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Abstract
Age-dependent elevation in mitochondrial oxidative stress is widely posited to be a major factor underlying the loss of
substantia nigra pars compacta (SNc) dopaminergic neurons in Parkinson’s disease (PD). However, mechanistic links between
aging and oxidative stress are not well understood. Sirtuin-3 (Sirt3) is a mitochondrial deacetylase that could mediate this
connection. Indeed, genetic deletion of Sirt3 increased oxidative stress and decreased the membrane potential of mitochon-
dria in SNc dopaminergic neurons. This change was attributable to increased acetylation and decreased activity of manga-
nese superoxide dismutase (MnSOD). Site directed mutagenesis of lysine 68 to glutamine (K68Q), mimicking acetylation,
decreased MnSOD activity in SNc dopaminergic neurons, whereas mutagenesis of lysine 68 to arginine (K68R), mimicking
deacetylation, increased activity. Introduction of K68R MnSOD rescued mitochondrial redox status and membrane potential
of SNc dopaminergic neurons from Sirt3 knockouts. Moreover, deletion of DJ-1, which helps orchestrate nuclear oxidant de-
fenses and Sirt3 in mice led to a clear age-related loss of SNc dopaminergic neurons. Lastly, K68 acetylation of MnSOD was
significantly increased in the SNc of PD patients. Taken together, our studies suggest that an age-related decline in Sirt3 pro-
tective function is a major factor underlying increasing mitochondrial oxidative stress and loss of SNc dopaminergic neurons
in PD.

Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disorder (1,2). The cardinal motor symptoms of PD—
bradykinesia and rigidity—are due to the selective degeneration
of dopaminergic neurons in the substantia nigra pars compacta
(SNc) (3,4). There are several potential causes of SNc degenera-
tion in PD but age is the largest risk factor, with one in every 50
people over the age of 60 years being afflicted (1,2,5,6). Why age
is the principal risk factor for the loss of SNc dopaminergic neu-
rons is uncertain.

What is known is that mitochondrial dysfunction is central
to the etiology of PD and the selective loss of SNc dopaminergic
neurons. Mitochondrial oxidative phosphorylation (OXPHOS) is
widely viewed as being necessary to meet the bioenergetic
needs of neurons (7,8). In the SNc of PD patients, there are defi-
cits in electron transport chain (ETC) Complex I function and ab-
normal accumulation of mitochondrial DNA mutations (9–11).
Both deficits will compromise the ability of mitochondria to
meet neuronal bioenergetic demands. One potential cause of
these deficits is mitochondrial oxidative stress. In both rodent
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and human SNc dopaminergic neurons, basal mitochondrial ox-
idative stress is elevated (12–14). This elevation is attributable to
autonomous pacemaking activity in these neurons that leads to
sustained, Ca2þ-mediated stimulation of OXPHOS (15,16).
Reactive oxygen species (ROS) are an unavoidable byproduct of
OXPHOS. ROS damage proteins, DNA and lipids, making them
obvious culprits in the mitochondrial damage seen in PD pa-
tients. The centrality of mitochondrial oxidative stress in the
etiology of PD is supported by the recognition that early onset
forms of familial PD are caused by loss of function mutations in
genes regulating mitochondrial oxidant defenses (DJ-1) or mito-
chondrial quality control (PINK1, parkin/PARK2) (16–20).

But how is aging connected to this phenomenon? An age-
dependent decline in the protective function of sirtuins is one
possibility. Sirtuins are a family of metabolically regulated deace-
tylases (21,22). One of the sirtuins—Sirtuin-3 (Sirt3)—is preferen-
tially localized to mitochondria. By deacetylating mitochondrial
proteins, Sirt3 plays a critical role in regulating OXPHOS and mito-
chondrial oxidative stress (23–27). One recently discovered target
of Sirt3 is manganese superoxide dismutase (MnSOD). MnSOD is
the primary mitochondrial enzyme converting superoxide gener-
ated by OXPHOS to hydrogen peroxide, which is converted to wa-
ter by catalase (28). Thus, declining Sirt3 function with age could
lead to declining MnSOD activity in SNc dopaminergic neurons
and elevated mitochondrial oxidative stress. Ultimately, this oxi-
dative stress could overwhelm mitochondrial defenses and qual-
ity control mechanisms, triggering cell death.

This study was aimed at testing this hypothesis. To this end,
SNc dopaminergic neurons in Sirt3 knockout mice were studied
using a combination of approaches. In mice, the loss of Sirt3 led
to increased acetylation of MnSOD on lysine 68 and decreased
MnSOD dismutase activity, resulting in increased mitochondrial
oxidant and loss of mitochondrial membrane potential. A simi-
lar elevation in acetylation of MnSODK68 was found in the SNc
of PD patients. Moreover, in mice lacking functional DJ-1, Sirt3
deletion increased oxidative stress in SNc dopaminergic neu-
rons and led to their progressive loss in vivo, mimicking the age-
dependent loss in PD. Thus, the age-dependent decline of Sirt3
function in SNc dopaminergic neurons could be a major factor
in PD pathogenesis, opening new therapeutic avenues for
disease-modifying, neuroprotective strategies.

