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Alterations in mitochondrial function contribute to diabetic
cardiomyopathy. We have previously shown that heart mito-
chondrial proteins are hyperacetylated in OVE26 mice, a trans-
genic model of type 1 diabetes. However, the universality of this
modification and its functional consequences are not well estab-
lished. In this study, we demonstrate that Akita type 1 diabetic
mice exhibit hyperacetylation. Functionally, isolated Akita
heart mitochondria have significantly impaired maximal (state
3) respiration with physiological pyruvate (0.1 mM) but not with
1.0 mM pyruvate. In contrast, pyruvate dehydrogenase activity is
significantly decreased regardless of the pyruvate concentra-
tion. We found that there is a 70% decrease in the rate of pyru-
vate transport in Akita heart mitochondria but no decrease in
the mitochondrial pyruvate carriers 1 and 2 (MPC1 and MPC2).
The potential role of hyperacetylation in mediating this
impaired pyruvate uptake was examined. The treatment of con-
trol mitochondria with the acetylating agent acetic anhydride
inhibits pyruvate uptake and pyruvate-supported respiration in
a similar manner to the pyruvate transport inhibitor �-cyano-
4-hydroxycinnamate. A mass spectrometry selective reactive
monitoring assay was developed and used to determine that
acetylation of lysines 19 and 26 of MPC2 is enhanced in Akita
heart mitochondria. Expression of a double acetylation mimic of
MPC2 (K19Q/K26Q) in H9c2 cells was sufficient to decrease the
maximal cellular oxygen consumption rate. This study supports
the conclusion that deficient pyruvate transport activity, medi-
ated in part by acetylation of MPC2, is a contributor to meta-
bolic inflexibility in the diabetic heart.

Metabolic flexibility is essential for cardiac function. The
heart normally generates 70% of its energy from fatty acids and

�30% from carbohydrates (1, 2). However, with diabetes, the
heart relies almost exclusively on fatty acid oxidation. This pro-
motes diabetic cardiomyopathy via mechanisms that include
lipotoxicity and loss of mitochondrial function.

Both type 1 and type 2 diabetes are associated with damaged
mitochondria that have an impaired capacity to perform oxida-
tive phosphorylation. However, changes in mitochondrial met-
abolic flexibility occur prior to overt defects in respiratory
capacity. For example, we previously reported that heart mito-
chondria from a transgenic type 1 diabetic mouse model
(OVE26 mice) have normal state 3 respiration rates when fatty
acids, but not other oxidizable substrates, are supplied as the
energy source (3). It is important to identify the mechanisms
that underlie this bioenergetic abnormality to promote cardiac
health.

The molecular mechanisms that induce metabolic inflexibil-
ity are complex. Pyruvate dehydrogenase (PDH)3 is a key regu-
latory point for determining the fate of pyruvate generated by
glycolysis. We and others have shown that PDH is inactivated
by hyperphosphorylation in the diabetic heart (3, 4). Other
changes to mitochondrial function may be mediated by
increased acetylation of mitochondrial protein lysines (3, 5).
This reversible post-translational modification is implicated in
regulating intermediary metabolism (1). Thus, overabundant
acetylation may impede normal regulatory processes and con-
tribute to metabolic inflexibility.

In the present work, we examine changes in mitochondrial
function in Akita mouse hearts, a type 1 diabetic model that
develops mitochondrial dysfunction (6). We identify a decrease
in pyruvate supported respiration, pyruvate dehydrogenase
activity, and pyruvate transport. Concurrently, there is hyper-
acetylation of mitochondrial proteins. We present evidence
that acetylation inhibits pyruvate uptake. Using an MS-based
selected reactive monitoring technique, we demonstrate that
acetylation of the mitochondrial pyruvate carrier 2 (MPC2) is
significantly increased in Akita heart mitochondria.
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Results

Akita Heart Mitochondria Gave Decreased Pyruvate-sup-
ported Respiration, Pyruvate Dehydrogenase Activity, and Pyru-
vate Uptake—Experiments were performed to determine the
relative capacity of Akita heart mitochondria to support mito-
chondrial oxidative phosphorylation using either pyruvate or
palmitoylcarnitine (PC). As shown in Fig. 1, A and B, wild type
and Akita mitochondria have comparable state 3 respiration
rates with PC as the oxidizable substrate. State 4 respiration
rates were also unchanged (not shown). This indicates that

mitochondrial integrity is preserved in diabetic animals and
that electron transport chain defects are not present at a mag-
nitude that impairs the maximal rate of oxygen consumption.
In contrast to PC, state 3 respiration was significantly impaired
(26% decrease) when a physiological concentration of pyruvate
(0.1 mM) was used. However, this decrease in respiration was
largely attenuated (9% decrease; nonsignificant) when the con-
centration of pyruvate was increased to 1.0 mM in the assay.

