicates that mitochondrial superoxide dismutase (MnSOD/
SOD2), the enzyme responsible for catalyzing the dismutation of O2

- to the less reactive
H2O2, is regulated by Sirt3-mediated deacetylation. Multiple conserved lysine residues of
MnSOD are known to be targets of Sirt3 deacetylation, and Sirt3-mediated deacetylation of
these residues increases the activity of MnSOD [23-25]. We also recently observed a strong
inverse correlation between loss of Sirt3 activity and MnSOD hyperacetylation in skeletal
muscle from obese pregnant women compared with lean pregnant women, providing the
first functional human data suggesting that impaired Sirt3 activity may trigger broad-ranging
metabolic consequences via diminished antioxidant protection (KE Boyle et al.,
unpublished). Like MnSOD, Sirt3 has been shown to deacetylate and thereby enhance the
activity of isocitrate dehydrogenase 2 (IDH2), an enzyme that catalyzes the generation of
NADPH from NADP+ [17]. Because NADPH is required for regeneration of the glutathione
ROS detoxification pathway, Sirt3-mediated enhancement of NADPH synthesis (via
regulation of IDH2) is critical for normal function of the glutathione system and complete
detoxification of mitochondrial ROS. Thus, Sirt3 activity aids clearance of mitochondrial
ROS at multiple steps of the detoxification pathway (as shown in Figure 1). Whether Sirt3
activity also helps to lower mitochondrial ROS production (for a given level of O2
consumption) via its known deacetylation of various subunits of the ETS complexes is
currently unknown, but is an important area of interest of future investigation.
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Regulation of Sirt3 activity is not well understood
Despite growing interest in Sirt3, the regulation of its activity is still poorly understood.
Sirt3 is highly expressed in mitochondria-rich tissues, including liver, kidney, heart, brown
adipose, and skeletal muscle, and is sensitive to changes in cellular energy status (e.g.,
fasting/re-feeding, caloric restriction, exercise) [23,26-28]. During fasting (i.e., low energy
status), Sirt3 mRNA and protein are generally increased, and this corresponds with
decreased mitochondrial protein acetylation of Sirt3 target proteins [14]. In contrast, chronic
high fat feeding (i.e., diet-induced obesity and excess energy availability) is associated with
decreased cellular NAD+ levels, decreased Sirt3 protein content and/or activity, and gross
mitochondrial protein hyperacetylation [9,10]. Sirt3 expression is regulated by the activity of
the transcriptional co-activator PPARγ coactivator-1α (PGC-1α), and estrogen-related
receptor α (ERRα) [29,30]. Importantly, attenuated PGC-1α content with chronic high fat
feeding is likely responsible for lowered Sirt3 protein content in obesity [9]. However,
because Sirt3 requires NAD+ for its deacetylase activity, the obesity-related decline in
cellular NAD+ concentration demonstrated by our laboratory [10] and others [31] may also
play a critical role in the loss of Sirt3 activity in obesity. This attenuation in cellular NAD+

with obesity may be due in part to downregulation of nicotinamide
phosphoribosyltransferase (Nampt), the rate-limiting enzyme in the NAD+ salvage pathway
[32].

Surprisingly, little is known about regulation of Sirt3 activity independent of Sirt3 protein
content and cellular NAD+ concentration, particularly acute and/or reversible
posttranslational modification. Fritz et al. [33] recently demonstrated that Sirt3 activity
could be directly inhibited via 4-hydroxynonenol (4-HNE)-mediated carbonylation at
Cys280, a critical zinc-binding residue. Because 4-HNE is a product of lipid peroxidation, a
common consequence of obesity, it is possible that carbonylation of Sirt3 may explain
evidence of impaired Sirt3 activity without a reduction in Sirt3 protein during chronic high
fat feeding [10]. To our knowledge, no other posttranslational regulation of Sirt3 activity has
been characterized.

Similarly, pharmaceutical and/or nutriceutical activation of Sirt3 is obviously an area of
great interest, but to date we are unaware of any known Sirt3-specific agonist or antagonist.
Intriguingly, resveratrol is reportedly not a direct activator of Sirt3 (and perhaps even a weak
inhibitor) [34]; however, the resveratrol-like compound trans-(-)-ε-Viniferin was recently
found to have profoundly protective effects in a model of Huntington disease that were
Sirt3-dependent [15]. Still, the effect of trans-(-)-ε-Viniferin in this model was not due to
direct activation of Sirt3, but rather due to an increase in Sirt3 protein, likely via robust
induction of PGC-1α [15]. Conversely, an analogue of nicotinamide, a known inhibitor of
sirtuins, has been developed with relative specificity for Sirt3 inhibition over Sirt1 and Sirt2,
but it is likely that off-target effects of this compound will limit its use to non-clinical
applications [35]. A better understanding of how Sirt3 may be acutely and reversibly
activated is essential for the evolution of Sirt3 as a potential therapeutic target for the
treatment of metabolic diseases.

Is Sirt3 a viable pharmaceutical target for the treatment of obesity-related metabolic
disease?

If there were an available Sirt3 agonist, could it be useful in treating or preventing obesity-
related metabolic disease including insulin resistance and type 2 diabetes? There has been
ample demonstration that restoration of Sirt3 in Sirt3-depleted animals and tissue cultures is
beneficial for mitochondrial metabolism and redox balance [8,19]; however, there is
currently little-to-no direct evidence that induction of Sirt3 protein or activity is beneficial
for the prevention or treatment of obesity-related metabolic disease. Specifically, there is
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currently no experimental evidence that tissue-specific Sirt3 overexpression (in wild type
animals) is protective against the deleterious effects of chronic high fat feeding and obesity.
These and other related experiments will be critical for understanding the possible
therapeutic value of a Sirt3 agonist.