Results
Sirt3 deacetylates MnSOD on lysine 68 in SNc
dopaminergic neurons

As a first step toward elucidating the mechanisms by which Sirt3
might protect SNc dopaminergic neurons, its role in deacetylat-
ing MnSOD was determined. Previous studies have suggested
that lysine 68 (K68) on MnSOD is a potential deacetylation target
for Sirt3 (29–31). Sequence alignment showed that lysine 68 is
highly conserved across species (Fig. 1A). In mitochondria, func-
tional MnSOD is a homotetramer (32). Lysine 68 is located at the
end of helix 1a of each subunit. This position is close to the type I
tight turn connecting helix 1a1 and 2a, which forms a helical
hairpin that is critical for the access of ROS to the active site of
MnSOD (Fig. 1B) (33,34). To study the Sirt3-mediated deacetyla-
tion of lysine 68, an antibody was developed that recognized
MnSOD only when it is acetylated on lysine 68 (the acetyl-MnSOD
K68 antibody). The affinity purified acetyl-MnSOD K68 antibody
specifically recognized wild type (WT) form of MnSOD that was
acetylated on lysine 68 in MN9D cells, a dopaminergic neuron de-
rived cell line (35); the antibody did not bind to a mutant form of

MnSOD where the lysine 68 residue had been mutated to arginine
(K68R) and could not be acetylated (Fig. 1C). The acetyl-MnSOD
K68 antibody also recognized the K122R mutant form of MnSOD,
which served as a control. Introduction of the mutant forms of
MnSOD did not affect the overall expression level of the protein
(Fig. 1C).

To test whether Sirt3 mediates the deacetylation of MnSOD in
dopaminergic neurons in vivo, the acetyl-MnSOD K68 antibody
was used to examine brain tissue. Mouse ventral midbrain tissue
containing SNc dopaminergic neurons was micro-dissected and
tested for MnSOD K68 acetylation. Western blot analysis showed
significantly higher acetylation of MnSOD K68 in Sirt3 knockout
mice than that in WT mice (Fig. 1D), while the expression levels
of MnSOD protein in Sirt3 knockout mice and WT mice were simi-
lar. These results provide compelling evidence that Sirt3 deacety-
lates MnSOD on lysine 68 in mouse SNc dopaminergic neurons.

Acetylation of lysine 68 decreases MnSOD activity in
SNc dopaminergic neurons

Next, the role of lysine 68 acetylation in regulating the superoxide
dismutase activity of MnSOD in SNc dopaminergic neurons was
determined. Superoxide dismutase activity was measured using a
tetrazolium-based colorimetric assay (Cayman Chemical). SNc tis-
sue from WT and Sirt3�/� mice at 5 months and 15 months of age
was micro-dissected and mitochondria isolated to allow mitochon-
drial MnSOD activity to be distinguished from that of cytosolic Cu/
ZnSOD and FeSOD. In 5-month-old Sirt3�/� mice, mitochondrial
MnSOD activity, but not cytosolic SOD activity, was decreased (Fig.
2A). Similarly, in 15-month-old Sirt3-/- mice, mitochondrial MnSOD
activity, but not cytosolic SOD activity, was decreased (Fig. 2B).

To determine if Sirt3 regulated MnSOD activity in situ, MN9D
cells were used. In these cells, WT MnSOD, the deacetylation-
mimetic K68R mutant form of MnSOD and the acetylation-
mimetic K68Q mutant form of MnSOD were expressed and then
MnSOD activity was measured using the Cayman Chemical col-
orimetric assay. MN9D cells expressing WT MnSOD had higher
mitochondrial MnSOD activity relative to untransfected cells.
Expression of the deacetylation-mimetic MnSOD K68R led to an
even greater increase of the dismutase activity in mitochondria
(Fig. 2C). In contrast, expression of MnSOD K68Q, which mimics
the acetylated form of MnSOD, did not lead to any significant
change of SOD activity compared with untransfected cells (Fig.
2C). Cytosolic SOD activities in MN9D cells expressing WT, K68R
or K68Q forms of MnSOD were at the same level as non-
transfected cells (data not shown). These results suggest that
Sirt3-mediated deacetylation of MnSOD on lysine 68 increases
MnSOD activity in dopaminergic neurons.

Sirt3 deacetylation of MnSOD K68 decreases
mitochondrial oxidative stress

MnSOD mitigates mitochondrial oxidative stress. Hence, de-
creasing its activity should increase mitochondrial oxidative
stress in SNc dopaminergic neurons. To test this hypothesis, a
redox-sensitive variant of green fluorescent protein (roGFP)
with a mitochondrial-matrix-targeting sequence (mito-roGFP)
under the control of tyrosine hydroxylase (TH) promoter was
expressed in SNc dopaminergic neurons in vitro (16).
Mitochondrial oxidative stress was then measured by live cell
fluorescence imaging (Fig. 3A and B). As predicted, oxidative
stress in SNc dopaminergic neurons from Sirt3 knockouts was
significantly greater than that in SNc dopaminergic neurons
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from WT mice (Fig. 3C). To determine whether the increase of
oxidative stress was caused by Sirt3 deficiency, a Sirt3 expres-
sion construct was transfected into neurons. Sirt3 expression
rescued mitochondrial oxidative stress in Sirt3 knockout dopa-
minergic neurons (Fig. 3C).

To determine whether Sirt3 also plays a similar role in re-
ducing genetically induced mitochondrial oxidative stress, SNc
dopaminergic neurons in Sirt3�/�; DJ-1�/� double knockout mice
were examined. Loss of function mutations in DJ-1 (also known
as PARK7 in humans and Park7 in mice) are associated with au-
tosomal recessive early onset PD (17,18). As previously shown in
(16), DJ-1�/� SNc dopaminergic neurons had significantly ele-
vated mitochondrial oxidative stress compared with WT SNc
dopaminergic neurons (Fig. 3D). Deletion of Sirt3 further in-
creased oxidative stress in DJ-1�/� SNc dopaminergic neurons
(Fig. 3D). Moreover, transfection of Sirt3 into the double

knockout neurons diminished mitochondrial oxidative stress
(Fig. 3D).