The decrease in pyruvate-supported respiration may be
mediated, in part, by decreased PDH activity. PDH activity was

FIGURE 1. Akita heart mitochondria have impaired pyruvate supported respiration, PDH activity, and pyruvate transport. A, mitochondria were
isolated from control and Akita hearts. Respiration was measured by a fiber optic oxygen measurement system with 10 mM malate and either 30 �M PC or the
indicated amounts of pyruvate. State 3 was initiated by the addition of 0.5 mM ADP. Representative oxygen traces are shown. B, state 3 respiration rates were
quantified and are shown either as specific activities (left) or as the percentage of Akita relative to control rates compared on a day-by-day basis (right; n � 5– 6).
C, mitochondria were incubated with the indicated amounts of pyruvate for 2.0 min at room temperature. 0.5 mM ADP was added as indicated, and samples
were incubated an additional minute. PDH activity was then measured as described under “Experimental Procedures” (n � 4). D, pyruvate uptake was
measured in isolated mitochondria as described under “Experimental Procedures” (n � 3). E, MPC1 and MPC2 levels were measured by Western blotting (WB)
analysis as described under “Experimental Procedures” (n � 5). The MPC1 and MPC2 Western blots reveal single bands at the expected molecular masses and
are cropped for clarity. LA, lipoic acid. Experimental points are from unique mitochondrial preparations, and error bars are the standard deviation. *, p � 0.05,
unpaired Student’s t test; NS, not significant.
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measured in intact mitochondria preincubated with either 0.1
or 1.0 mM pyruvate and in the presence or absence of ADP.
Preincubation of mitochondria with pyruvate and ADP initi-
ates state 3 respiration and induces maximal PDH activity (7).
After the indicated incubations, mitochondria were solubilized,
and PDH activity was measured spectrophotometrically. The
maximal rate of PDH activity was established in wild type mito-
chondria preincubated with 1.0 mM pyruvate and ADP (Fig.
1C). Under these conditions, PDH activity was 49% less in Akita
heart mitochondria (Fig. 1B). In mitochondria preincubated
with 0.1 mM pyruvate and ADP, PDH activity was 59% less in
Akita mice than in wild types. This demonstrates that the mag-
nitude of the decrease in PDH activity is not necessarily indic-
ative of total respiratory loss under similar assay conditions
(Fig. 1A).

An essential factor for maximal respiratory capacity is the
transport of substrates into the mitochondrial matrix. Indeed,
pyruvate transport is the rate-limiting factor in cardiac mito-
chondrial pyruvate oxidation (for a review, see Ref. 8). We
therefore assayed pyruvate transport in wild type and Akita
heart mitochondria by determining the �-cyano-4-hydroxycin-
namate (CHC)-sensitive accumulation of [2-14C]pyruvate. As
shown in Fig. 1D, the rate of pyruvate uptake in Akita heart
mitochondria was 60% less than wild type controls. However,
this decreased pyruvate uptake was not mediated by a
decreased amount of MPC1 and MPC2 (Fig. 1E). This suggests

that pyruvate transport activity may be decreased via another
means, such as by post-translational modifications.

The Prevalence of Cardiac Mitochondrial Protein Acetylation
Reflects Preference for Fatty Acid Oxidation—We have previ-
ously reported that OVE26 type 1 diabetic mice have hyper-
acetylation of cardiac mitochondrial proteins (3). We sought to
determine whether the increase of this post-translational mod-
ification is common to other type 1 diabetic rodent models and,
furthermore, whether this may contribute to impaired pyru-
vate-supported respiration. As shown in Fig. 2, A and B, Akita
heart mitochondria have a nearly 2-fold increase in acetylation
compared with wild type controls. Likewise, protein acetylation
is also significantly increased in STZ diabetic mice heart mito-
chondria (1.5-fold increase). Thus, increased mitochondrial
protein acetylation is a common occurrence in multiple models
of chronic type 1 diabetes.

The increased occurrence of mitochondrial protein acetyla-
tion in diabetic samples reflects an increased reliance on fatty
acid oxidation. When comparing the maximal rates of state 3
respiration in control heart mitochondria with either PC or
pyruvate, the PC-supported rate is on average 33% faster (Fig. 2,
C and D). In Akita heart mitochondria, PC-supported respira-
tion is 79% faster (Fig. 2, C and D). In contrast, mice that lack the
PPAR� transcriptional factor, which regulates the levels of sev-
eral fatty acid oxidation enzymes (9), have a significant increase
in the rate of state 3 respiration with pyruvate relative to PC

