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23Mitochondria play a central role in the production of reactive oxygen species as byproducts of metabolism
24and energy production. In order to protect cellular structures from oxidative stress-induced damage, cells
25have evolved elegant mechanisms for mitochondrial ROS detoxification. The mitochondrial sirtuin, SIRT3, is
26emerging as a pivotal regulator of oxidative stress by deacetylation of substrates involved in both ROS pro-
27duction and detoxification. This review will summarize recent findings on the regulation of mitochondrial
28ROS homeostasis by SIRT3.
29© 2012 Published by Elsevier Inc.
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34 1. Introduction

35 Mitochondria are the primary sources of reactive oxygen species
36 (ROS), as there are many processes that generate superoxide (O2

−) as
37 a natural byproduct of mitochondrial metabolism, including leakage
38 from electron transport chain (ETC) enzymes during oxidative phos-
39 phorylation and the tricarboxylic acid (TCA) cycle. ROS that are physio-
40 logically produced in the mitochondria participate in critical signaling
41 pathways tomediate adaptive responses and regulate diverse biologies,
42 including cell growth and differentiation (Finkel and Holbrook, 2000;
43 Hamanaka and Chandel, 2010). However, exposure to excess ROS,
44 whichmay arise as a consequence of an imbalance between production
45 and detoxification pathways, leads to accumulated oxidative damage of
46 critical macromolecules, such as DNA, RNA, proteins and lipids. Thus,
47 creating an imbalance by lowering ROS below homeostatic levels

48might alter normal physiological functions, whereas increasing ROS
49may result in oxidative damage-induced decline of cellular function,
50and potentially accelerate aging and the onset of age-related diseases
51(Balaban et al., 2005; Finkel and Holbrook, 2000).
52Sirtuins are a highly conserved family of proteins that share
53a conserved catalytic domain, which endows these enzymes with
54NAD+-dependent protein deacetylase, deacylase and/or mono-ADP-
55ribosyltransferase activities (Du et al., 2011; Frye, 1999; Imai et al.,
562000). Mammals have seven sirtuins (SIRT1-7) localized throughout
57the cell. Dependence on NAD+ links sirtuin activity to the metabolic
58status of the cell, suggesting an important role as metabolic sensors
59for the regulation of cellular metabolism and mitochondrial function
60(Haigis and Sinclair, 2010). Three sirtuins, SIRT3, SIRT4 and SIRT5
61are located in the mitochondria, highlighting a role in regulating met-
62abolic and respiratory pathways in this organelle (Ahn et al., 2008;
63Haigis et al., 2006; Hallows et al., 2011; Hirschey et al., 2010;
64Nakagawa et al., 2009; Verdin et al., 2010).
65SIRT3 resides primarily in the mitochondria and has been shown
66to bind and deacetylate several metabolic and respiratory enzymes
67that regulate important mitochondrial functions (Onyango et al.,
682002). In fact, tissues from SIRT3−/− mice exhibit striking mitochon-
69drial protein hyperacetylation, suggesting that SIRT3 functions as the
70major mitochondrial deacetylase (Lombard et al., 2007). Importantly,
71lysine acetylation has emerged as a key posttranslational modifica-
72tion in the regulation of mitochondrial function and metabolism,
73highlighting a role for SIRT3 in the modulation of these pathways
74(Zhao et al., 2010). Several studies in the past few years have
75shown that SIRT3 is induced during times of perceived energy defi-
76ciency, such as caloric restriction (CR) and fasting, to mediate adap-
77tive responses (Hallows et al., 2011; Hirschey et al., 2010; Palacios
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78 et al., 2009; Someya et al., 2010). Consequently, SIRT3 activation re-
79 sults in stimulation of oxidative metabolism via deacetylation of nu-
80 merous mitochondrial enzymes (Finley et al., 2011b; Hirschey et al.,
81 2010). SIRT3 has been shown to particularly regulate the production
82 of ROS at the ETC, as well as the detoxification of ROS through activa-
83 tion of antioxidant enzymes (Ahn et al., 2008; Bell et al., 2011; Jacobs
84 et al., 2008; Qiu et al., 2010; Someya et al., 2010; Sundaresan et al.,
85 2009; Tao et al., 2010). Recent studies highlight the ability of SIRT3
86 to protect cells from oxidative damage, and implicate an important
87 role of SIRT3 in regulating ROS homeostasis in response to CR (Qiu
88 et al., 2010; Someya et al., 2010).
89 An intriguing picture is emerging whereby SIRT3 activation results
90 in both a burst in mitochondrial oxidative pathways and ROS clear-
91 ance. This review will discuss recent developments on the role of
92 SIRT3 in controlling mitochondrial ROS homeostasis via the regula-
93 tion of proteins that contribute to ROS production or detoxification.

