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Abstract
It is generally accepted that ATP regulates mitochondrial function through the AMPK signal-

ing pathway. However, the AMPK-independent pathway remains largely unknown. In this

study, we investigated ATP surplus in the negative regulation of mitochondrial function with

a focus on pyruvate dehydrogenase (PDH) phosphorylation and protein acetylation. PDH

phosphorylation was induced by a high fat diet in the liver of obese mice, which was associ-

ated with ATP elevation. In 1c1c7 hepatoma cells, the phosphorylation was induced by pal-

mitate treatment through induction of ATP production. The phosphorylation was associated

with a reduction in mitochondria oxygen consumption after 4 h treatment. The palmitate

effect was blocked by etomoxir, which inhibited ATP production through suppression of

fatty acid β-oxidation. The PDH phosphorylation was induced by incubation of mitochondrial

lysate with ATP in vitro without altering the expression of PDH kinase 2 (PDK2) and 4

(PDK4). In addition, acetylation of multiple mitochondrial proteins was induced by ATP in

the same conditions. Acetyl-CoA exhibited a similar activity to ATP in induction of the phos-

phorylation and acetylation. These data suggest that ATP elevation may inhibit mitochon-

drial function through induction of the phosphorylation and acetylation of mitochondrial

proteins. The results suggest an AMPK-independent mechanism for ATP regulation of mito-

chondrial function.

Introduction
Mitochondria utilize glucose and free fatty acid (FFA) in the production of ATP. As a product
of mitochondria, ATP may inhibit mitochondrial function in the feedback regulation. This
ATP activity may play a role in the mechanism of insulin resistance under over-supply of free
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fatty acids (FFAs). Specifically, ATP may mediate FFA signal to inhibit glucose utilization in
mitochondria to cut down glucose demand in cells in the mechanism of insulin resistance as
suggested by Randle, et al. years ago [1]. In the mechanism, ATP may use two pathways in the
feedback regulation of mitochondria. The first is down-regulation of the AMPK (AMP-acti-
vated kinase) pathway, in which ATP surplus leads to inhibition of AMPK activity for suppres-
sion of mitochondrial function [2, 3]. AMPK is known to promote mitochondria activity
under energy-deficient conditions in cells. The second is inhibition of PDH (pyruvate dehydro-
genase, pyruvate dehydrogenase complex, PDC) activity to limit glucose influx into mitochon-
dria. There are two possibilities in the inhibition of PDH by ATP: allosteric modification of
PDH [1] and induction of PDH phosphorylation [4]. ATP is able to induce PDH phosphoryla-
tion through direct activation of PDK (PDH kinase) enzyme in vitro [4]. However, the role of
ATP in the induction of PDH phosphorylation remains to be established in the context of
obesity.

The PDK-PDH pathway represents an AMPK-independent pathway in the regulation of
mitochondrial function [5]. PDH is a mitochondrial protein complex containing three types of
enzymes [5]: pyruvate dehydrogenase E1 (PDHe1), dihydrolipoamide transacetylase E2
(PDHe2) and dihydrolipoamide dehydrogenase E3 (PDHe3). PDH stimulates acetyl-CoA pro-
duction from pyruvate in the glucose catabolism pathway. This activity is required for insulin-
induced glucose utilization. Inhibition of PDH activity by phosphorylation of the PDHe1 alpha
subunit is a mechanism of insulin resistance in starvation and diabetes [5–8]. The phosphory-
lation is catalyzed by PDKs at three serine residues (S232, S293, and S300). The phosphoryla-
tion is enhanced by acetylation in the subunit [9]. Although PDK expression is a mechanism of
PDH phosphorylation, an expression-independent mechanism remains unknown. ATP may
induce the phosphorylation without induction of PDK expression. The possibility is supported
by evidence that a high level of intracellular ATP is associated with a high risk of insulin resis-
tance in human [10] and mice [11]. To test this possibility, we examined ATP in the induction
of PDH phosphorylation. There is no report about interaction of PDK and AMPK in the regu-
lation of mitochondrial function to our knowledge.