FIGURE 2. Mitochondrial proteins are hyperacetylated in the hearts of diabetic mice and hypoacetylated in PPAR��/� knock-out mice. The levels of
acetylation are a predictor of whether pyruvate or palmitoylcarnitine produces maximal state 3 respiratory rates. A, mitochondria were analyzed by Western
blotting (WB) using an acetylated lysine (AcK) antibody. An antibody against lipoic acid (LA) bound to the E2 subunit of PDH was used as a loading control (32)
as its levels did not significantly differ between experimental groups. The samples shown are from a single blot and the same exposure. The image was
subsequently cropped for clarity of presentation. B, acetylation densitometry was determined on the entire lane of Akita (n � 7), STZ (n � 5), and PPAR��/� (n �
6) mitochondria and expressed relative to the appropriate age-matched control. C, state 3 respiration rates were determined with either PC and malate or
pyruvate and malate for wild type (n � 4), Akita (n � 5), and PPAR��/� (n � 4) heart mitochondria. The lines connect measurements from the same preparation
of mitochondria. D, the ratio of PC-supported state 3 to pyruvate (Pyr)-supported state 3 rates was quantified. Experimental points are from unique mitochon-
drial preparations, and error bars are the standard deviation. *, p � 0.05, paired Student’s t test.
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(Fig. 2, C and D). Furthermore, mitochondria from PPAR��/�

mouse hearts have a corresponding decrease (21%) in mito-
chondrial protein acetylation (Fig. 2, A and B). These results
support that the preferential usage of fatty acids is accompanied
by increased acetylation, and inversely less reliance on fatty acid
utilization results in less mitochondrial acetylation.

Acetylation Decreases Pyruvate Oxidation—We next sought
to determine whether hyperacetylation of mitochondrial pro-
teins might contribute to the observed deficits in pyruvate-sup-
ported respiration and pyruvate uptake. Control and Akita
heart mitochondria were treated with the acetylating agent ace-
tic anhydride (Ac2O), which preferentially modifies the pri-
mary amine of lysines at neutral pH (3, 10). As shown in Fig. 3A,
control mitochondria treated with low concentrations of Ac2O
exhibit a remarkably similar complement of acetylated proteins
as are found endogenously in Akita heart mitochondria. This
result is also similar to what we have previously reported in
OVE26 heart mitochondria (3).

Experiments were next performed to demonstrate that the
acetylation of control mitochondria in vitro mimics the deficits
in pyruvate-supported respiration observed in Akita mice.
Treatment of control heart mitochondria with 10 �M Ac2O

significantly inhibited state 3 respiration in the presence of 0.1
mM pyruvate (34% decrease). However, this effect was attenu-
ated in mitochondria respiring with 1.0 mM pyruvate (13%
decrease; Fig. 3B). In contrast, Ac2O treatment caused a slight
but significant drop (16% decrease) in PC-supported state 3
respiration (Fig. 3B) but was independent of the PC concentra-
tion (not shown). Thus, pyruvate-supported respiration is more
sensitive than PC-supported respiration to acetylation-medi-
ated inhibition.

Previous reports have shown that acetylation of the PDH
complex inhibits its enzymatic activity (11–13). We therefore
tested whether Ac2O treatment of control mitochondria was
inhibiting pyruvate-supported respiration by decreasing
PDH activity. Treatment of control heart mitochondria with
Ac2O had no effect on basal or maximal PDH activity regard-
less of the pyruvate concentration (Fig. 3C). This suggests
that another aspect of pyruvate oxidation, such as substrate
transport, may be inhibited by acetylation. Control mito-
chondria were therefore treated with Ac2O, and pyruvate
uptake was measured. As shown in Fig. 3C, Ac2O (10 �M)
inhibits the rate of pyruvate uptake by 44%. This supports
that protein acetylation may represent a means for decreas-

FIGURE 3. Acetylation of control heart mitochondria with acetic anhydride mimics the respiratory profile of Akita heart mitochondria. A, control and
Akita heart mitochondria were treated with the indicated amounts of Ac2O and then subjected to Western blotting (WB) analysis using an acetyl-lysine (AcK)
antibody. Lipoic acid (LA) content was probed as a loading control as its levels were not affected by Ac2O treatment. The samples shown are from a single blot
and the same exposure. The image was subsequently cropped for clarity of presentation. B, state 3 respiration rates were measured 2 min after addition of 10
�M Ac2O as described under “Experimental Procedures” (n � 4). C, mitochondria (n � 5) were treated with 10 �M Ac2O as indicated. After 2.0 min, PDH activity
was measured as described under “Experimental Procedures.” D, mitochondria (n � 5) were treated with 10 �M Ac2O as indicated. After 2.0 min, the radiola-
beled pyruvate mixture was added, and pyruvate transport was measured as described under “Experimental Procedures.” Experimental points are from unique
mitochondrial preparations, and error bars are the standard deviation. *, p � 0.05, unpaired Student’s t test.
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ing pyruvate transport and the overall rate of mitochondrial
pyruvate oxidation.

We hypothesized that if protein acetylation acts as a pyruvate
transporter inhibitor then the effects of Ac2O on mitochondrial
respiration should be similar to the classic pyruvate transport
inhibitor CHC. We noted that CHC inhibits pyruvate sup-
ported state 3 respiration in a dose-dependent manner in cou-
pled, control heart mitochondria (Fig. 4A). However, the sensi-
tivity to CHC-mediated inhibition is significantly enhanced in
uncoupled mitochondria (Fig. 4, B and C). For example, 1.0 �M

CHC inhibits ADP- and FCCP-supported respiration by 15 and
50%, respectively (Fig. 4C). This enhanced inhibition is likely
due to the drop in membrane potential that helps drive pyru-
vate uptake and not mediated by changes in either basal or
maximal PDH activities. The maximal PDH activities are simi-
lar in control heart mitochondria treated with either ADP or
FCCP and were unaffected by 1.0 �M CHC (Fig. 4D).