94 2. Regulation of ROS production

95 Physiological levels of ROS can be generated from several enzymes.
96 The complexes I, II and III of the ETC, glycerol 3-phosphate dehydroge-
97 nase (GPD2), and electron transferring flavoprotein dehydrogenase
98 (ETFDH) can generate relatively high amounts of ROS. Additionally,
99 the subunits of the α-ketoglutarate dehydrogenase (KGDH) and pyru-
100 vate dehydrogenase (PDH) complexes and aconitase (ACO) of the TCA
101 cycle contribute low amounts of ROS (Brand, 2010).
102 The ETC is considered an important site of mitochondrial ROS pro-
103 duction particularly because complexes I and III generate high rates of
104 O2

− during physiological conditions. The ETC functions to create a trans-
105 membrane proton gradient, known as the mitochondrial membrane
106 potential (Δψ), that is required for generation of adenosine triphos-
107 phate (ATP) via proton flow through ATP synthase. Electrons, derived
108 from NADH and succinate, pass through a series of protein complexes
109 (I–IV) that are embedded in the inner-mitochondrial membrane. The
110 electrons are transferred to oxygen, generating water, and promote
111 the transport of protons across the membrane to establish the Δψ. Nor-
112 mal ETC flux results in a physiological level of electron leak and ROS
113 production. Electrons leaking from the ETC react with oxygen (O2) to
114 form the free radical O2

−. In aqueous solution O2
− is in equilibrium

115 with the hydroxyl radical (HO−) and the hydroperoxyl radical (HO2
−),

116 of which the latter can act as a potent oxidant to initiate lipid peroxida-
117 tion. Spontaneous dismutation of O2

− results in the formation of hy-
118 drogen peroxide (H2O2) and HO−, both capable of inducing damage
119 to critical cellular structures. Dysregulated ETC functionhas serious con-
120 sequences as electron leak and subsequent ROS production increase.
121 When the cell cannot maintain ROS clearance, further damage to the
122 ETC can occur via DNA mutation and protein oxidation, which can
123 lead to more ROS generation. This highly damaging feed-forward
124 cycle illustrates the necessity of proper regulation of ETC function and
125 ROS homeostasis.
126 Likewise, the mitochondrial permeability transition pore (MPTP)
127 is important for maintaining the Δψ. Induction of the MPTP abolishes
128 the Δψ, resulting in decreased respiration efficiency and ATP produc-
129 tion, and increases in ROS generation.
130 Several mitochondrial enzymes involved in the regulation of mito-
131 chondrial metabolic pathways, such as the TCA cycle and the ETC are
132 acetylated (Choudhary et al., 2009; Kim et al., 2006; Schwer et al.,
133 2009; Zhao et al., 2010). Interestingly, several subunits of mitochon-
134 drial ETC complexes and TCA cycle enzymes demonstrated increased
135 acetylation in SIRT3−/− tissues, indicating that their activity may be
136 regulated by SIRT3.