To test the hypothesis that the Sirt3 effect was mediated by
deacetylation of MnSOD, the deacetylation-mimetic MnSOD
K68R was expressed in Sirt3�/� and Sirt3�/�; DJ-1�/� SNc dopami-
nergic neurons. In both cases, MnSOD68 expression effectively
compensated for Sirt3 deletion (Fig. 3C and D). These data are
consistent with the hypothesis that Sirt3-mediated deacetyla-
tion of MnSOD K68 diminishes mitochondrial oxidative stress in
SNc dopaminergic neurons.

Deacetylation of MnSOD on lysine 68 restores
mitochondrial membrane potential

One of the principal consequences of mitochondrial oxidative
stress is thought to be damage to proteins of the ETC. The ETC

Figure 1. Sirt3 deacetylates MnSOD on Lysine 68 in SNc dopaminergic neurons. (A) Amino acid sequence alignment showing that lysine 68 (K68) is conserved across

species. (B) Position of lysine 68 within the three dimensional structure of MnSOD. The structure of four identical MnSOD subunits is shown in ribbon diagram, with two

subunits presented in colors and two in light grey. Lysine 68 is displayed in red and pointed by arrow. Two manganese ions that are essential for MnSOD structure

and function are shown in magenta. (C) Western blot analysis of MnSOD acetylation on lysine 68 using the acetyl-MnSOD K68 specific antibody. Mouse dopaminergic

neurons transfected with WT MnSOD and K122R mutant form of MnSOD showed high levels of acetylation of MnSOD K68, but there was no acetylation on K68 in cells

transfected with the MnSOD K68R mutant, demonstrating the specificity of the antibody. Data were quantified by densitometry from four independent experiments

and are mean 6 SEM. ***P < 0.001, one-way ANOVA with Tukey’s HSD post hoc analysis. (D) Western blot analysis of MnSOD acetylation on lysine 68 in Sirt3�/� mouse

SNc brain tissues. Acetylation of MnSOD on K68 recognized by the acetyl-MnSOD K68 specific antibody was significantly increased in Sirt3�/�mice. **P < 0.01, Student’s t test.
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serves to pump protons from the matrix and establish a steep
electrochemical gradient across the inner mitochondrial mem-
brane (IMM) that is used by Complex V to convert adenosine di-
phosphate into adenosine triphosphate (ATP). Thus, damage to
the ETC manifests itself as a loss of potential. To determine if
Sirt3 deletion could lead to ETC damage and loss of IMM poten-
tial, the cationic dye tetramethylrhodamine ethyl (TMRE) was
used to examine SNc dopaminergic neurons. Neurons were also
infected with adeno-associated virus (AAV)-TH-GFP to allow

unequivocal identification of dopaminergic neurons. Indeed,
the TMRE fluorescence of dopaminergic neurons from Sirt3�/�

mice and DJ-1�/� mice was significantly less than that of dopa-
minergic neurons from WT mice (Fig. 4C and D). Sirt3�/�/DJ-1�/�

had even more compromised IMM potentials as estimated with
TMRE (Fig. 4C and D). Importantly, the expression of a mouse
Sirt3 transcript or the deacetylation-mimetic MnSOD K68R com-
pensated for the loss of Sirt3 on IMM potential in dopaminergic
neurons from either Sirt3�/� or Sirt3�/�/DJ-1�/� dopaminergic
neurons (Fig. 4C and D). These results suggest that the elevation
in oxidative stress created by the loss of Sirt3 and diminished
MnSOD activity is sufficient to produce damage to the ETC,
compromising the ability of mitochondria to produce ATP.

Genetic deletion of Sirt3 increases the degeneration of
SNc dopaminergic neurons

A sustained elevation in mitochondrial oxidative stress—like
that seen in DJ-1�/�, Sirt3�/� and Sirt3�/�/DJ-1�/� SNc dopami-
nergic neurons—is widely hypothesized to result in their death
and the emergence of motor symptoms in PD (12–15,36). As a
first step toward testing this hypothesis, SNc dopaminergic neu-
rons were examined in cell culture. Cell death was measured by
the TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling) assay (Fig. 4E and F). Neurons from Sirt3�/� and DJ-
1�/� mice died more than neurons from WT mice (Fig. 4E and F).
Sirt3�/�; DJ-1�/� neurons died at a higher rate than neurons lack-
ing only Sirt3 or DJ-1 alone (Fig. 4E and F). Moreover, expression
of Sirt3 or the deacetylation-mimetic MnSOD K68R slowed cell
death in cultures from Sirt3�/� and Sirt3�/�/DJ-1�/� mice (Fig. 4E
and F).

However, the stressors driving SNc dopaminergic neuron
loss in culture are not likely to be identical to those found
in vivo. So, the degeneration of SNc dopaminergic neurons was
examined in mice by immunohistochemical staining and ste-
reological counting of TH-positive SNc dopaminergic neurons.
Indeed, as previously reported, deletion of Sirt3 or DJ-1 alone did
not result in a significant loss of TH staining of SNc dopaminer-
gic neurons at 2 weeks, 5 or 15 months of age (Fig. 5). In 2-week-
old Sirt3�/�; DJ-1�/� SNc, there was no change in the abundance
of dopaminergic neurons (data not shown), suggesting that this
combination did not have deleterious developmental effects.
However, by 5 months of age, there was a significant loss of SNc
dopaminergic neurons in Sirt3�/�; DJ-1�/� mice (Fig. 5A and B).
To verify that this was not simply phenotypic down-regulation
of TH, neurons were quantified using a Nissl stain and stereo-
logical techniques (Fig. 5C). These counts confirmed the loss of
SNc dopaminergic neurons. Moreover, by 15 months of age, the
loss of SNc dopaminergic neurons in Sirt3�/�; DJ-1�/� double
knockout mice was more pronounced (Fig. 5B and E). Together,
these data suggest that Sirt3 protects mouse SNc dopaminergic
neurons from age-dependent elevation of mitochondrial oxida-
tive stress and degeneration.