We next examined the effect of Ac2O on coupled and uncou-
pled pyruvate-supported respiration in control heart mito-
chondria. Ac2O (10 �M), like CHC, preferentially inhibits
uncoupled state 3 respiration (Fig. 5, A and B). This result sup-
ports that, in vitro, acetylation inhibits pyruvate-supported res-
piration in a manner similar to CHC.

Our results indicate that the pyruvate-supported uncoupled/
coupled respiration ratio acts as a functional indicator for

detecting decreased pyruvate uptake. For example, this ratio is
�0.78 in control mitochondria and decreases to 0.37 in CHC
(1.0 �M)-treated mitochondria (Fig. 5C). Likewise, the ratio is
also significantly decreased in Ac2O (10 �M)-treated control
mitochondria to 0.49. Thus, hyperacetylation inhibits mito-
chondrial respiration in a manner similar to CHC. Finally, we
found that the uncoupled/coupled respiration ratio is also sig-
nificantly less in Akita mice (0.55) than in controls (Fig. 5C).
This supports that decreased pyruvate uptake is a phenomenon
in diabetic heart mitochondria and that it may be mediated by
hyperacetylation.

MPC2 Acetylation Is Increased in Diabetic Heart Mitochon-
dria—Pyruvate is transported into the mitochondria via the
mitochondrial pyruvate carrier, which is composed of the
MPC1 and MPC2 proteins. Neither subunit is decreased in
Akita heart mitochondria (Fig. 1E), and our biochemical char-
acterization supports a role for acetylation in decreasing pyru-
vate uptake. We therefore focused our ensuing experiments
on developing a selected reaction monitoring (SRM) assay
to detect the acetylation of MPC subunits in Akita heart
mitochondria.

The SRM assay was developed by enriching MPCs from con-
trol heart mitochondria by immunoprecipitation and then
acetylating the proteins with Ac2O prior to in-gel digestion and
MS analysis. This approach allowed us to determine the reten-

FIGURE 4. The classic pyruvate transport inhibitor CHC preferentially inhibits uncoupled state 3 respiration. A, state 3 respiration rates were measured
in control heart mitochondria in the presence of 1.0 mM malate, 0.1 mM pyruvate, and the indicated amounts of CHC (n � 4). B, representative oxygen
consumption traces of control mitochondria in the presence of 1.0 mM malate, 0.1 mM pyruvate, and 1.0 �M CHC as indicated are shown. State 3 respiration was
induced by either the addition of ADP (top) or the uncoupler FCCP (bottom). C, the magnitude of state 3 inhibition induced by 1.0 �M CHC was quantified in
coupled and uncoupled mitochondria (n � 6). D, PDH activity was measured in control and CHC-treated mitochondria basally and following stimulation of
maximal respiration with either ADP or FCCP. PDH activity was measured as described under “Experimental Procedures” (n � 3–5). *, p � 0.05, unpaired
Student’s t test. Error bars are the standard deviation.
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tion times and CID spectra of specific acetylated peptides that
may occur in vivo. This experiment resulted in the identifica-
tion of MPC2 peptides containing acetylation sites at Lys-19,
Lys-26, Lys-27, and Lys-122. Although MPC1 was successfully
enriched (not shown), subsequent MS analysis failed to resolve
acetylated peptides (see “Discussion”). Ensuing experiments
performed to identify acetylation of lysines in vivo thus focused
on MPC2 peptides.

MPC2 was equally enriched by immunoprecipitation in con-
trol and Akita heart mitochondria (Fig. 6A). The enriched pro-
teins were subjected to in-gel digestion and SRM analysis. We
detected acetylation of Lys-19 and Lys-26 but not Lys-27 and
Lys-122. Furthermore, the in vivo abundance of acetylation was
significantly increased at Lys-19 (40%) and Lys-26 (80%) in
Akita heart mitochondria relative to wild types (Fig. 6B). Col-
lectively, our results demonstrate that Akita heart mitochon-
dria have decreased pyruvate-supported respiration and pyru-
vate transport and hyperacetylation of MPC2.

Acetylation Mimetics of Lys-19 and Lys-26 Decrease Maxi-
mal Mitochondrial Respiration—The functional significance of
Lys-19 and Lys-26 acetylation was next evaluated by Seahorse
XF analysis of oxygen consumption rates (OCRs). We first
established that mitochondrial pyruvate transport activity can
affect the OCR in H9c2 cells, a commonly used rat ventricular
cell line that has a metabolic profile similar to primary car-
diomyocytes (14). For the assay, cells were incubated with pyru-
vate as the lone nutrient, and the OCR was measured in the
presence or absence of CHC. As shown in Fig. 7, A and B, CHC
significantly decreased the maximal OCR induced by the addi-
tion of FCCP. This establishes that the maximal OCR can be
used as a proxy to evaluate mitochondrial pyruvate transport
activity in H9c2 cells.

