
SIRT3: as simple as it seems?

David B. Lombard* and Bernadette M. M. Zwaans
Department of Pathology and Institute of Gerontology, University of Michigan, Ann Arbor, USA

Abstract
Identification of conserved pathways regulating longevity holds out the eventual possibility of
pharmacologic health- and lifespan extension in humans. Members of the sirtuin deacetylase/
ADP-ribosyltransferase/deacylase family extend longevity in yeast and promote various aspects of
mammalian healthspan. The mitochondrial sirtuin SIRT3 deacetylates numerous proteins in this
organelle, regulating mitochondrial functions and suppressing diverse age-associated pathologies.
However, recent findings raise the possibility that SIRT3 may regulate some mitochondrial
functions indirectly, rather than by direct deacetylation of specific mitochondrial substrates.
Specifically, it has been found that SIRT3 promotes activities of the upstream mitochondrial
regulators AMPK and PGC1α. In addition, studies of tissue-specific SIRT3 knockouts suggest
non-tissue-autonomous roles for SIRT3. Thus, mitochondrial regulation by SIRT3 is likely much
more complex than initially appreciated, potentially involving both direct and indirect
mechanisms. Unraveling these may reveal novel aspects of how the functional status of
mitochondria is communicated to the rest of the cell, and to the organism overall.
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Aging can be defined as a process leading to frailty, dysfunction, and increased mortality
over time. Aging represents the major risk factor – indeed, in many cases the dominant risk
factor – for chronic diseases that are the principal causes of disability and death in
industrialized societies. Over the past decades, it has increasingly been recognized that the
aging rate is subject to strong influence by dietary intake and by evolutionarily conserved
nutrient signaling pathways. This raises the possibility that therapies directed at the aging
process itself may eventually be used to treat or prevent degenerative diseases, promoting
healthspan and perhaps even extending human lifespan. In this context, the sirtuin family of
NAD+-dependent deacetylases/ADP-ribosyltransferases/deacylases has received a great deal
of attention in recent years. There is now a large body of evidence showing that mammalian
sirtuins play major roles in promoting important aspects of healthspan and in suppressing
specific age-associated pathologies [1]. Mammals possess seven sirtuins, SIRT1-SIRT7.
Each is characterized by a catalytic domain that is fairly well conserved in all sirtuin
proteins. Outside this domain, mammalian sirtuins possess divergent N- and C- termini,
helping to confer upon these proteins distinct biological properties.
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SIRT3 promotes diverse aspects of mammalian healthspan
This Viewpoint focuses specifically on functions of the sirtuin SIRT3, and how this protein
fulfills these roles mechanistically. SIRT3, like SIRT4 and SIRT5, is present in the
mitochondrial matrix. Among these proteins, SIRT3 is the dominant mitochondrial
deacetylase activity [2]. As with other sirtuins, the availability of mouse strains lacking
SIRT3 has tremendously facilitated elucidation of functions of this protein. Under normal
conditions, SIRT3-deficient mice appear essentially normal. However, studies of these
animals under stress conditions or with advancing age have revealed major roles for this
sirtuin in suppressing the onset of multiple pathologies (Fig. 1). We will briefly touch upon
major roles of SIRT3 in promoting aspects of healthy aging in mammals. For a more
comprehensive discussion of SIRT3 molecular functions, the reader is referred elsewhere
[3].

SIRT3 as a tumor suppressor
Studies by three independent laboratories have revealed roles for SIRT3 in tumor
suppression [4–6]. Female SIRT3 knockout (KO) mice showed a 35% incidence of
mammary tumors by two years of age, whereas this tumor was not observed at all in the
control population [6]. At least one copy of the SIRT3 locus was deleted in 40% of human
breast carcinomas, supporting a tumor suppressor role for SIRT3 in humans as well [5].
Mechanistically, SIRT3 suppresses cellular production of deleterious reactive oxygen
species (ROS), via deacetylation and activation of SOD2 (mitochondrial superoxide
dismutase) and IDH2 (isocitrate dehydrogenase 2) [7–9]. Through modification of these two
targets, SIRT3 reduces cellular ROS levels, thereby protecting nuclear and mitochondrial
DNA and other cellular macromolecules from ROS-related damage. In the absence of
SIRT3, increased ROS promote genomic instability and activate hypoxia inducible factor 1α
(HIF-1α) [4,5], a transcription factor that can promote metabolic reprogramming in cancer
cells.

Importantly, the role of SIRT3 in neoplasia is cell type-specific, and potentially quite
complex. For example, oral squamous cell carcinomas (OSCCs) – cancers that are
notoriously treatment-resistant – express high SIRT3 levels [10]. SIRT3 knockdown (KD)
sensitizes OSCC cells to genotoxic therapy, suggesting an oncogenic role for SIRT3 in this
cancer type. However, another group has found that SIRT3 enzymatic activity – as opposed
to expression – is substantially reduced in OSCCs, relative to normal oral mucosa.
Moreover, a single nucleotide polymorphism (SNP) in SIRT3, leading to an amino acid
change in the SIRT3 protein coding sequence (V208I) and a reduction in SIRT3 enzymatic
activity, is common in the germline of OSCC patients [11]. These data support a tumor
suppressor role for SIRT3 in OSCC. However, in contrast a recent report linked the presence
of an extra copy of SIRT3 with tumor susceptibility in a family prone to glioma and
hematopoietic malignancies [12].

SIRT3 promotes metabolic homeostasis
SIRT3 plays numerous roles that promote mitochondrial energy production and metabolic
homeostasis, functions described in depth elsewhere [3]. One key role of SIRT3 is to
regulate fatty acid metabolism. In response to a prolonged high fat diet (HFD), SIRT3-
deficent mice develop worsened obesity, insulin resistance, dyslipidemia, fatty liver, and
hepatic inflammation relative to controls [13]. One mediator of these effects is stearoyl-CoA
desaturase 1 (SCD1), a protein that catalyzes conversion of saturated long-chain fatty acids
into mono-unsaturated fatty acids. SCD1 gene expression and enzymatic activity were
elevated in SIRT3-deficient mice, and deletion of the SCD1 gene ameliorated hepatic
steatosis and insulin insensitivity in SIRT3 knockouts on a HFD. A direct target of SIRT3
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that is likely important in the susceptibility of SIRT3-deficient mice to metabolic syndrome
is long-chain specific acyl-CoA dehydrogenase (LCAD), an enzyme involved in the β-
oxidation of long-chain fatty acids. SIRT3 normally deacetylates this enzyme, activating it
to promote lipid catabolism [14]. SIRT3 also deacetylates numerous components of the
mitochondrial respiratory complexes to promote their activities, a role also likely relevant in
the sensitivity of SIRT3 KO mice to HFD [6,15–19]. SIRT3 also suppresses ROS levels in
skeletal muscle to promote insulin signaling in this tissue and systemic glucose tolerance
[20]. The hypomorphic SIRT3 SNP mentioned above may confer an increased risk of
metabolic syndrome in humans [13].