137 2.1. Complex I

138 Complex I, also known as NADH:ubiquinone reductase or NADH de-
139 hydrogenase, is the largest multiprotein complex of the ETC, which

140comprised 45 separate proteins. During forward electron transfer,
141NADHgenerated from the TCA cycle initially binds to NADHdehydroge-
142nase, and transfers two electrons to the flavin mononucleotide (FMN)
143prosthetic group of complex I, creating reduced flavin mononucleotide
144(FMNH2). FMNH2 transfers the electrons via iron–sulfur (FeS) clusters
145to reduce ubiquinone (CoQ) to ubiquinole (CoQH2). Complex I gener-
146ates small amounts of O2

− by transferring one electron from FMNH2 to
147oxygen (O2). Interestingly the rate of O2

− production is determined by
148the ratio of NADH to NAD+ (Kussmaul and Hirst, 2006). The
149best-known inhibitor of complex I is rotenone, which binds to the
150CoQ binding site, where it most likely disrupts electron transfer from
151the FeS clusters to CoQ. The CoQ binding site of complex I comprises a
152very potent source of O2

− during reverse electron transfer, where elec-
153trons from the reduced CoQH2 pool pass through complex I to reduce
154NAD+ to NADH. While it is not precisely known which conditions trig-
155ger reverse-electron transfer in vivo, it might also play an important
156role in ROS production from complex I.
157SIRT3 binds and regulates complex I acetylation level and activ-
158ity (Ahn et al., 2008). Immunopurification of intact multisubunit
159ETC complexes from mouse liver protein lysates revealed that sev-
160eral complex I subunits in SIRT3−/− liver show increased acetyla-
161tion. Consistently, general inhibition of sirtuin activity with
162nicotinamide (NAM) increases acetylation, while increased SIRT3
163activity decreases acetylation of complex I. Accordingly, complex I
164activity as measured by rotenone-sensitive NADH oxidation, is
165inhibited in mitochondria from SIRT3−/− mice, and as a conse-
166quence basal levels of ATP are significantly reduced in mouse em-
167bryonic fibroblasts (MEFs) and in certain tissues including heart,
168kidney, and liver (Ahn et al., 2008). SIRT3 physically interacts
169with at least one of the known subunits of complex I, the 39-kDa
170protein NDUFA9, which has previously been identified to be acety-
171lated at lysine 370 (Ahn et al., 2008; Kim et al., 2006). Immunopre-
172cipitation of acetylated lysine from MEFs or mouse liver lysates
173confirmed increased acetylation of NDUFA9 in SIRT3−/− mice
174(Ahn et al., 2008). While the accessory subunit NDUFA9 is believed
175not to be involved in catalysis, a function in stabilization of the en-
176zyme complex and regulation of its activity has been proposed, as
177well as a role in preventing ROS generation.

1782.2. Complex II

179Complex II, also known as succinate-coenzyme Q reductase or suc-
180cinate dehydrogenase (SDH) is unique because it participates in both
181the TCA cycle and the ETC. It is composed of a flavoprotein subunit
182(SDHA), an FeS protein subunit (SDHB), and two hydrophobic mem-
183brane anchor subunits, SDHC and SDHD, which contain the binding
184site for CoQ. The flavoprotein SDHA subunit catalyzes the oxidation
185of succinate to fumarate and transfers electrons to FAD to form
186FADH2 in the TCA cycle. The electrons are then transferred to FeS clus-
187ters in the SDHB subunit to CoQ which is reduced to CoQH2. ROS pro-
188duction from complex II is proposed to occur at both the flavin and
189the CoQ sites (Quinlan et al., 2012). Mass spectrometry studies re-
190vealed that SDHA is acetylated at several conserved lysine residues
191(Schwer et al., 2009). Acetylated lysines were distributed throughout
192the amino acid sequence in all four domains of SDHA, and were found
193exclusively on the outer surface of the protein, accessible for acetyla-
194tion after the complex II assembly. Evaluation of acetylated residues
195in SDHA crystal structure suggest that acetylation of the hydrophilic
196surface of SDHA may control the substrate entry to the active site of
197the protein and regulate the enzyme activity.
198SIRT3 directly binds and deacetylates SDHA and regulates its enzy-
199matic activity (Finley et al., 2011b). Hyperacetylated SDHA from
200SIRT3−/− mitochondrial lysates demonstrates decreased activity com-
201pared to wildtype tissues (Finley et al., 2011b). Treatment with
202kaempferol was found to induce SIRT3 expression in cells leading to
203decreased SDHA acetylation and increased complex II activity (Cimen
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