We next generated MPC2 mutants to determine whether
modifications of Lys-19 and Lys-26 can affect the rate of pyru-
vate transport. Glutamine approximates an acetylated lysine
structurally and functionally, whereas arginine approximates a
lysine that cannot be acetylated (15). We expressed Myc-tagged
MPC2 that was either wild type, a K19R/K26R (RR) double

FIGURE 5. Acetylation preferentially inhibits uncoupled mitochondrial respiration. A decrease in the ratio of uncoupled to coupled respiration is indica-
tive of decreased pyruvate uptake. A, control heart mitochondria were treated with 10 �M Ac2O as indicated, and maximal pyruvate-supported respiration was
measured upon addition of ADP (coupled; top) or FCCP (uncoupled; bottom). B, the magnitude of state 3 inhibition induced by 10 �M Ac2O was quantified in
coupled and uncoupled mitochondria (n � 4). *, p � 0.05, paired Student’s t test. C, the ratio of uncoupled to coupled state 3 respiration was quantified in
control heart mitochondria, control heart mitochondria treated with 1.0 �M CHC, control heart mitochondria treated with 10 �M Ac2O Ac2O, or Akita heart
mitochondria (n � 4). *, p � 0.05, unpaired Student’s t test. Error bars are the standard deviation.

FIGURE 6. Acetylation of MPC2 at Lys-19 and Lys-26 is significantly
increased in Akita heart mitochondria. A, representative Western blots
(WB), on duplicate samples, of MPC2 immunoprecipitated (IP) from wild type
or Akita heart mitochondria. B, a selected reaction monitoring technique
demonstrated that lysines 19 and 26 are significantly more acetylated in Akita
heart mitochondria than in wild types (n � 3). *, p � 0.05, unpaired Student’s
t test. Error bars are the standard deviation.
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mutant, or a K19Q/K26Q (QQ) double mutant. The Myc tag
was used to discern expressed proteins from endogenous
MPC2. As shown in Fig. 7C, transfection of wild type or RR
Myc-MPC2 resulted in similar protein levels. However, identi-
cal transfection conditions consistently resulted in less of the
QQ double mutant. This reduced protein content was depen-
dent upon both lysines being modified as the K19Q and K26Q
single mutants were expressed at levels similar to wild type
Myc-MPC2 (data not shown). Furthermore, we noted that
none of the Myc-MPC2 constructs affected the endogenous
levels of MPC2 (Fig. 6E). These results suggest modification of
Lys-19 and Lys-26 in tandem may affect MPC2 structure or
stability.

We next evaluated whether expression of mutant MPC2 pro-
teins can affect the cellular OCR. As shown in Fig. 7, D and E,
wild type and RR Myc-MPC2 had no significant effects on basal
or maximal OCR. In contrast, a significant decrease in basal and
maximal OCRs was observed with expression of the QQ
mutant. This decrease was dependent upon the double muta-
tion as no significant changes in OCR were observed with either
the single K19Q or K26Q mutation (data not shown). Collec-
tively, these results support that modification of Lys-19 and
Lys-26, as seen in the diabetic heart, can affect MPC2 stability
and function.

Discussion

Mitochondrial deficits are an important contribution to dia-
betic cardiomyopathy (16). However, changes to mitochondrial
function precede irreversible organelle damage. As we show
here, Akita heart mitochondria display deficits in pyruvate- but
not palmitoylcarnitine-supported respiration. This metabolic
inflexibility is in agreement with our previous work in OVE26
heart mitochondria (3). Also like OVE26 animals, we show that
Akita heart mitochondria have hyperacetylation of mitochon-
drial proteins. Our results here support acetylation as a means
of decreasing metabolic flexibility via a decrease in mitochon-
drial pyruvate uptake.

This work establishes that hyperacetylation is a common
occurrence in both Akita and STZ diabetic animals. We have
previously shown that hyperacetylation is also present in
OVE26 type 1 diabetic mice and in wild type mice fed a high fat
diet (17). However, the functional significance of these post-
translational modifications is uncertain. We provide evidence
that the increase or decrease of this general protein modifica-
tion is indicative of substrate preference. Less acetylation cor-
responds to lower palmitoylcarnitine respiration rates rela-
tive to pyruvate. Reciprocally, more acetylation corresponds
to increased palmitoylcarnitine rates relative to pyruvate