Increased acetylation of MnSOD K68 in PD patients

If Sirt3-mediated deacetylation of MnSOD K68 plays a role in the
evolution of PD, MnSOD K68 acetylation should be elevated in
the brains of PD patients. To test this hypothesis, SNc tissue
from PD patients and age-matched controls was probed with
the acetyl-MnSOD K68 antibody in Western blots. Remarkably,
there was significantly greater K68 acetylation of MnSOD in the
PD samples than in those from controls (Fig. 6A and B). These

Figure 2. Acetylation of lysine 68 decreases MnSOD activity in dopaminergic

neurons. (A) Activities of mitochondrial MnSOD and cytosolic SODs in 5-month-

old WT and Sirt3�/�mouse SNc. Mitochondrial MnSOD activity in Sirt3�/� mouse

SNc (n¼9) was significantly reduced than that from WT mice (n¼9), whereas

no difference was detected for cytosolic SOD activities (n¼9 for WT, n¼ 9 for

Sirt3�/� mice). (B) Activities of mitochondrial MnSOD and cytosolic SODs in 15-

month-old WT or Sirt3�/� mouse SNc. MnSOD from Sirt3�/� mice (n¼9) showed

significantly lower activity compared with that from WT mice (n¼9), with no

difference detected for cytosolic SODs (n¼9 for WT, n¼9 for Sirt3�/� mice).

(C) Mitochondrial MnSOD activity in MN9D cells transfected with WT, K68R or

K68Q forms of MnSOD. MnSOD activity was significantly increased in cells ex-

pressing MnSOD K68R compared with those expressing WT MnSOD. Cells

expressing MnSOD K68Q showed comparable mitochondrial SOD activity as

non-transfected cells (n¼9). Data are mean 6 SEM. ***P < 0.001, Student’s t test

or one-way ANOVA with Tukey’s HSD post hoc analysis.
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data are clearly consistent with the hypothesis that loss of Sirt3
function, increased acetylation of MnSOD and increased mito-
chondrial oxidative stress contributes to pathogenesis in PD.

Discussion
Age-dependent elevation in mitochondrial oxidative stress con-
tributes to the selective degeneration of SNc dopaminergic neu-
rons in both familial and idiopathic forms of PD (12–15,36).
However, it is unclear how aging leads to mitochondrial oxida-
tive stress. Here we identified Sirt3 as a mediator of this connec-
tion by protecting dopaminergic neurons from mitochondrial
oxidative stress. In Sirt3 knockout mice, we found increased
acetylation of MnSOD on lysine 68 and decreased MnSOD activ-
ity, leading to increased mitochondrial oxidant, reduced mito-
chondria membrane potential and increased dopaminergic
neuron degeneration. These defects could be rescued by ex-
pressing Sirt3 or the deacetylation-mimetic MnSOD K68R.
Intriguingly, a similar elevation in acetylation of MnSODK68
was found in PD patient SNc tissues, suggesting a critical role

for age-dependent decline of Sirt3 protection of mitochondrial
oxidative stress in dopaminergic neuron degeneration and PD
pathogenesis.

Sirt3 protects aging dopaminergic neurons from
endogenous mitochondrial oxidative stress

Using Sirt3 knockout mice, we found for the first time that Sirt3
protects SNc dopaminergic neurons from oxidative stress gen-
erated in their own mitochondria. SNc dopaminergic neurons
are characterized by calcium-mediated autonomous pacemak-
ing activity, which comes at a metabolic cost and generates ex-
tra oxidative stress as a byproduct of OXPHOS (15,16,36). The
age-dependent accumulation of mitochondrial oxidative stress
evoked by pacemaking activity, together with oxidative stress
generated by dopamine oxidation, contributes to the selective
degeneration of SNc dopaminergic neurons in the familiar and
idiopathic forms of PD (6,15,37–39). These findings prompted us
to focus on the function of Sirt3 specifically in dopaminergic
neurons related to PD. Here we identified a role for Sirt3 in

Figure 3. Sirt3-mediated deacetylation of MnSOD K68R decreases mitochondrial oxidative stress. (A) Representative image showing the expression of a redox-senstive

roGFP with a mitochondria matrix-targeting sequence under the control of TH promoter (TH-mito-roGFP) in dopaminergic neurons. (B) Measurement of TH-mito-

roGFP relative oxidation level, an assessment of mitochondrial oxidative stress, by quantifying the intensities of TH-mito-roGFP in dopaminergic neurons using a fluo-

rescence live imaging system. DTT and aldrithiol were applied to neurons sequentially to fully reduce (þDTT) or fully oxidize (þAldrithiol) roGFP for determining its rel-

ative oxidation levels. The intensity of roGFP was measured every 30 s. (C) Mitochondrial oxidative stress levels measured by TH-mito-roGFP was significantly

increased in dopaminergic neurons from Sirt3�/� mice than that from WT mice (n¼8). Expression of Sirt3 (n¼8) or MnSOD K68R (n¼ 8) reduced mitochondrial oxida-