SIRT3 promotes cardiac stress resistance
Work in cell culture and animal models point to important roles for SIRT3 in maintaining
cardiac fitness. Cardiac hypertrophy is a disease state characterized by enlargement and
death of cardiomyocytes and cardiac fibrosis, often leading to arrhythmias, ischemia, or
overt heart failure. This condition can be caused by chronic hypertension and usually occurs
in older individuals. Deletion of SIRT3 in mice leads to development of hypertrophy even
under basal conditions, and marked susceptibility to hypertrophy-inducing drugs [21,22].
Conversely, SIRT3 overexpression is protective against induction of hypertrophy [21].
Multiple molecular target pathways have been proposed to account for the role of SIRT3 in
cardioprotection [21–23]. One model focuses on the role of SIRT3 in deacetylating
cyclophilin D to suppress activation of the mitochondrial permeability transition pore,
thereby inhibiting induction of cell death in cardiomyocytes and other cell types [22,24].

SIRT3 promotes maintenance of hearing during dietary restriction
Sirtuins have been proposed to mediate some of the beneficial effects of dietary restriction
(DR), a hypothesis that remains controversial [25]. However, recent work has connected
SIRT3 directly to a specific protective effect of DR. Under ad lib feeding conditions,
C57BL/6 mice show age-related hearing loss (AHL) as a consequence of gradual attrition of
spiral ganglion neurons and sensory hairs cells in the cochlea. AHL in this strain is greatly
diminished by DR. Crucially, this DR effect requires SIRT3; hearing function is normal in
young SIRT3 KO mice, but these animals show AHL even under DR feeding conditions [8].
This role of SIRT3 has been attributed to its function in suppressing cellular ROS levels.
Specifically, SIRT3 deacetylates IDH2 to promote regeneration of reduced glutathione, a
major mitochondrial anti-oxidant. SIRT3-deficient mice also show a variety of other
biochemical anomalies in response to DR [8,26], suggesting that SIRT3 plays multiple
functions in the organismal adaption to reduced caloric intake, and could be required for
some of the other benefits of this intervention, such as enhanced tumor suppression or
longevity itself. This hypothesis remains to be tested.

SIRT3 promotes hematopoietic stem cell maintenance in response to stress
Recent work has uncovered a role for SIRT3 in hematopoietic stem cell (HSC) function
[27]. Although SIRT3 is dispensable for hematopoiesis in young animals, SIRT3-deficient
HSCs show impaired self-renewal and reconstitution in serial transplantation experiments,
or during normal aging. Strikingly, SIRT3 levels decline in wild-type HSCs with age, and
reconstitution with ectopic SIRT3 can actually improve function in these cells. This function
of SIRT3 has once again been attributed to the role of SIRT3 in suppressing ROS levels, in
this case by deacetylating and activating SOD2.

Healthspan promotion by SIRT3: direct or indirect?
Mechanistically, how does SIRT3 promote such diverse aspects of mammalian healthspan?
As noted above, SIRT3 deacetylates numerous mitochondrial proteins. Lysine acetylation is

Lombard and Zwaans Page 3

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a post-translational modification regulating many aspects of target protein biology: e.g.,
enzymatic activity, protein-protein interactions, and stability, among others. This
modification is particularly abundant on mitochondrial proteins [28]. Hence, most thinking
in this field has focused on the notion that SIRT3 deacetylates a number of key targets to
regulate them directly, thereby modulating mitochondrial functions. Indeed, as described
above and elsewhere, there is ample evidence for this hypothesis [3].

However, a number of recent findings suggest that some of SIRT3’s beneficial impacts may
not occur simply through direct deacetylation of specific targets, but may instead result from
broader, more indirect effects within the cell or even the whole organism. Notably, many
phenotypes of SIRT3 deficiency are most evident in response to stress and/or with
advancing age. This may indicate that some important effects of SIRT3 deficiency occur as
a consequence of secondary events. Since SIRT3 has been proposed as a target for
pharmacologic intervention, obtaining a complete mechanistic understanding of how this
protein fulfills its functions is critical. For the remainder of this Viewpoint, we focus on this
topic in two contexts: specifically, the role of SIRT3 in promoting AMPK and PGC1α
activity, and potential non-tissue-autonomous effects of SIRT3 revealed by recent studies in
tissue-specific SIRT3 KO animals.

A primer on AMPK
Adenosine monophosphate-activated protein kinase (AMPK) is a highly conserved cellular
energy sensor with key roles in health and longevity [29]. AMPK is a hetero-trimeric
complex composed of a catalytic α subunit and regulatory β and γ subunits. AMPK is
activated by reversible phosphorylation on the α subunit at T172. AMP serves as an
allosteric activator of AMPK, and binding of either AMP or ADP to AMPK protects the
enzyme from dephosphorylation and inactivation [30]. LKB1/STK11, a mammalian tumor
suppressor, is one of the major kinases phosphorylating AMPK at T172; another is Ca2+/
calmodulin-activated protein kinase kinase-β (CaMKKβ). AMPK is also reversibly
acetylated/deacetylated on lysines by the opposing activities of p300 and HDAC1,
respectively [31]. Deacetylation of AMPK increases its interaction with LKB1 and
consequently enhances its phosphorylation and activation [31]. ROS can also activate
AMPK [29].