FIGURE 7. The double acetylation mimetic of Lys-19 and Lys-26 (K19Q/K26Q) decreases the pyruvate-dependent cellular oxygen consumption rate.
A, H9c2 cells were placed in medium containing pyruvate as the sole nutrient source, and the OCR was measured as described under “Experimental Proce-
dures.” CHC (0.1 mM) was added just prior to the beginning of the experiment as indicated. OCR measurements taken were basal (1), post-oligomycin (2),
post-FCCP (3), and post-antimycin A (4). B, the maximal OCR was calculated as the post-FCCP OCR minus the post-oligomycin OCR (n � 4). C, wild type
Myc-MPC2 and RR and QQ Myc-tagged MPC2 were expressed in H9c2 cells. A representative Western blot (WB) is shown indicating protein expression levels.
D and E, the effects of exogenously expressed Myc-MPC2 on OCR (D) and maximal (Max) OCR (E) were evaluated. F, a schematic representation of the proposed
transmembrane domains and topology of MPC2 (adapted from Ref. 36) and relative positions of Lys-19 and Lys-26. IMM, inner mitochondrial membrane; IMS,
intermembrane space. n � 4; *, p � 0.05, unpaired Student’s t test. Error bars are the standard deviation.
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(Fig. 2). Thus, both hyper- and hypoacetylation may be signs
of metabolic inflexibility and, consequentially, mitochon-
drial abnormalities.

PDH is a primary site of metabolic regulation, and decreased
cardiac PDH activity is a well established consequence of dia-
betes (1, 18, 19). This loss of PDH activity may be mediated by
overactivation of pyruvate dehydrogenase kinases or decreased
PDH phosphatase activities. Consistent with this idea, we dem-
onstrate that, in Akita heart mitochondria, PDH activity is
decreased under basal conditions and fails to reach maximal
rates of activity comparable with wild types under state 3 respi-
ration conditions. A possible contributor to decreased PDH
activity is the increased occurrence of mitochondrial acetyla-
tion. It has been previously shown that PDH is acetylated and
that this decreases its activity (11–13). However, the occur-
rence of this modification to PDH subunits in the diabetic heart
is not currently known and will be important for future
investigation.

Our results demonstrate that the changes in metabolic flex-
ibility in the Akita mouse heart are multifaceted. In addition to
the decreased PDH activity, a deficit in pyruvate transport also
contributes to metabolic inflexibility in the diabetic heart. This
conclusion is supported by our observations that pyruvate-sup-
ported respiration can be increased in Akita heart mitochon-
dria by increasing the amount of pyruvate and that the rate of
pyruvate transport is decreased. The mitochondrial pyruvate
transporter is composed of two components, MPC1 and MPC2
(20, 21). Although exhibiting decreased pyruvate transport
activity, Akita heart mitochondria have levels of MPC proteins
comparable with wild types (Fig. 1E). Both of the MPCs contain
acetylated lysines, previously identified through unbiased pro-
teomic screens (22–24). However, the occurrence of these
modifications in the diabetic heart and their effects on pyruvate
transport activity have not been previously determined. We
thus hypothesized that acetylation may affect pyruvate trans-
port activity. Furthermore, this modification may work in
concert with other factors in the Akita model, such as a pos-
sible decrease in membrane potential, to decrease pyruvate
oxidation.

A recent report demonstrated changes in MPC1 activity
based on site-directed mutagenesis of putative acetylation sites
(25). Although that work did not directly measure pyruvate
transport, the data support the notion that acetylation
decreases MPC activity. In our work, we did not identify acety-
lation of MPC1 in Akita hearts. However, this may be due to
limitations of the SRM technique we used. By this established
approach (17), we first acetylate lysine residues via chemical
modification before the in-gel digestion process and subse-
quent MS analysis. However, acetylation of lysine residues may
either impair proteolytic cleavage of the protein or MS detec-
tion. Nevertheless, our SRM approach can be further refined
and tailored to other target proteins to determine the in vivo
occurrence and significance of acetylation under normal and
pathological states.

Two lysines were found hyperacetylated in Akita heart mito-
chondria. These sites, Lys-19 and Lys-26 of MPC2, are con-
served in humans. The structures of MPCs have not been
previously solved. However, based on homology to related

transporters, MPC2 is predicted to have the orientation
presented in Fig. 7E based upon homology to the bacterial
semi-SWEET glucose transporter (26, 27). Our site-directed
mutagenesis studies demonstrated that modification of these
sites to glutamines, but not arginines, decreased protein con-
tent. Furthermore, this double mutant decreased pyruvate-sup-
ported OCR even in the presence of endogenous levels of
MPC2. One explanation is that the QQ double mutant acts as a
dominant negative regulator of MPC2 activity. However, muta-
tion of these sites to glutamines individually had no effect on
expression or the cellular OCR. Collectively, these results sug-
gest that these lysines are important both functionally and per-
haps for protein stability and that acetylation may play a role in
regulating pyruvate transport activity.

The two lysines Lys-19 and Lys-26 are proposed to be
exposed to the intermembrane space, thereby sequestering
these residues away from SIRT3, the primary mitochondrial
deacetylase (28). Thus, acetylation of these residues may not be
as readily reversible as other proteins in the mitochondrial
matrix. The question also remains as to how these sites become
hyperacetylated because they are not exposed to the high
acetyl-CoA concentration of the mitochondrial matrix. Future
work that directly addresses the structural nature of these pro-
teins will help to address these issues.