tive stress in Sirt3�/� mouse dopaminergic neurons back to the WT level. In these box plots, the median was plotted as the central bar of the box, the upper and lower

quartiles were the edges of the box, and the whiskers showed the extremes of the distribution. (D) Mitochondrial oxidative stress was significantly increased in neu-

rons from DJ-1�/� mice compared with WT mice in (C) (n¼8, P < 0.0001, Student’s t test). Although Sirt3�/�; DJ-1�/� double knockout mice showed even higher level of

oxidative stress than DJ-1�/� mice (n¼8). Expression of Sirt3 (n¼8) or MnSOD K68R (n¼8) in Sirt3�/�; DJ-1�/� double knockout mouse dopaminergic neurons reduced

oxidative stress to the level in DJ-1�/�mice. Data are mean 6 SEM. ***P < 0.001, **P < 0.01, one-way ANOVA with Tukey’s HSD post hoc analysis.
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Figure 4. Deacetylation of MnSOD on lysine 68 restores mitochondrial membrane potential and reduces dopaminergic neuron degeneration. (A) Representative image

showing a dopaminergic neuron stained with TMRE to measure mitochondrial membrane potential. (B) Measurement of mitochondrial membrane potential. The in-

tensity of TMRE fluorescent signal in each TH-GFP positive dopaminergic neurons was measured every 5 s using a live imaging system. Rotenone was applied to com-

pletely disrupt mitochondrial membrane potential and determine the baseline of TMRE fluorescent signal. (C) Mitochondrial membrane potential in dopaminergic

neurons from Sirt3�/� mice (n¼8) was significantly lower than that in WT mice (n¼8). Expression of Sirt3 (n¼8) or MnSOD K68R (n¼8) restored the membrane poten-

tial in Sirt3�/� mice back to the WT level. (D) Mitochondrial membrane potential in dopaminergic neurons from DJ-1�/� knockout mice was significantly reduced than

that in WT mice in (C) (n¼8, P < 0.01, Student’s t test). Although Sirt3�/�; DJ-1�/� double knockout mouse dopaminergic neurons (n¼8) showed even lower mitochon-

drial membrane potential than those from DJ-1�/� mice (n¼8). Expression of Sirt3 (n¼8) or MnSOD K68R (n¼ 8) in Sirt3�/�; DJ-1�/� double knockout neurons restored

mitochondrial membrane potential back to the level in DJ-1�/� mouse neurons. (E) Quantification of TUNEL-positive degenerating dopaminergic neurons from WT and

Sirt3�/� mice. Ventral midbrain neurons from Sirt3�/� mice (n¼8) showed significantly higher percentage of TUNEL-positive cells than those from WT mice (n¼8).

Expression of Sirt3 (n¼8) or MnSOD K68R (n¼8) reduced degeneration in Sirt3�/� dopaminergic neurons back to the WT level. (F) The percentage of TUNEL-positive

degenerating dopaminergic neurons from DJ-1�/� knockout mice was significantly higher than that in WT mice in (E) (n¼ 8, P < 0.01, Student’s t test). Although Sirt3�/�;

DJ-1�/� double knockout mice (n¼8) showed even more degenerating dopaminergic neurons than those from DJ-1�/� mice (n¼8). Expression of Sirt3 or MnSOD

K68R in neurons from Sirt3�/�; DJ-1�/� double knockout mice reduced degeneration to the level in DJ-1�/� mice (n¼8). Data are mean 6 SEM. ****P < 0.0001, ***P < 0.001,

**P < 0.01, one-way ANOVA with Tukey’s HSD post hoc analysis.
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protecting dopaminergic neurons from endogenous mito-
chondrial oxidative stress. This role is more relevant to PD
pathogenesis than the function of Sirt3 in MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) toxicity (40,41), because
MPTP-induced dopaminergic neuron death does not occur in PD
(42–44). Elucidating mechanisms by which Sirt3 protects SNc
dopaminergic neurons from intrinsic mitochondrial oxidative
stress has strong implications not only for understanding the
pathogenesis of PD but also for developing therapies.

In addition to increased mitochondrial oxidative stress
(Fig. 3) and reduced mitochondrial membrane potential (Fig. 4A–D),
Sirt3�/�; DJ-1�/� double knockout mice also showed the
Parkinsonian phenotype of selective dopaminergic neuron degen-
eration (Fig. 5A–C), which became more pronounced in aged mice
(Fig. 1D–F). We did not detect dopaminergic neuron degeneration
in 2-week-old Sirt3�/�; DJ-1�/� double knockout mice, indicating
that dopaminergic neuron loss in these mice at a later age was not
due to developmental defects. Interestingly, we did not observe
age-related dopaminergic neuron degeneration in Sirt3�/� or
DJ-1�/� single knockout mice (Fig. 1), although these mice did ex-
hibit compromised mitochondrial membrane potential (Fig. 5A–D)
and increased mitochondrial oxidative stress (Fig. 4). These find-
ings suggest that a threshold level of oxidative stress, higher than
that in Sirt3�/� or DJ-1�/� single knockout mice, is required to trig-
ger dopaminergic neuron degeneration. These observations also
imply that Sirt3 and DJ-1 protect dopaminergic neurons from mito-
chondrial oxidative stress by different mechanisms. DJ-1 has been
shown to attenuate the mitochondrial oxidative stress evoked by
autonomous pacemaking by increasing the expression of mito-
chondrial uncoupling proteins (16). Here we found that Sirt3 pro-
tected dopaminergic neurons by deacetylating MnSOD K68 to
increase its detoxicating activity (Fig. 6). Genetic removal of Sirt3 in
DJ-1�/� knockout mice further exacerbated oxidative stress in
Sirt3�/�; DJ-1�/� double knockout mice, leading to dopaminergic
neuron degeneration after the threshold was passed.