Once activated in response to reduced intracellular energy levels, AMPK has far-reaching
effects in cells, particularly on metabolism. AMPK phosphorylates its downstream targets
on serine and threonine residues, promoting catabolic functions and suppressing anabolic
pathways to maintain cellular ATP levels [29]. Crucially, AMPK regulates mitochondrial
functions. AMPK increases activity of PGC1α, a nuclear transcriptional coactivator that
promotes mitochondrial biogenesis and expression of numerous nuclear-encoded
mitochondrial genes [32]. At least two mechanisms account for this effect. First, AMPK
directly phosphorylates and activates PGC1α, which can then coactivate at its own promoter
to increase its expression [33,34]. Second, AMPK increases levels of cellular NAD+, in turn
activating the sirtuin SIRT1 to deacetylate and activate PGC1α [35,36]. Conversely, AMPK
promotes degradation of dysfunctional mitochondria by activating mitophagy via the ULK1
kinase [37,38]. Hence, AMPK promotes mitochondrial gene expression, biogenesis, and
turnover.

SIRT3 promotes activity of the AMPK-PGC1α axis
Studies from several laboratories have revealed that SIRT3 impacts AMPK phosphorylation
and activity. The lower levels of ATP and increased ROS present in SIRT3-deficient cells
would both lead to the prediction that SIRT3 deficiency should be associated with increased
AMPK activity. However, in fact the opposite result has been obtained. Cells or muscle
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tissue with decreased SIRT3 function show reduced AMPK phosphorylation and lower
PGC1α levels [23,39,40]. This is also associated with reduced phosphorylation and activity
of CREB (cAMP response element binding protein), a transcription factor that promotes
PGC1α expression [41]. SIRT3 KD impairs the ability of overexpressed PGC1α to promote
mitochondrial biogenesis and expression of genes involved in ROS detoxification [42].
Interestingly, SIRT3 is a downstream target of PGC1α [42]; hence these two proteins appear
to form a positive feedback loop to promote mitochondrial function.

Potential mechanisms of AMPK and PGC1α activation by SIRT3
Mechanistically, it is currently unclear how SIRT3 impacts AMPK and PGC1α (Fig. 2).
One report suggests that SIRT3 can deacetylate and activate LKB1, a kinase upstream of
AMPK [23]. SIRT3 has also been proposed to deacetylate the Forkhead transcription factor
FoxO3A, thereby increasing its DNA-binding activity [43]; FoxO3A directly promotes
PGC1α gene expression [44]. Both of these models likely require the presence of active
extra-mitochondrial SIRT3 in the cell, the existence of which is still hotly contested [45].
Multiple independent studies have documented the mitochondrial matrix localization of
human and mouse SIRT3 [2,46–52]. Prior to mitochondrial import, human SIRT3 retaining
its mitochondrial targeting sequence has been shown to be enzymatically inactive [51]. In
contrast, a few reports claim the presence of an active fraction of extra-mitochondrial SIRT3
in rat cardiomyocytes, neurons, and cultured human cells [53–56]. The existence of extra-
mitochondrial SIRT3 has not been rigorously documented using SIRT3-deficient cells as
negative controls, though in some cases SIRT3 KD has been performed to this end. Many
studies describing the existence of extra-mitochondrial SIRT3 have employed
overexpression approaches, the use of which can induce artifactual extra-mitochondrial
SIRT3 localization [46].

Conversely, it is also possible that mitochondrial SIRT3 acts directly on PGC1α or FoxO3A.
Several reports suggest the existence of a mitochondrial fraction of PGC1α, associated with
a complex containing mitochondrial DNA [57–59]. Analogous to the role of SIRT1 in
deacetylating and activating nuclear PGC1α [60,61], it is possible that SIRT3 might
deacetylate mitochondrial PGC1α to affect its activity. However, there is little functional
information currently available regarding mitochondrial PGC1α. There are also reports that,
in response to low glucose conditions, a fraction of FoxO3A localizes to the mitochondria,
where it interacts with SIRT3 and promotes mitochondrial gene expression and respiration
[43,62]. In this context, one group has been found that FoxO3A can serve as a substrate for
SIRT3 [6]. However, neither of these models would explain in an obvious way how SIRT3
impacts signaling outside mitochondria.

Instead, or in addition, mitochondrial SIRT3 may regulate extra-mitochondrial AMPK and
PGC1α indirectly, for example via effects on intracellular metabolite levels. Conceptually,
this would represent an example of a retrograde response, whereby the functional status of
mitochondria is communicated elsewhere in the cell, a phenomenon that is well
characterized in yeast but incompletely understood in mammals [63]. For example,
mitochondria play a key role in regulating intracellular calcium levels. Increased cytosolic
Ca2+ activates calcium/calmodulin-dependent kinase IV (CaMKIV), which in turn promotes
PGC1α expression through CREB [34]. Ca2+ also activates CaMKKβ, which phosphorylates
AMPK at T172 [29]. Thus, hypothetical reduced cytosolic Ca2+ levels in SIRT3 deficiency
could lead to impaired PGC1α activity. Here it should be stressed that SIRT3 has not
actually been linked to Ca2+ homeostasis. However, mass spectrometry data indicate that the
mitochondrial Ca2+ uniporter (MCU) is likely to be a target of SIRT3-mediated
deacetylation [64].
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Alternatively, respiratory chain dysfunction occurring in the absence of SIRT3 could lead to
a decrease in the NAD+/NADH ratio. In turn, this would reduce activity of all cellular
sirtuins, including SIRT1, thus leading to hyperacetylation and decreased function of
PGC1α. There is currently no evidence that AMPK is a target of SIRT1-mediated
deacetylation, or indeed of any other sirtuin. However, if this were the case, AMPK would
also be hyperacetylated and hypofunctional in response to SIRT3 deficiency. As NADH can
compete with AMP to bind to the allosteric activation site of AMPK, it is possible that
putative elevated cellular NADH levels occurring in the absence of SIRT3 could also inhibit
AMPK activity directly [30]. Unfortunately, to our knowledge no direct measurements of
NAD+ or NADH levels have been performed in SIRT3-deficient cells.