Experimental Procedures

Animal Models—Akita mice were purchased from The Jack-
son Laboratory (stock number 003548) and bred at the Okla-
homa Medical Research Foundation animal facility. Akita mice
contain a spontaneous mutation in the Ins2 locus and develop
type 1 diabetes and diabetic cardiomyopathy (29, 30). Both the
control and Akita mice are on the C57BL/6J background that
contains the nicotinamide nucleotide transhydrogenase muta-
tion. Hearts from STZ diabetic mice (24 weeks diabetic; 32
weeks old) and PPAR��/� mice (32 weeks old) were obtained
from the University of Oklahoma Health Sciences Center ani-
mal core.

Isolation of Cardiac Mitochondria—Male Akita or age-
matched C57 mice were euthanized by cervical dislocation.
Their chest cavities were immediately opened, and their hearts
were perfused with 5 ml of ice-cold buffer containing 210 mM

mannitol, 70 mM sucrose, 1.0 mM EDTA, and 5.0 mM MOPS,
pH 7.4 (buffer A), via injection into the left ventricle. Hearts
were excised and placed into 5 ml of buffer A and then minced
with scissors. This was followed by five passes with a motor-
driven Potter-Elvehjem tissue grinder. The homogenate was
spun at 500 � g for 5 min at 4 °C, and the supernatant was
collected, passed through a cheesecloth, and spun again at
5000 � g for 10 min. The resulting mitochondrial pellet was
resuspended in �60 �l of buffer A, and the protein concentra-
tion was determined by the BCA (bicinchoninic acid) method
(Thermo Scientific) using BSA as a standard.

Mitochondrial Respiration Measurements—Mitochondria
were diluted to 0.25 mg/ml in 210 mM mannitol, 70 mM sucrose,
5.0 mM KH2PO4, 0.5 mg/ml BSA, and 10 mM MOPS, pH 7.4
(buffer B), containing the indicated oxidizable substrates. For
chemically induced acetylation experiments, mitochondria
(0.25 mg/ml) were treated with the indicated amounts of Ac2O
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in buffer B with 0.5 mg/ml BSA for 2.0 min at 20 °C. Respiration
was measured at 20 °C by using a fiber optic oxygen measure-
ment system (Instech) that utilizes the fluorescence lifetime
technique. State 3 respiration was initiated by the addition of
ADP (0.5 mM) or FCCP (30 �M). The starting amount of molec-
ular oxygen in the 0.4-ml electrode chamber was based on the
assumption that 265 nmol of molecular oxygen are dissolved
per ml at atmospheric pressure and 20 °C.

Pyruvate Dehydrogenase Assay—Mitochondria were diluted
to 0.25 mg/ml in buffer B with the indicated substrates and
Ac2O. To obtain maximal PDH activity, 0.5 mM ADP or FCCP
(25 �M) was also added to mitochondria. After a 2.0-min incu-
bation, mitochondria were diluted into a buffer containing
025% Triton X-100, 5.0 mM MgCl2, and 20 mM MOPS, pH 7.2,
to a final concentration of 0.025 mg/ml. PDH activity was
measured spectrophotometrically by the increase in NADH
absorbance at 340 nm upon addition of 2.5 mM pyruvate, 0.1
mM CoA, 0.2 mM thiamine pyrophosphate, and 1.0 mM

NAD� (3). The increase in absorbance was linear for over a
5.0-min period.

Pyruvate Transport Assay—Pyruvate transport was mea-
sured in isolated mitochondria (adapted from Ref. 31). Isolated
mitochondria were diluted to 0.25 mg/ml in 0.4 ml of buffer B.
To determine the affect of acetylation, samples were treated
with Ac2O (10 �M) for 2.0 min as indicated. A mixture of 10 mM

pyruvate (1.0 mM [2-14C]pyruvate and 9.0 mM unlabeled pyru-
vate) and 100 mM malate was prepared fresh. The pyruvate/
malate mixture was added to the mitochondria at a 1:100 dilu-
tion. Samples were incubated for 2.5 min at 20 °C and then
centrifuged for 2.0 min at 16,000 � g. The supernatant was
discarded, and the pellets were resuspended in 0.2 ml of liquid
scintillation mixture (Ultima Gold, PerkinElmer Life Sciences).
The resuspended pellet was transferred to a scintillation vial
with a final volume of 3.0 ml of scintillation mixture, and counts
were measured. Negative control samples were prepared by
adding 20 �M CHC for 1.0 min prior to the addition of the
pyruvate/malate mixture. The values reported represent
experimental counts minus the negative control counts. A
standard curve, determined with known amounts of [2-14C]
pyruvate, was used to calculate specific activities. The uptake
of pyruvate was determined to be linear for over 5.0 min
(data not shown).

Western Blotting Analysis—Samples (20 �g/well) were sepa-
rated by SDS-PAGE (NuPAGE 4 –12% denaturing gels,
Thermo Scientific) with an MES running buffer and then trans-
ferred onto nitrocellulose. Acetyl-lysine, MPC1, and MPC2
antibodies were purchased from Cell Signaling Technology. An
antibody against lipoic acid (32), covalently bound to the E2
subunit of PDH, was used as a loading control in mitochondria
because its content did not change under any experimental
condition. Actin-HRP (Santa Cruz Biotechnology) was used as
the loading control for H9c2 samples. Western blots were
imaged with an Alpha Infotech Fluorchem HD2 imaging sys-
tem, and band densities were determined with NIH ImageJ
software.