Considering the possibility that Sirt3 itself may not be a viable target for the treatment of
obesity-related metabolic diseases, it is noteworthy that Sirt3 activity has been shown to
mediate fasting acetaminophen-induced liver injury [36]. And in addition to the many
known actions of Sirt3 not discussed here (for review, see [37]), there are undoubtedly
numerous functional targets of this enzyme that currently remain unstudied, raising the
possibility that agonizing Sirt3 could certainly have negative consequences. Along these
lines, it is also conceivable that the obesity-related attenuation in Sirt3 protein/activity is an
adaptive mechanism, perhaps in part to protect against excessive fatty acid-induced ROS
production. For example, Anderson et al. [38] demonstrated that excessive availability of
fatty acids and the subsequent increase in mitochondrial fatty acid oxidation following high
fat feeding increases mitochondrial H2O2 emission potential, and that this is a critical
component of fatty acid-induced insulin resistance. Accordingly, if targeting Sirt3 activity
facilitates additional mitochondrial fatty acid oxidation, it is possible that this could add to
cellular oxidative burden (via increased H2O2 emission) and thereby compound obesity-
related metabolic dysfunction. Conversely, it also remains possible that Sirt3-mediated
induction of antioxidant defense pathways (as described above), and perhaps also via
improved ETS complex activity that limits the increase in superoxide production, may help
to attenuate this less desirable consequence of increased mitochondrial fatty acid oxidation.
This is just one of many possible scenarios that will need to be closely evaluated during
future investigations into the possible use of a Sirt3 agonist in therapeutic treatment of
metabolic disease.

Concluding remarks
We have presented recent evidence supporting the role of Sirt3 in the control of overall
metabolic function of the cell, including fatty acid oxidation, ETS function, and antioxidant
defense pathways (summarized in Figure 1). Because obesity is a condition characterized by
excess availability of energy, attenuated Sirt3-mediated support of mitochondrial
metabolism and antioxidant defense pathways presents a situation whereby the
complications of obesity linked with the development of insulin resistance and many other
metabolic diseases may be undesirably worsened (Figure 2). In this regard, it is not terribly
surprising that Sirt3-/- mice develop accelerated obesity, insulin resistance, and other
characteristics of the metabolic syndrome when placed on a calorically dense, high fat diet.
Together, these findings strongly suggest that an obesity-related downregulation of Sirt3
activity may help to link obesity with the development of numerous metabolic disease
conditions, and that restoration of Sirt3 activity may help to attenuate the progression of this
deleterious cycle. Nevertheless, many questions vital to the complete understanding of the
potential benefits and consequences of a Sirt3-targeted approach for the treatment of
obesity-related metabolic diseases remain unanswered. The coming years will undoubtedly
bring substantial advances in this area of research, and in turn, yield novel therapeutic
strategies for the prevention and/or treatment of obesity and the many related metabolic
disease conditions. We remain hopeful that Sirt3 may be a promising therapeutic drug target
for a wide range of diseases.
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Highlights

- Reversible lysine acetylation has emerged as a key regulator of mitochondrial fatty acid
oxidation and antioxidant defense

- Sirtuin 3 is the primary mitochondrial deacetylase, but is downregulated in obesity,
resulting in mitochondrial protein hyperacetylation

- Animals lacking sirtuin 3 display accelerated weight gain and development of the
metabolic syndrome on a high fat diet

- Whether restoration of sirtuin 3 activity in obesity holds metabolic benefit remains
unknown
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Figure 1.
Overview of Sirt3 deacetylation targets, and regulation of Sirt3 expression and activity. Sirt3
is a mitochondrial matrix-localized deacetylase that targets various subunits of complexes
within the electron transport system, and appears to be a critical regulator of cellular ATP.
Sirt3 also deacetylates enzymes within the β-oxidation pathway, including LCAD, and
within the TCA cycle, including IDH2. Sirt3 is also a key regulator of antioxidant defense
pathways. Enhanced IDH2 activity yields critical regeneration of NADPH for the
glutathione detoxification pathway, and deacetylation of MnSOD on multiple conserved
sites has been shown to enhance the activity of this mitochondrial-localized dismutase. Sirt3
expression is regulated by PGC-1α and ERRα, while its activity can be inhibited by 4-HNE-
mediated carbonylation. Sirt3, sirtuin 3; LCAD, long-chain acyl-CoA dehydrogenase; TCA,
tricarboxylic acid cycle; IDH2, isocitrate dehydrogenase 2; MnSOD, manganese superoxide
dismutase; PGC-1α, PPARγ coactivator-1α; ERRα, estrogen-related receptor α; 4-HNE, 4-
hydroxynonenol; β-OX, β-oxidation; α-KG, α-ketoglutarate; GSR, glutathione reductase;
GPx, glutathione peroxidase; Q, co-enzyme Q; CytC; cytochrome C.
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Figure 2.
A proposed deleterious cycle of obesity and downregulation of Sirt3 activity. Obesity is
associated with decreased cellular NAD+ concentration and decreased Sirt3 protein content,
both of which likely contributed to attenuated Sirt3 activity. In turn, the loss of Sirt3-
mediated antioxidant defense may contribute to increased oxidative stress, and impaired
fatty acid oxidation and lowered energy expenditure may increase the likelihood of positive
energy balance and continued/additional weight gain. Not pictured here (for simplicity) are
the many other deleterious effects associated with obesity that may then by worsened as a
result of this proposed cycle. Sirt3, sirtuin 3; 4-HNE, 4-hydroxynonenol; PGC-1α, PPARγ
coactivator-1α; β-OX, β-oxidation.
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