Physiological consequences of defective nutrient signaling in SIRT3 deficiency
Whatever the mechanism, the observation that SIRT3 impacts key regulators of
mitochondrial biology such as AMPK, PGC1α, and CREB has important implications for
the study of this sirtuin. It is possible that some functions ascribed to roles for SIRT3 in
directly targeting specific mitochondrial substrates actually stem, instead of or in addition,
from roles for SIRT3 in modulating activities of upstream mitochondrial regulators. For
example, AMPK lies upstream of PGC1α, mTOR, FoxO transcription factors, SIRT1,
ULK1, p53, and other key regulators [65]. Through these and other targets, AMPK promotes
mitochondrial biogenesis, stress resistance, lipid metabolism, and autophagy. AMPK is also
required for aspects of the response to DR [66]. Thus, defective AMPK activation occurring
in the absence of SIRT3 could impact any or all of these substrates and processes, with
deleterious consequences for organismal fitness. Notably, there are phenotypic similarities
between SIRT3-deficient mice and animals with perturbed AMPK or PGC1α levels. For
example, mice with mutations in PGC1α show reduced cold resistance, susceptibility to
hepatic steatosis and experimentally induced heart failure, impaired β-oxidation and
ketogenesis, and increased ROS levels [32], similar to SIRT3 mutants. Likewise, mice
lacking hepatic AMPK activity show impaired β-oxidation and ketogenesis, and reduced
cellular ATP levels, as seen in SIRT3 deficiency [67].

Dissecting the interplay between SIRT3, AMPK, and PGC1α
The potential roles of AMPK and/or PGC1α in SIRT3 function could be tested by rescuing
the reduced activities of AMPK or PGC1α in SIRT3 KOs, to determine whether this
intervention ameliorates phenotypes of SIRT3 deficiency. For example, metformin, AICAR
or other AMPK activators could be administered to SIRT3-deficent cells or mice, or PGC1α
could simply be overexpressed in SIRT3-deficient cells or key tissues such as liver. ROS
regulation, mitochondrial respiration, β-oxidation, and other major known SIRT3 target
pathways could then be assessed. If the only role of SIRT3 were to modulate mitochondrial
functions by deacetylating specific mitochondrial substrates, then such interventions would
likely be ineffective at modifying the impacts of SIRT3 deficiency. Alternatively however,
if a major role of SIRT3 were to promote activity of AMPK and PGC1α, then some of the
phenotypes of SIRT3 deficiency would be rescued. Hence this approach might allow
dissection of direct versus indirect roles for SIRT3 in regulating mitochondrial functions.

Tissue-non-autonomous effects of SIRT3
The idea that SIRT3 deacetylates mitochondrial substrates to exert its effects directly likely
implies that SIRT3 functions in a cell- and tissue-autonomous manner. This view has been
sharply challenged by recent analysis of mouse strains with targeted deletions of the SIRT3
gene specifically in liver or skeletal muscle [68]. These strains display global mitochondrial
protein hyperacetylation in tissues lacking SIRT3, similar to that observed in the germline
SIRT3 KO [45]. However, numerous other phenotypes previously observed in the context of
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germline SIRT3 deficiency were not present in the tissue-specific KOs [68]. In particular, no
decrease in PGC1α mRNA levels was observed in tissues lacking SIRT3. Moreover, in
contrast to results obtained in the global SIRT3 KO, there were no perturbations in blood
amino acid, ketone, or acyl-carnitine levels. There were no mitochondrial energetic defects
evident in SIRT3-ablated hepatocytes, and no defect in AMPK phosphorylation in SIRT3-
deficient skeletal muscle or liver. Although SOD2 was hyperacetylated in tissues lacking
SIRT3, SOD2 activity itself was not impaired, nor were levels of oxidative damage
increased.

The absence of apparent phenotypes in SIRT3 tissue-specific KOs is strikingly inconsistent
with the strong effects reported in SIRT3 germline KO animals. How might these differences
be explained? The team that characterized the tissue-specific SIRT3 KO mice did not
analyze germline SIRT3 KOs in parallel, to confirm that they could identify the phenotypes
in this strain reported by others. Thus, it remains a formal possibility that technical
differences in experimental protocols or husbandry conditions between laboratories may
explain some of these discrepancies. In this regard, as noted above, many phenotypes of
SIRT3 deficiency are most apparent upon stringent stress conditions: serial transplantation
or aging in the case of HSC studies, and extended periods of high fat feeding or prolonged
fasting in the case of metabolic studies. However, given the large number of phenotypic
discrepancies noted between germline and conditional SIRT3 knockouts, it is difficult to
believe that technical approaches account for all of these differences. Conceivably, strain
effects might offer one answer. Notably, most studies of globally SIRT3-deficent mice have
been carried out in the 129 strain background, whereas the conditional SIRT3 KO is in the
C57BL/6 strain background, which is more typically used in metabolic studies.

The most exciting possibility is that the unexpected phenotypic discrepancies between the
global and tissue-specific SIRT3 KOs hint at novel aspects of mitochondrial regulation. For
example, it is possible that SIRT3 deficiency early in development, as in the germline
knockout, causes epigenetic reprogramming that predisposes SIRT3-deficient animals to
diverse pathologies in adulthood. In this regard, gestational diabetes or an adverse early
postnatal environment can lead to epigenetic alterations that confer susceptibility to
cardiovascular disease and other metabolic sequelae later in life [69].

Alternatively, SIRT3 might function in specific tissues to impact mitochondrial metabolism
and overall health more globally. For example, SIRT3 deficiency in the brain, adipose
tissue, immune system, or other tissues might provoke neural signaling and/or elaboration of
soluble factors that could alter mitochondrial function in distant organs. In C. elegans, the
ability of mitochondrial defects to regulate mitochondrial stress responses tissue-non-
autonomously, thereby affecting overall organismal longevity, is well documented [70]. In
mammals, stimulation of the vagus nerve results in increased AMPK phosphorylation and
decreased oxidative stress levels in the heart [71]. It has recently been reported that
autophagy defects specifically in skeletal muscle induce mitochondrial dysfunction and
secretion of the circulating hormone FGF21. FGF21 in turn causes “browning” of white
adipose tissue, thereby conferring protection from diet-induced obesity and insulin
resistance [72]. Such functions of SIRT3 could easily be tested by further studies using
SIRT3 conditional KO animals.

Acknowledgments
The authors would like to thank the anonymous reviewers, Drs. Jiandie Lin, Michael Sack, Bjoern Schwer, and
members of the Lombard laboratory for critical comments on the manuscript, and apologize to those whose work
was not cited due to space constraints. Work in the Lombard laboratory is supported by NIH (R01GM101171 and
R21CA177925), the Ellison Medical Foundation (AG-NS-0583-09), and the Discovery Fund of the University of
Michigan Comprehensive Cancer Center.

