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Abstract

In this issue of Molecular Cell, Hirschey et al. demonstrate that loss of the NAD*-dependent
deacetylase SIRT3 and resultant mitochondrial protein hyperacetylation play a critical role in the
pathogenesis of metabolic syndrome, providing new insights into the therapeutic potential of
SIRT3.

Mitochondria are essential organelles for cell survival because of their extraordinary ability
to generate energy. Mitochondrial dysfunction has been implicated in various human
diseases including metabolic disorders, neurodegenerative diseases, cancer, and other age-
associated diseases. In recent years, it has become increasingly clear that reversible lysine
acetylation is an important post-translational modification of mitochondrial proteins for the
maintenance of their proper function. A number of proteomics studies have revealed that
many key metabolic enzymes are acetylated in mitochondria and that their enzymatic
activities are regulated by adaptive changes in acetylation in response to environmental
stimuli (Guan and Xiong, 2011). In mammals, one such dynamic modification is mediated
by the NAD*-dependent protein deacetylase SIRT3. SIRT3 is one of the seven mammalian
sirtuins, an evolutionarily conserved family of enzymes (Imai and Guarente, 2010), and has
been shown to control multiple key metabolic pathways through its deacetylase activity in
response to nutrient deprivation (Guan and Xiong, 2011). For example, it has recently been
reported that SIRT3 deacetylates long-chain acyl-CoA dehydrogenase (LCAD) during
fasting and promotes mitochondrial fatty acid oxidation in the liver (Hirschey et al., 2010).
In the present study, Hirschey et al. have now identified a new role of SIRT3-dependent
mitochondrial protein deacetylation in the pathogenesis of metabolic syndrome (Hirschey et
al., 2011).

The authors initially examined how SIRT3 function and mitochondrial protein acetylation
are altered by high-fat diet (HFD) feeding. They found that hepatic SIRT3 protein
expression decreases in chronically HFD-fed mice (13 weeks on a HFD), compared to
standard diet (SD)-fed mice. The observed loss of SIRT3 protein expression appears to be
caused by the reduction of peroxisome proliferator-activated receptor gamma coactivator-1
alpha (PGC-1a), a known regulator of SIRT3. Consequently, HFD feeding enhances
acetylation levels of hepatic mitochondrial proteins including LCAD. Increased LCAD
acetylation results in the suppression of its enzymatic activity in the liver of HFD-fed mice,
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compared to SD-fed mice. Furthermore, as previously reported (Hirschey et al., 2010),
SIRT3 knockout (SIRT3KO) mice display increased mitochondrial protein acetylation and
decreased LCAD enzymatic activity in the liver under SD feeding, but do not exacerbate
these changes under HFD feeding, implicating the direct link between HFD, SIRT3, and
mitochondrial protein acetylation.

Interestingly, under HFD feeding, SIRT3KO mice show lower energy expenditure, greater
adiposity, and higher insulin resistance than wild-type (WT) mice. To investigate the effects
of SIRT3 deficiency on the development of insulin resistance, HFD-fed SIRT3KO mice
were analyzed before they displayed severe obese phenotypes. Importantly, HFD-fed
SIRT3KO mice at 3 months of age develop higher insulin levels and more severe insulin
resistance than HFD-fed WT mice. Furthermore, HFD-fed SIRT3KO mice have more severe
hepatosteatosis, higher inflammatory cytokine levels, and higher plasma lipid levels.
Microarray data demonstrate that stearoyl-CoA desaturase 1 (SCD1), a key lipogenic
enzyme, is most highly induced in the liver of SIRT3KO mice, compared to WT mice.
Consistent with this finding, SIRT3KO mice display higher desaturation index due to the
higher enzymatic activity of SCD1. Indeed, HFD-induced metabolic complications observed
in SIRT3KO mice are significantly attenuated in SIRT3/SCD1 double knockout mice,
suggesting that SCD1 plays a direct role for the pathogenesis of HFD-fed SIRT3KO
phenotypes. Taken together, these findings indicate that the defect in hepatic SIRT3 function
contributes to metabolic phenotypes in HFD-fed SIRT3KO mice. Nonetheless, it is still
important to examine the tissue-dependent role of SIRT3 in metabolic disorders observed in
HFD-fed SIRT3KO mice. For example, it has recently been shown that SIRT3 expression in
skeletal muscle is reduced in models of type 1 and type 2 diabetes, leading to the
development of insulin resistance (Jing et al., 2011). In pancreatic p-cells, mitochondrial
signals affected by SIRT3 deficiency might contribute to pathophysiological changes in
insulin secretion stimulated by various insulin secretagogues (Jitrapakdee et al., 2010). Thus,
generation of tissue-specific SIRT3 transgenic and/or knockout mice will be required to
fully assess this critical problem.