MS Analysis—A method for detecting MPC2 acetylation in
vivo was developed in a manner similar to our previous report
(17). MPC2 was immunoprecipitated by dilution of 0.3 mg of

mitochondrial protein into 0.3 ml radioimmune precipitation
assay buffer (150 mM NaCl, 0.1% Nonidet P-40, and 100 mM

NaPO4, pH 7.4) and addition of 10 �l of MPC2 antibody. Sam-
ples were incubated with mixing overnight at 4 °C. Samples
were then incubated with 40 �l of Protein A/G beads (Pierce)
with mixing at 4 °C. Beads were then washed three times, and
bound proteins eluted with 0.1 M glycine, pH 2.5. For iden-
tification of acetylation sites, immunoprecipitated proteins
were treated with acetic anhydride (0.5 mM) for 10 min prior
to glycine elution. The eluted proteins were diluted in Laem-
mli buffer and separated by SDS-PAGE, and subsequently
the gel was fixed and stained. The MPC bands at �12–15
kDa were cut from the gel, reduced, alkylated, and digested
with trypsin.

All LC-tandem mass spectrometry experiments used a
Thermo Scientific Q-Exactive Plus mass spectrometer with an
Ultimate 3000 nanoflow HPLC system. The HPLC used a
10-cm � 75-�m capillary column packed with Phenomenex
Aeris 3.6-�m Peptide XB-C18 stationary phase. Samples were
injected in 1% acetic acid and eluted with a linear gradient of
acetonitrile in water with 0.1% formic acid. The acetylation sites
were mapped using data-dependent analysis acquiring full scan
spectra at R � 140,000 and CID spectra at R � 17,500. These
data were used to map the acetylation sites by searching the
mouse RefSeq database with Proteome Discoverer. All identi-
fied sites were verified by manual interpretation of the corre-
sponding CID spectra. Unmodified MPC2 peptides were also
detected in the data-dependent analyses. The targeted quanti-
tative experiments used parallel reaction monitoring (PRM).
Parent ions were selected with a 1 m/z window and full scan
CID spectra were acquired at R � 17,500. The parallel reaction
monitoring data were processed to generate chromatograms
of the various peptides of interest using the product ions
seen in the respective CID spectra and the observed chro-
matographic retention time. Calculations used the geomet-
ric mean of the abundance of three unmodified peptides
(VELLLPK, YSLVIIPK, and LRPLYNHPAGPR) for normal-
ization based on our previously reported native reference
peptide method (33, 34).

Tissue Culture, Constructs, and Transfection—H9c2(2-1)
cells (ATCC, CRL-1446) were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) � GlutaMAX (Gibco, 10567-
014) supplemented with 10% fetal bovine serum (Gibco,
A3160401) and penicillin/streptomycin (Gibco,15140-122).
Point mutations were engineered into the mouse cDNA
of MPC2-Myc (OriGene, MR200690) using site-directed
mutagenesis to generate K19R, K19Q, K26R, and K26Q and
K19R/K26R and K19Q/K26Q double mutations. Plasmid con-
structs were prepared with a Miniprep kit (Thermo Fisher,
K0503) and sequenced to confirm mutations. H9c2 cells were
transfected using Lipofectamine 2000 (Invitrogen, 11668-027)
according to the manufacturer’s recommendations. Briefly, 3
�l of Lipofectamine 2000 was diluted into 150 �l of Opti-MEM
(Gibco, 31985-070), and 0.5 �g of plasmid DNA was added to
150 �l of Opti-MEM. After a 5-min incubation, solutions were
combined and incubated for 20 min before dropwise addition
to cells. Medium was removed, fresh medium was applied 4 h
after transfection, and cells were processed 36 h after transfec-
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tion. Expression levels of MPC2-Myc were verified by Western
blotting analysis.

Seahorse XF Analysis—Pyruvate supported respiration was
measured in control and transfected cells at 37 °C using a Sea-
horse XFe24 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA) (35). H9c2 cells were plated at 25,000 cells/well
into XF24 microplates in DMEM containing 10% FBS. 36 h
after transfection, medium was removed and replaced with
unbuffered DMEM supplemented with 1.0 mM pyruvate and
then cultured for 30 min at 37 °C in an air-equilibrated incuba-
tor. The OCR measurements were performed using cycles
comprising 3-min mixing, 2-min wait, and 2-min measure-
ment. Injections of oligomycin (1.0 �M), FCCP (1.0 �M), and
antimycin A (1.5 �M) were made at the indicated time points.
Experimental treatments were performed on 4 wells of each
plate as biological replicates.

Statistical Analysis—Data are presented as mean 	 S.E. Data
were analyzed using either a paired or unpaired two-tailed
Student’s t test as indicated. p values of �0.05 were considered
significant.
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