Lombard and Zwaans Page 7

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. Guarente L, Franklin H. Epstein lecture: Sirtuins, aging, and medicine. N Engl J Med. 2011;

364:2235–2244. [PubMed: 21651395]

2. Lombard DB, Alt FW, Cheng HL, Bunkenborg J, Streeper RS, Mostoslavsky R, Kim J,
Yancopoulos G, Valenzuela D, Murphy A, Yang Y, Chen Y, Hirschey MD, Bronson RT, Haigis M,
Guarente LP, Farese RV Jr, Weissman S, Verdin E, Schwer B. Mammalian sir2 homolog sirt3
regulates global mitochondrial lysine acetylation. Mol Cell Biol. 2007; 27:8807–8814. [PubMed:
17923681]

3. Lombard, DB.; Tishkoff, DX.; Zwaans, BM. Mitochondrial regulation by protein acetylation. In:
Cadenas, E.; Orrenius, S.; Packer, L., editors. Mitochondrial signaling in health and disease.
London: Taylor and Francis; 2012. p. 269-298.

4. Bell EL, Emerling BM, Ricoult SJ, Guarente L. Sirt3 suppresses hypoxia inducible factor 1alpha
and tumor growth by inhibiting mitochondrial ros production. Oncogene. 2011; 30:2986–2996.
[PubMed: 21358671]

5. Finley LW, Carracedo A, Lee J, Souza A, Egia A, Zhang J, Teruya-Feldstein J, Moreira PI, Cardoso
SM, Clish CB, Pandolfi PP, Haigis MC. Sirt3 opposes reprogramming of cancer cell metabolism
through hif1alpha destabilization. Cancer Cell. 2011; 19:416–428. [PubMed: 21397863]

6. Kim HS, Patel K, Muldoon-Jacobs K, Bisht KS, Aykin-Burns N, Pennington JD, van der Meer R,
Nguyen P, Savage J, Owens KM, Vassilopoulos A, Ozden O, Park SH, Singh KK, Abdulkadir SA,
Spitz DR, Deng CX, Gius D. Sirt3 is a mitochondria-localized tumor suppressor required for
maintenance of mitochondrial integrity and metabolism during stress. Cancer Cell. 2010; 17:41–52.
[PubMed: 20129246]

7. Qiu X, Brown K, Hirschey MD, Verdin E, Chen D. Calorie restriction reduces oxidative stress by
sirt3-mediated sod2 activation. Cell Metab. 2010; 12:662–667. [PubMed: 21109198]

8. Someya S, Yu W, Hallows WC, Xu J, Vann JM, Leeuwenburgh C, Tanokura M, Denu JM, Prolla
TA. Sirt3 mediates reduction of oxidative damage and prevention of age-related hearing loss under
caloric restriction. Cell. 2010; 143:802–812. [PubMed: 21094524]

9. Tao R, Coleman MC, Pennington JD, Ozden O, Park SH, Jiang H, Kim HS, Flynn CR, Hill S,
Hayes McDonald W, Olivier AK, Spitz DR, Gius D. Sirt3-mediated deacetylation of evolutionarily
conserved lysine 122 regulates mnsod activity in response to stress. Mol Cell. 2010; 40:893–904.
[PubMed: 21172655]

10. Alhazzazi TY, Kamarajan P, Joo N, Huang JY, Verdin E, D’Silva NJ, Kapila YL. Sirtuin-3 (sirt3),
a novel potential therapeutic target for oral cancer. Cancer. 2011; 117:1670–1678. [PubMed:
21472714]

11. Chen IC, Chiang WF, Liu SY, Chen PF, Chiang HC. Role of sirt3 in the regulation of redox
balance during oral carcinogenesis. Molecular cancer. 2013; 12:68. [PubMed: 23800187]

12. Aury-Landas J, Bougeard G, Castel H, Hernandez-Vargas H, Drouet A, Latouche JB, Schouft MT,
Ferec C, Leroux D, Lasset C, Coupier I, Caron O, Herceg Z, Frebourg T, Flaman JM. Germline
copy number variation of genes involved in chromatin remodelling in families suggestive of li-
fraumeni syndrome with brain tumours. European journal of human genetics: EJHG. 2013

13. Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B, Stancakova A,
Goetzman E, Lam MM, Schwer B, Stevens RD, Muehlbauer MJ, Kakar S, Bass NM, Kuusisto J,
Laakso M, Alt FW, Newgard CB, Farese RV Jr, Kahn CR, Verdin E. Sirt3 deficiency and
mitochondrial protein hyperacetylation accelerate the development of the metabolic syndrome.
Molecular cell. 2011; 44:177–190. [PubMed: 21856199]

14. Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B, Lombard DB, Grueter CA, Harris C,
Biddinger S, Ilkayeva OR, Stevens RD, Li Y, Saha AK, Ruderman NB, Bain JR, Newgard CB,
Farese RV Jr, Alt FW, Kahn CR, Verdin E. Sirt3 regulates mitochondrial fatty-acid oxidation by
reversible enzyme deacetylation. Nature. 2010; 464:121–125. [PubMed: 20203611]

15. Ahn BH, Kim HS, Song S, Lee IH, Liu J, Vassilopoulos A, Deng CX, Finkel T. A role for the
mitochondrial deacetylase sirt3 in regulating energy homeostasis. Proc Natl Acad Sci U S A. 2008;
105:14447–14452. [PubMed: 18794531]

Lombard and Zwaans Page 8

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



16. Bao J, Scott I, Lu Z, Pang L, Dimond CC, Gius D, Sack MN. Sirt3 is regulated by nutrient excess
and modulates hepatic susceptibility to lipotoxicity. Free Radic Biol Med. 2010; 49:1230–1237.
[PubMed: 20647045]

17. Finley LW, Haas W, Desquiret-Dumas V, Wallace DC, Procaccio V, Gygi SP, Haigis MC.
Succinate dehydrogenase is a direct target of sirtuin 3 deacetylase activity. PLoS ONE. 2011;
6:e23295. [PubMed: 21858060]

18. Cimen H, Han MJ, Yang Y, Tong Q, Koc H, Koc EC. Regulation of succinate dehydrogenase
activity by sirt3 in mammalian mitochondria. Biochemistry. 2010; 49:304–311. [PubMed:
20000467]