Lastly, the authors show association between a single nucleoside polymorphism (SNP) in
the SIRT3 gene, namely rs11246020, and human metabolic syndrome. The point mutation
encoded by rs11246020 results in the valine-to-isoleucine alteration at the position 208
(\VV208I) within the catalytic domain of SIRT3. The in vitro kinetics assays demonstrate that
recombinant SIRT3-V208I shows reduced enzymatic activity compared to WT-SIRT3,
indicating that the SIRT3-VV208] mutant might increase susceptibility to the development of
metabolic syndrome in humans. To investigate how this point mutation influences glucose
and lipid metabolism in vivo, it will be interesting to analyze metabolic phenotypes in
SIRT3-V208I mutant knock-in mice.

The findings reported by Hirschey et al. (Hirschey et al., 2011) provide critical insights into
a new intervention against metabolic disorders and possibly other age-associated diseases
(Figure 1). An accumulating body of evidence has shown that calorie restriction (CR)
increases SIRT3 expression and its deacetylase activity, which might contribute to many
beneficial effects of CR. Of particular note, CR protects age-related hearing loss and
oxidative damage by increasing SIRT3-mediated deacetylation of isocitrate dehydrogenase 2
in mice (Someya et al., 2010). It has also been reported that regular endurance exercise
enhances SIRT3 protein levels in skeletal muscle and normalizes age-associated
mitochondrial dysfunction in humans (Lanza et al., 2008). Intriguingly, CR and fasting
enhance NAD™ levels in the liver mitochondria, possibly through the induction of the key
NAD* biosynthetic enzyme, nicotinamide phosphoribosyltransferase (NAMPT) and its
reaction product, nicotinamide mononulceotide (NMN) (Guan and Xiong, 2011; Nakagawa
et al., 2009). Therefore, it will be of great importance to examine if the supplementation of
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key NAD* intermediates such as NMN and nicotinamide riboside (NR) can boost
mitochondrial NAD™* biosynthesis and be effective to treat and/or prevent metabolic
disorders (Yoshino et al., 2011). It should be noted that activation of the nuclear sirtuin
SIRT1 also exerts a protective function against diet-induced obesity and diabetes in mice
(Imai and Guarente, 2010). Provided that PGC-1a is deacetylated and activated by SIRTZ, it
is possible that metabolic benefits from SIRT1 activation could be mediated, at least in part,
by the PGC-1a-SIRT3 axis. Further investigation is expected to dissect the system dynamics
of possible interplays among mitochondrial SIRT3, nuclear SIRT1, and NAMPT-mediated
NAD* biosynthesis (Figure 1). The present study will surely fuel more enthusiasm to the
field of mitochondrial metabolism research and accelerate the development of new SIRT3-
targeted treatments against metabolic syndrome and other age-associated diseases.
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Figure 1. Therapeutic potential of mitochondrial SIRT3 for metabolic syndrome

High-fat diet (HFD) feeding suppresses SIRT3 activity and NAMPT-mediated NAD*
biosynthesis (Yoshino et al., 2011), contributing to the pathogenesis of metabolic syndrome
(blue arrows). SIRT3 activation is expected to protect against metabolic syndrome by
deacetylating key mitochondrial enzymes such as long-chain acyl-CoA dehydrogenase
(LCAD). Calorie restriction (CR), exercise, and key NAD* intermediates are likely able to
enhance SIRT3 dosage/activity (red arrows). Of note, Hirschey et al. (2011) also point out
an interesting possibility that nuclear SIRT1 positively regulates SIRT3 expression levels
through modulating the activity of PGC-1a.
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