These findings also may help explain the age-related late on-
set of PD. In human PD patients, dopaminergic neuron degener-
ation occurs only after the age-dependent accumulation of
oxidative damages together with stress caused by mutations in
PD genes (DJ-1 or others) reach a critical threshold. Therefore,
enhancing the protective function of Sirt3 may be used to keep
oxidative stress below the threshold level to delay or prevent
dopaminergic neuron degeneration in PD. The age-related de-
generation of SNc dopaminergic neurons in Sirt3�/�; DJ-1�/�

double knockout mice implies that these mice might be used as
a novel genetic model for studying PD.

Sirt3-mediated deacetylation of MnSOD K68 in
dopaminergic neurons and the underlying biochemical
mechanism

As a mitochondria-specific deacetylase, Sirt3 has been shown to
regulate mitochondrial function and energy metabolism in he-
patocytes, muscles and tumour cells (45–47). Here we focused
on dopaminergic neurons because their relevance to PD. Sirt3
can deacetylate diverse substrates to affect distinct aspects of
mitochondrial functions including ATP production (26,27), ETC
activity (48,49), and amino acid metabolism (50). We and others
have found that Sirt3 deacetylates and activates MnSOD to
scavenge ROS in tumour cells (29–31,51). In this study, we dem-
onstrate that Sirt3-mediated deacetylation of MnSOD K68 is par-
ticularly important for protecting dopaminergic neurons from
their endogenous mitochondrial oxidative stress.

Figure 5. Genetic knockout of Sirt3 increases SNc dopaminergic neuron degenera-

tion induced by mitochondrial oxidative stress in mice. (A) Immunohistochemical

staining of TH-expressing dopaminergic neuron in ventral midbrain of 5-month-

old WT, DJ-1�/�, Sirt3�/� and Sirt3�/�; DJ-1�/� mice. (B,C) Bar graph summarizing

numbers of dopaminergic neurons quantified by TH staining and total numbers of

neurons by Nissl staining in 5-month-old mice. Number of SNc dopaminergic neu-

rons in Sirt3�/�; DJ-1�/� double knockout mice (n¼6) was significantly (P < 0.002)

reduced compared with the number in WT mice (n¼ 8), whereas there was no sig-

nificant change in DJ-1�/�mice (n¼8) or Sirt3�/�mice (n¼6). Total number of neu-

rons in Sirt3�/�; DJ-1�/� double knockout mice (n¼6) quantified by Nissl staining

was also significantly reduced (P < 0.002) compared with WT (n¼8), DJ-1�/� (n¼8),

and Sirt3�/�mice (n¼6). (D) Immunostaining of TH-positive dopaminergic neurons

in the ventral midbrain of 15-month-old WT, DJ-1�/�, Sirt3�/� and Sirt3�/�; DJ-1�/�

mice. (E,F) Bar graph summarizing the number of dopaminergic neurons and

the total number of neurons in the substantia nigra of 15-month-old mice. Sirt3�/�;

DJ-1�/� double knockout mice (n¼6) showed significantly (P < 0.002) decreased

number of SNc dopaminergic neurons, compared with WT (n¼8), DJ-1�/� mice

(n¼8) and Sirt3�/� mice (n¼6). By 15 months of age, the degeneration of SNc dopa-

minergic neurons in these double knockout mice were more pronounced than that

in 5-month-old double knockouts (P < 0.002). Total number of neurons in Sirt3�/�;

DJ-1�/� double knockout mice (n¼6) quantified by Nissl staining was also signifi-

cantly reduced (P < 0.002) compared with WT (n¼8), DJ-1�/� (n¼8), and Sirt3�/�

mice (n¼6). Data are mean 6 SEM. **P < 0.01, one-way ANOVA with Tukey’s HSD

post hoc analysis.
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Using Sirt3�/� knockout mouse SNc tissues, we observed re-
duced MnSOD activity and increased MnSOD K68 acetylation
using our home-made acetyl-MnSOD K68 antibody (Figs 2 and
3). More importantly, we found that the expression of the
deacetylation-mimetic MnSOD K68R mutant rescued pheno-
types in Sirt3�/� knockout and Sirt3�/�; DJ-1�/� double knockout
mouse dopaminergic neurons, including the increased mito-
chondrial oxidative stress and decreased mitochondrial mem-
brane potential (Figs 4 and 5). These observations demonstrate
a critical role for Sirt3-mediated deacetylation of MnSOD K68 in
protecting dopaminergic neurons from oxidative stress. The
contributions of Sirt3 substrates other than MnSOD K68 remain
to be explored.

How does the deacetylation of the evolutionarily conserved
lysine 68 by Sirt3 affect MnSOD activity in dopaminergic neu-
rons? In mitochondria, functional MnSOD binds one manganese
ion per each of its four subunits (32). MnSOD scavenges the su-
peroxide byproducts of OXPHOS and converts them to less toxic
hydrogen peroxide and diatomic oxygen. Analysis of MnSOD
structure suggested that lysine 68 is located close to the position
of the helical hairpin that is critical for the funnel structure that
leads ROS to the active site of MnSOD (33,34). Based on the
structural importance of lysine 68, we hypothesize that the
deacetylation of MnSOD K68 by Sirt3 may facilitate the access of
substrates to MnSOD to enhance its detoxicating enzymatic

activity (Fig. 6C). This facilitation could be due to deacetylation-
induced conformational changes of MnSOD, or the positive
charge of deacetylated lysine, which would attract more nega-
tively charged superoxide to the active site of MnSOD (Fig. 6C).