19. Kendrick AA, Choudhury M, Rahman SM, McCurdy CE, Friederich M, Van Hove JL, Watson
PA, Birdsey N, Bao J, Gius D, Sack MN, Jing E, Kahn CR, Friedman JE, Jonscher KR. Fatty liver
is associated with reduced sirt3 activity and mitochondrial protein hyperacetylation. Biochem J.
2011; 433:505–514. [PubMed: 21044047]

20. Jing E, Emanuelli B, Hirschey MD, Boucher J, Lee KY, Lombard D, Verdin EM, Kahn CR.
Sirtuin-3 (sirt3) regulates skeletal muscle metabolism and insulin signaling via altered
mitochondrial oxidation and reactive oxygen species production. Proceedings of the National
Academy of Sciences of the United States of America. 2011; 108:14608–14613. [PubMed:
21873205]

21. Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A, Gupta MP. Sirt3 blocks the cardiac
hypertrophic response by augmenting foxo3a-dependent antioxidant defense mechanisms in mice.
J Clin Invest. 2009; 119:2758–2771. [PubMed: 19652361]

22. Hafner AV, Dai J, Gomes AP, Xiao CY, Palmeira CM, Rosenzweig A, Sinclair DA. Regulation of
the mptp by sirt3-mediated deacetylation of cypd at lysine 166 suppresses age-related cardiac
hypertrophy. Aging (Albany NY). 2010; 2:914–923. [PubMed: 21212461]

23. Pillai VB, Sundaresan NR, Kim G, Gupta M, Rajamohan SB, Pillai JB, Samant S, Ravindra PV,
Isbatan A, Gupta MP. Exogenous nad blocks cardiac hypertrophic response via activation of the
sirt3-lkb1-amp-activated kinase pathway. J Biol Chem. 2010; 285:3133–3144. [PubMed:
19940131]

24. Shulga N, Wilson-Smith R, Pastorino JG. Sirtuin-3 deacetylation of cyclophilin d induces
dissociation of hexokinase ii from the mitochondria. J Cell Sci. 2010; 123:894–902. [PubMed:
20159966]

25. Longo VD, Kennedy BK. Sirtuins in aging and age-related disease. Cell. 2006; 126:257–268.
[PubMed: 16873059]

26. Hallows WC, Yu W, Smith BC, Devries MK, Ellinger JJ, Someya S, Shortreed MR, Prolla T,
Markley JL, Smith LM, Zhao S, Guan KL, Denu JM. Sirt3 promotes the urea cycle and fatty acid
oxidation during dietary restriction. Mol Cell. 2011; 41:139–149. [PubMed: 21255725]

27. Brown K, Xie S, Qiu X, Mohrin M, Shin J, Liu Y, Zhang D, Scadden DT, Chen D. Sirt3 reverses
aging-associated degeneration. Cell Rep. 2013; 3:319–327. [PubMed: 23375372]

28. Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, Cheng T, Kho Y, Xiao H, Xiao L, Grishin NV,
White M, Yang XJ, Zhao Y. Substrate and functional diversity of lysine acetylation revealed by a
proteomics survey. Mol Cell. 2006; 23:607–618. [PubMed: 16916647]

29. Hardie DG, Ross FA, Hawley SA. Ampk: A nutrient and energy sensor that maintains energy
homeostasis. Nature reviews Molecular cell biology. 2012; 13:251–262.

30. Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, Jing C, Walker PA,
Eccleston JF, Haire LF, Saiu P, Howell SA, Aasland R, Martin SR, Carling D, Gamblin SJ.
Structure of mammalian ampk and its regulation by adp. Nature. 2011; 472:230–233. [PubMed:
21399626]

31. Lin YY, Kiihl S, Suhail Y, Liu SY, Chou YH, Kuang Z, Lu JY, Khor CN, Lin CL, Bader JS,
Irizarry R, Boeke JD. Functional dissection of lysine deacetylases reveals that hdac1 and p300
regulate ampk. Nature. 2012; 482:251–255. [PubMed: 22318606]

32. Lin J, Handschin C, Spiegelman BM. Metabolic control through the pgc-1 family of transcription
coactivators. Cell metabolism. 2005; 1:361–370. [PubMed: 16054085]

Lombard and Zwaans Page 9

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



33. Jager S, Handschin C, St-Pierre J, Spiegelman BM. Amp-activated protein kinase (ampk) action in
skeletal muscle via direct phosphorylation of pgc-1alpha. Proceedings of the National Academy of
Sciences of the United States of America. 2007; 104:12017–12022. [PubMed: 17609368]

34. Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM. An autoregulatory loop controls peroxisome
proliferator-activated receptor gamma coactivator 1alpha expression in muscle. Proceedings of the
National Academy of Sciences of the United States of America. 2003; 100:7111–7116. [PubMed:
12764228]

35. Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, Elliott PJ, Puigserver P,
Auwerx J. Ampk regulates energy expenditure by modulating nad+ metabolism and sirt1 activity.
Nature. 2009; 458:1056–1060. [PubMed: 19262508]

36. Fulco M, Cen Y, Zhao P, Hoffman EP, McBurney MW, Sauve AA, Sartorelli V. Glucose
restriction inhibits skeletal myoblast differentiation by activating sirt1 through ampk-mediated
regulation of nampt. Dev Cell. 2008; 14:661–673. [PubMed: 18477450]

37. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, Vasquez DS, Joshi A,
Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A, Viollet B, Kundu M, Hansen M, Shaw
RJ. Phosphorylation of ulk1 (hatg1) by amp-activated protein kinase connects energy sensing to
mitophagy. Science. 2011; 331:456–461. [PubMed: 21205641]

38. Kim J, Kundu M, Viollet B, Guan KL. Ampk and mtor regulate autophagy through direct
phosphorylation of ulk1. Nature cell biology. 2011; 13:132–141.