Age-dependent accumulation of mitochondrial oxidative
stress is widely viewed as a key contributor to the selective de-
generation of dopaminergic neurons in both sporadic and famil-
ial forms of PD. Our findings revealed a critical role for Sirt3 in
protecting dopaminergic neurons from mitochondrial oxidative
stress by deacetylating MnSOD K68. The increased acetylation
of MnSOD K68 we observed in PD patient SNc tissues suggests
that age-related decline in Sirt3 protective function may con-
tribute to dopaminergic neuron degeneration in PD. Therefore,
enhancing the protective mechanism may represent a new
therapeutic strategy for protecting dopaminergic neurons from
degeneration.

Materials and Methods
Mouse models and human midbrain samples

The Sirt3 knockout mice (Sirt3�/� Jackson Laboratory no. 012755)
(25) and DJ-1 knockout mouse model (DJ-1�/�, Jackson
Laboratory no. 006577) (52) were obtained from the Surmeier
Laboratory. Genomic DNA extracted from tail samples was used

Figure 6. Increased acetylation of MnSOD K68 in PD patient substantia nigra and a working model. (A) Western blot analysis of MnSOD K68 acetylation levels in PD pa-

tient SNc and non-disease control human samples using the acetyl-MnSOD K68 specific antibody. (B) Quantification of Western blots showed significantly increased

acetylation of MnSOD on lysine 68 in PD patient SNc compared with age-matched non-PD control human samples. (C) Working model for how Sirt3 protects ventral

midbrain dopaminergic neurons from mitochondrial oxidative stress and degeneration by deacetylating MnSOD K68. Sirt3-mediated deacetylation of MnSOD on lysine

68 gives superoxide substrates better access to its enzymatic active site, leading to reduced mitochondrial oxidative stress in dopaminergic neurons.
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for PCR-based genotyping following the protocols from the
Jackson Laboratory. Human midbrain tissue samples from PD
patients and control individuals were obtained through collabo-
ration with The Human Brain Resource Center. Samples from
three PD patients (76 years old with postmortem interval (PMI)
of 14 h; 85 years old with PMI of 19.3 h; 82 years old with PMI of
13.7 h) and three control individuals (75 years old with PMI of
15.4 h; 80 years old with PMI of 12 h; 80 years old with PMI of
18.75 h) were used.

DAB immunohistochemical and Nissl staining

Immunohistochemical staining was performed using the
Vectastain ABC HRP Kit (Vector Labs). Before staining, sections
were soaked in 0.3% hydrogen peroxide (H2O2) aqueous solution
for 20 min. After washing with PBS, sections were transferred
into a blocking solution containing 5% goat serum in PBS for
30 min, followed by incubation with a rabbit anti-TH antibody
(Millipore/Chemicon AB152) at 4 �C overnight. Then after wash-
ing with PBS, tissue sections were incubated with biotinylated
goat antirabbit IgG antibody (Vector Labs) for one hour at room
temperature, followed by incubation with ABC peroxidase com-
plex (Vector Labs) for 30 min. Tissue sections were then trans-
ferred into the DAB (3,30-diaminobenzidine, Sigma) solution,
gently shaken until desired stain intensity was developed,
rinsed with PBS, and mounted onto Superfrost Plus microscope
slides (Fisher Scientific) for imaging.

Nissl staining solution was freshly prepared by dissolving
cresyl violet (Sigma) in an appropriate amount of distilled water
to make the final concentration of 10 g/l. After overnight stir-
ring, glacial acetic acid was added to the solution to a final con-
centration of 10 ml/l. Tissue sections cut with microtome were
mounted onto Superfrost Plus microscope slides (Fisher
Scientific) and air-dried for 24 h. Slides carrying tissue sections
were dipped into Nissl solution for 1 min. Then slides were re-
moved from the solution, briefly rinsed in distilled water, and
washed sequentially in 50, 70 and 95% ethanol. Slides were fi-
nally destained in 100% ethanol until reaching the desired level
of staining.

Western blotting

Tissue or cell samples were lysed in RIPA buffer (150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH
7.5, 1mM EDTA, 5 mM DTT, 10 mM NaF and 1 mM Na3VO4, prote-
ase inhibitor cocktail tablet (Roche)) for Western blot analysis.
Tissue samples were homogenized using a Polytron homoge-
nizer (Kinematica). Protein concentrations were quantified us-
ing the BCA protein assay kit (Pierce). Each sample was
denatured at 95 �C for 5 min before loading onto freshly pre-
pared 10% SDS-PAGE gel for protein separation. Separated pro-
teins on SDS-PAGE were transferred onto polyvinylidene
fluoride membrane, and incubated with the indicated antibody.
Primary antibodies were diluted in TBS containing 0.05%
Tween-20 and 5% BSA. Primary antibodies used in this study in-
clude anti-acetyl-MnSOD K68 (1:200, rabbit monoclonal, Gius
Laboratory/Abcam), anti-MnSOD (1:500, rabbit polyclonal,
Millipore), and anti-b-actin (1:1000, rabbit polyclonal, Abcam).
Horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:10 000; Jackson ImmunoResearch) and the Femto LUCENT
plus HRP reagent kit (G-Biosciences) were used for exposure and
quantification by densitometry.

Superoxide dismutase activity assay

Midbrain tissues or cells were homogenized in prechilled homog-
enization buffer containing 20mM HEPES, pH 7.2, containing
1mM EGTA, 210 mM mannitol and 70 mM sucrose. Lysates were
centrifuged at 1500 � g for 5 min at 4 �C. Then supernatants were
transferred into another tube for centrifuge at 10 000 � g for
15 min at 4 �C. The precipitated pellets contain mitochondrial
MnSOD while the supernatants contain cytosolic SODs. Pellets
were then resuspended in prechilled homogenization HEPES buf-
fer and sonicated to release the mitochondrial contents. The
Superoxide Dismutase Assay Kit (Cayman Chemical) was used to
quantify the activity of each type of SOD following manufac-
turer’s instructions. Briefly, samples were loaded onto a 96-well
plate and mixed with reaction agents and incubated at room
temperature for 30 min on a shaker. Absorbance was measured
at the wavelength of 450 nm. Activities of SODs were calculated
based on the standard curve.

Primary dopaminergic neuron and MN9D cell culture

Postnatal days 1–3 (P1–P3) mice were anesthetized and decapi-
tated for brain harvesting. Mouse substantia nigra or striatal re-
gions were carefully micro-dissected out based on anatomical
hallmarks and minced in Hibernate A medium (Invitrogen).
Papain dissociation medium containing 20 U/ml papain
(Worthington Biochemical), 2 U/ml DNase I and 0.5 mM EDTA in
Hibernate A medium was prepared before brain dissection.
Papain dissociation medium was incubated at 37 �C until clear,
then L-cysteine was added to 1 mM into dissociation medium to
activate papain 10 min before use. All tissues were digested
with the activated papain dissociation medium at 37 �C for
20 min, with occasional shaking. Digested tissues were then
centrifuged at 200 � g for 3 min to precipitate. The supernatant
was then replaced with fresh Hibernate A medium. Tissues
were then triturated with fire-polished glass pipettes.
Substantia nigral and striatal neurons were resuspended, mixed
at a ratio of 3:1, and plated on 12 mm coverglasses precoated
with 0.1% polyethylenimine (Sigma) at a density of 200 000 cells
per coverslip. Coverslips were placed in a 24-well plate contain-
ing prewarmed growth medium containing Neurobasal A me-
dium (Invitrogen) supplemented with B27 (Invitrogen), 0.5 mM
glutamine, 50 mg/ml BDNF, 50 mg/ml CNTF and 25 mg/ml GDNF
(PeproTech). After the initial plating, half of the medium was
exchanged with fresh supplemented Neurobasal A growth me-
dium every 3 days. Plates were incubated at 37 �C with 5% CO2.
MN9D mouse dopaminergic neuron cell line (35) was cultured in
DMEM (Cellgro) supplemented with 10% fetal bovine serum at
37 �C with 5% CO2. Cells were transfected with Lipofectamine
2000 (Life Technologies) following manufacturer’s instructions.
Cell death was detected by the in situ cell death detection TMR
red TUNEL (Terminal Transferase dUTP Nick End Labelling) kit
(Roche) 48 h after transfection.

Mitochondrial oxidative stress measurement

Primary mouse midbrain neurons cultured on glass coverslips
for 3–4 days were infected with AAV expressing a roGFP with
a mitochondria matrix targeting sequence driven by a
TH-promoter (AAV-TH-mito-roGFP) (53). Two days after trans-
duction, cultured neurons were transferred to an imaging
chamber with inverted epifluorescence microscope (Olympus
IX71) using a 40X/NA 1.35 oil-immersion objective (Olympus).
Cultured neurons were perfused with artificial cerebrospinal
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fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 1.25 mM
NaH2PO4, 25 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2 and 25 mM
D-glucose, pH 7.4. Neurons were kept in ACSF for 10 min to al-
low fluid environment reaching equilibrium before imaging. All
experiments were performed at 35–36 �C. Two excitation wave-
lengths (410 and 470 nm) were used with emission monitored at
535 nm. Region of interests were selected using imaging soft-
ware SlideBook (Intelligent Imaging Innovations). Images were
taken every 30 s using a cooled CCD camera (I-PentaMax,
Princeton Instruments) and fluorescent intensities were mea-
sured ratiometrically. After initial measurements at basal level,
neuron cultures were treated with 2 mM dithiothreitol (DTT) to
get fully reduced, followed by 100 mM aldrithiol treatment to
reach maximal oxidation. Fluorescent intensities were mea-
sured correspondingly to determine the range of roGFP signal.
The relative mitochondrial oxidative levels were then calcu-
lated as 1 � [(F � FAld)/(FDTT � FAld)], in which F, FDTT and FAld

represent measured intensities at basal, reduced and oxidized
states, respectively.

Mitochondrial membrane potential measurement

Mitochondrial membrane potential was measured with the
potential-dependent fluorescent dye TMRE (Molecular Probes).
Cultured mouse SNc neurons expressing TH-mito-roGFP were
incubated with 200 nM TMRE in phenol red-free Neuorobasal
medium (Thermo Fisher Scientific) for 30 min. Neurons on cov-
erslips were then transferred to a LSM 800 confocal microscope
(Zeiss) for live imaging. Neurons with TH-mito-roGFP expres-
sion were considered as dopaminergic neurons and selected for
recording. The excitation wavelength was set to 550 nm and
with emission monitored at 570 nm. Baseline intensities of fluo-
rescent signals were determined by treating neurons with 10 mM
rotenone for 15 min.
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