39. Palacios OM, Carmona JJ, Michan S, Chen KY, Manabe Y, Ward JL 3rd, Goodyear LJ, Tong Q.
Diet and exercise signals regulate sirt3 and activate ampk and pgc-1alpha in skeletal muscle.
Aging (Albany NY). 2009; 1:771–783. [PubMed: 20157566]

40. Shi T, Wang F, Stieren E, Tong Q. Sirt3, a mitochondrial sirtuin deacetylase, regulates
mitochondrial function and thermogenesis in brown adipocytes. J Biol Chem. 2005; 280:13560–
13567. [PubMed: 15653680]

41. Lopez-Lluch G, Irusta PM, Navas P, de Cabo R. Mitochondrial biogenesis and healthy aging.
Experimental gerontology. 2008; 43:813–819. [PubMed: 18662766]

42. Kong X, Wang R, Xue Y, Liu X, Zhang H, Chen Y, Fang F, Chang Y. Sirtuin 3, a new target of
pgc-1alpha, plays an important role in the suppression of ros and mitochondrial biogenesis. PLoS
ONE. 2010; 5:e11707. [PubMed: 20661474]

43. Jacobs KM, Pennington JD, Bisht KS, Aykin-Burns N, Kim HS, Mishra M, Sun L, Nguyen P, Ahn
BH, Leclerc J, Deng CX, Spitz DR, Gius D. Sirt3 interacts with the daf-16 homolog foxo3a in the
mitochondria, as well as increases foxo3a dependent gene expression. Int J Biol Sci. 2008; 4:291–
299. [PubMed: 18781224]

44. Olmos Y, Valle I, Borniquel S, Tierrez A, Soria E, Lamas S, Monsalve M. Mutual dependence of
foxo3a and pgc-1alpha in the induction of oxidative stress genes. The Journal of biological
chemistry. 2009; 284:14476–14484. [PubMed: 19324885]

45. Lombard DB, Tishkoff DX, Bao J. Mitochondrial sirtuins in the regulation of mitochondrial
activity and metabolic adaptation. Handb Exp Pharmacol. 2011:163–188. [PubMed: 21879450]

46. Bao J, Lu Z, Joseph JJ, Carabenciov D, Dimond CC, Pang L, Samsel L, McCoy JP Jr, Leclerc J,
Nguyen P, Gius D, Sack MN. Characterization of the murine sirt3 mitochondrial localization
sequence and comparison of mitochondrial enrichment and deacetylase activity of long and short
sirt3 isoforms. J Cell Biochem. 2010; 110:238–247. [PubMed: 20235147]

47. Cooper HM, Huang JY, Verdin E, Spelbrink JN. A new splice variant of the mouse sirt3 gene
encodes the mitochondrial precursor protein. PLoS ONE. 2009; 4:e4986. [PubMed: 19333382]

48. Jin L, Galonek H, Israelian K, Choy W, Morrison M, Xia Y, Wang X, Xu Y, Yang Y, Smith JJ,
Hoffmann E, Carney DP, Perni RB, Jirousek MR, Bemis JE, Milne JC, Sinclair DA, Westphal
CH. Biochemical characterization, localization, and tissue distribution of the longer form of mouse
sirt3. Protein Sci. 2009; 18:514–525. [PubMed: 19241369]

49. Yang Y, Hubbard BP, Sinclair DA, Tong Q. Characterization of murine sirt3 transcript variants
and corresponding protein products. J Cell Biochem. 2010; 111:1051–1058. [PubMed: 20677216]

50. Onyango P, Celic I, McCaffery JM, Boeke JD, Feinberg AP. Sirt3, a human sir2 homologue, is an
nad-dependent deacetylase localized to mitochondria. Proc Natl Acad Sci U S A. 2002; 99:13653–
13658. [PubMed: 12374852]

Lombard and Zwaans Page 10

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



51. Schwer B, North BJ, Frye RA, Ott M, Verdin E. The human silent information regulator (sir)2
homologue hsirt3 is a mitochondrial nicotinamide adenine dinucleotide-dependent deacetylase. J
Cell Biol. 2002; 158:647–657. [PubMed: 12186850]

52. Kawamura Y, Uchijima Y, Horike N, Tonami K, Nishiyama K, Amano T, Asano T, Kurihara Y,
Kurihara H. Sirt3 protects in vitro-fertilized mouse preimplantation embryos against oxidative
stress-induced p53-mediated developmental arrest. J Clin Invest. 2010; 120:2817–2828. [PubMed:
20644252]

53. Sundaresan NR, Samant SA, Pillai VB, Rajamohan SB, Gupta MP. Sirt3 is a stress-responsive
deacetylase in cardiomyocytes that protects cells from stress-mediated cell death by deacetylation
of ku70. Mol Cell Biol. 2008; 28:6384–6401. [PubMed: 18710944]

54. Scher MB, Vaquero A, Reinberg D. Sirt3 is a nuclear nad+-dependent histone deacetylase that
translocates to the mitochondria upon cellular stress. Genes Dev. 2007; 21:920–928. [PubMed:
17437997]

55. Iwahara T, Bonasio R, Narendra V, Reinberg D. Sirt3 functions in the nucleus in the control of
stress-related gene expression. Molecular and cellular biology. 2012; 32:5022–5034. [PubMed:
23045395]

56. Nakamura Y, Ogura M, Tanaka D, Inagaki N. Localization of mouse mitochondrial sirt proteins:
Shift of sirt3 to nucleus by co-expression with sirt5. Biochem Biophys Res Commun. 2008;
366:174–179. [PubMed: 18054327]

57. Aquilano K, Vigilanza P, Baldelli S, Pagliei B, Rotilio G, Ciriolo MR. Peroxisome proliferator-
activated receptor gamma co-activator 1alpha (pgc-1alpha) and sirtuin 1 (sirt1) reside in
mitochondria: Possible direct function in mitochondrial biogenesis. The Journal of biological
chemistry. 2010; 285:21590–21599. [PubMed: 20448046]

58. Safdar A, Little JP, Stokl AJ, Hettinga BP, Akhtar M, Tarnopolsky MA. Exercise increases
mitochondrial pgc-1alpha content and promotes nuclear-mitochondrial crosstalk to coordinate
mitochondrial biogenesis. The Journal of biological chemistry. 2011; 286:10605–10617. [PubMed:
21245132]

59. Choi J, Batchu VV, Schubert M, Castellani RJ, Russell JW. A novel pgc-1alpha isoform in brain
localizes to mitochondria and associates with pink1 and vdac. Biochemical and biophysical
research communications. 2013; 435:671–677. [PubMed: 23688429]

60. Nemoto S, Fergusson MM, Finkel T. Sirt1 functionally interacts with the metabolic regulator and
transcriptional coactivator pgc-1{alpha}. J Biol Chem. 2005; 280:16456–16460. [PubMed:
15716268]

61. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose
homeostasis through a complex of pgc-1alpha and sirt1. Nature. 2005; 434:113–118. [PubMed:
15744310]

62. Peserico A, Chiacchiera F, Grossi V, Matrone A, Latorre D, Simonatto M, Fusella A, Ryall JG,
Finley LW, Haigis MC, Villani G, Puri PL, Sartorelli V, Simone C. A novel ampk-dependent
foxo3a-sirt3 intramitochondrial complex sensing glucose levels. Cellular and molecular life
sciences: CMLS. 2013

63. Finley LW, Haigis MC. The coordination of nuclear and mitochondrial communication during
aging and calorie restriction. Ageing Res Rev. 2009; 8:173–188. [PubMed: 19491041]

64. Hebert AS, Dittenhafer-Reed KE, Yu W, Bailey DJ, Selen ES, Boersma MD, Carson JJ, Tonelli
M, Balloon AJ, Higbee AJ, Westphall MS, Pagliarini DJ, Prolla TA, Assadi-Porter F, Roy S, Denu
JM, Coon JJ. Calorie restriction and sirt3 trigger global reprogramming of the mitochondrial
protein acetylome. Molecular cell. 2013; 49:186–199. [PubMed: 23201123]

65. Salminen A, Kaarniranta K. Amp-activated protein kinase (ampk) controls the aging process via an
integrated signaling network. Ageing research reviews. 2012; 11:230–241. [PubMed: 22186033]

66. Canto C, Auwerx J. Calorie restriction: Is ampk a key sensor and effector? Physiology (Bethesda).
2011; 26:214–224. [PubMed: 21841070]

67. Viollet B, Athea Y, Mounier R, Guigas B, Zarrinpashneh E, Horman S, Lantier L, Hebrard S,
Devin-Leclerc J, Beauloye C, Foretz M, Andreelli F, Ventura-Clapier R, Bertrand L. Ampk:
Lessons from transgenic and knockout animals. Frontiers in bioscience: a journal and virtual
library. 2009; 14:19–44.

Lombard and Zwaans Page 11

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



68. Fernandez-Marcos PJ, Jeninga EH, Canto C, Harach T, de Boer VC, Andreux P, Moullan N,
Pirinen E, Yamamoto H, Houten SM, Schoonjans K, Auwerx J. Muscle or liver-specific sirt3
deficiency induces hyperacetylation of mitochondrial proteins without affecting global metabolic
homeostasis. Scientific reports. 2012; 2:425. [PubMed: 22645641]

69. Vrachnis N, Antonakopoulos N, Iliodromiti Z, Dafopoulos K, Siristatidis C, Pappa KI,
Deligeoroglou E, Vitoratos N. Impact of maternal diabetes on epigenetic modifications leading to
diseases in the offspring. Exp Diabetes Res. 2012; 2012:538474. [PubMed: 23227034]

70. Durieux J, Wolff S, Dillin A. The cell-non-autonomous nature of electron transport chain-mediated
longevity. Cell. 2011; 144:79–91. [PubMed: 21215371]

71. Kong SS, Liu JJ, Yu XJ, Lu Y, Zang WJ. Protection against ischemia-induced oxidative stress
conferred by vagal stimulation in the rat heart: Involvement of the ampk-pkc pathway. Int J Mol
Sci. 2012; 13:14311–14325. [PubMed: 23203066]

72. Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, Kim SS, Kim do H, Hur KY, Kim HK, Ko
T, Han J, Kim HL, Kim J, Back SH, Komatsu M, Chen H, Chan DC, Konishi M, Itoh N, Choi CS,
Lee MS. Autophagy deficiency leads to protection from obesity and insulin resistance by inducing
fgf21 as a mitokine. Nature medicine. 2013; 19:83–92.

Lombard and Zwaans Page 12

Gerontology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Summary

Sirtuins have been the subject of much excitement for their potential therapeutic utility.
The mitochondrial sirtuin SIRT3 deacetylates many proteins in this organelle and
promotes diverse aspects of mammalian healthspan. Recent work has revealed
unexpected novel roles for SIRT3 in promoting activity of the upstream mitochondrial
regulators AMPK and PGC1α, and potential epigenetic and/or tissue-non-autonomous
roles for SIRT3 in regulating mitochondrial functions. Together, these data challenge the
simple paradigm that SIRT3 functions only by deacetylating specific mitochondrial
substrates. Elucidating the mechanistic basis for these effects will likely provide novel
insights into mitochondrial signaling.
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Figure 1. Schematic overview of SIRT3 targets and biological functions
Through its deacetylase activity, SIRT3 activates multiple protein targets (blue circles)
modulating key cellular and physiological processes (black boxes) leading to improved
healthspan. Many of these processes are mediated by decreased reactive oxygen species
(ROS) production through deacetylated SOD2 and IDH2.
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Figure 2. Promotion of AMPK-PGC1α signaling by SIRT3: hypothetical mechanisms
AMPK is phosphorylated by LKB1 and CaMKKβ, and in turn activates PGC1α. Four
possible mechanisms through which SIRT3 might impact this pathway are depicted here: (1)
by deacetylating and activating LKB1, (2) by deacetylating and activating FOXO3A, a
transcriptional activator of PGC1α, (3) by increasing the NAD+/NADH ratio, allowing for
increased sirtuin activity which could function to activate AMPK and/or PGC1α through
deacetylation, or (4) by promoting increased cytosolic calcium levels, thus promoting
AMPK activity through CaMKKβ and PGC1α expression through CaMKIV.
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Table 1

Abbreviations used in this Viewpoint.

AHL Age-related hearing loss

AMPK Adenosine monophosphate-activated protein kinase

CaMKIV Calcium/calmodulin-dependent kinase type IV

CaMKKβ Ca2+/calmodulin-activated protein kinase kinase-β

CREB cAMP response element binding protein

DR Dietary restriction

HDAC Histone deacetylase

HIF-1α Hypoxia inducible factor 1α

HFD High fat diet

HSC Hematopoietic stem cell

IDH2 Isocitrate dehydrogenase 2

KO Knockout

KD Knockdown

LCAD Long-chain specific acyl-CoA dehydrogenase

NAD+ Nicotinamide adenine dinucleotide

OSCC Oral squamous cell carcinoma

PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1α

ROS Reactive oxygen species

SCD1 Stearoyl-CoA desaturase 1

SIRT Sirtuin; silent information regulator 2 (SIR2) homolog

SNP Single nucleotide polymorphism

SOD2 Superoxide dismutase 2

ULK1 UNC51-like kinase
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