Lysine acetylation is an important mechanism in the regulation of enzyme activities in vari-
ety of metabolic pathways [12–14]. The activity is documented in mitochondria in several
models including SIRT3 knockout mice [15–17]. Acetylation requires both acetyl-CoA (sub-
strate of acetyltransferase) and ATP (energy source). Over production of ATP and acetyl-CoA
may promote the acetylation in mitochondria. The role of acetyl-CoA has been investigated in
the pathogenesis of hepatic insulin resistance in mouse models in a recent study [18]. However,
the study does not provide a mechanism for acetyl-CoA in insulin resistance. Given that ace-
tyl-CoA promotes ATP production in mitochondria, we propose that ATP may mediate ace-
tyl-CoA activity in the induction of acetylation. We propose that ATP may contribute to
insulin resistance through modification of mitochondrial proteins by phosphorylation and
acetylation. Inhibition of ATP production is a promising approach in the treatment of insulin
resistance as suggested by the activities of anti-diabetic medicines [19–21].

We hypothesize that ATP may inhibit mitochondria function through direct induction of
phosphorylation as well as acetylation of mitochondrial proteins. This possibility was investi-
gated in the liver of diet-induced obese (DIO) mice and 1c1c7 hepatoma cells in this study.

Materials and Methods

Animal
Male C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME) at 6 wks
of age. The mice were maintained in the animal facility of the Pennington Biomedical Research
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Center with a 12:12-h light-dark cycle, constant room temperature (22–24°C), free access to
water and diet. Mice were fed a high fat diet (HFD, D12331, 36% w/w or 58% calories in fat,
Research Diets, New Brunswick, NJ) at 8 wks (C57BL/6J) to generate a diet-induced obese
(DIO) model as described elsewhere [22]. The control mice were fed a Chow diet (5001, con-
taining 5% w/w or 11% calories in fat, Labdiet, St. Louis, MO). All procedures were performed
in accordance with the National Institutes of Health guidelines for the care and use of animals
and were approved by the Institutional Animal Care and Use Committee (IACUC) at the Pen-
nington Biomedical Research Center. The mouse livers were collected at 12 wks on HFD for
analysis of mitochondrial proteins.

Hepatic steatosis
Hepatic steatosis was determined by liver size, lipid content of hepatocytes in histology and tri-
glyceride content per gram liver tissue. Hematoxylin and eosin (H&E) staining of liver tissue
and triglyceride assay was performed using protocols as described elsewhere [23].

Cells and reagents
Cell line Hepa-1c1c7 (CRL-2026™) was purchased from the American Type Culture Collection
(Manassas, VA). The cells were maintained in DMEM supplemented with 10% fetal calf
serum. Sodium palmitate (P9767), etomoxir (E1095), calyculin (C5552), acetyl-CoA (A2056)
and ATP (A6559) were purchased from Sigma (St. Louis, MO). Antibodies to phosphorylated
PDH e1 alpha subunit (S293) (ab177461), PDHe1 alpha subunit (ab110330), PDK2 (ab68164),
PDK4 (ab89295), and tubulin (ab7291) and anti-voltage dependent anion channel (VDAC1,
ab14734) were obtained from Abcam (Cambridge, MA). Antibody to acetylated lysine (#9814)
was from Cell Signaling (Danvers, MA).

Palmitate, ATP and acetyl-CoA treatment
1c1c7 cells were passed every two days in mycoplasma free medium. The cells were starved
overnight at 90% confluence in the 10 cm plate in DMEM containing 0.25% BSA and then
treated with BSA-conjugated sodium palmitate at the final concentration of 300 μM. BSA was
used in the control for palmitate. Etomoxir (50 μM) was used to inhibit β-oxidation with 4 h
treatment. Calyculin (20 nM) was used to induce phosphorylation in cells with 1 h treatment.
Mitochondrial lysate was made from freshly-isolated mitochondria and kept in -70°C until
experiment. The lysate was incubated with ATP (1–10 μM/g) or acetyl-CoA (1–500 μM) for 30
min at 37°C to induce protein phosphorylation and acetylation.

Mitochondria isolation
Mitochondria were isolated from live cells or fresh liver tissue using the standard protocol [24].
Mitochondrial isolation buffer is composed of 70 mM sucrose, 210 mMmannitol, 5 mM
HEPES, 1 mM EGTA and 0.5% fatty acid-free BSA (pH 7.2). Mitochondrial assay solution
(MAS) comprises 70 mM sucrose, 220 mMmannitol, 10 mM KH2PO4, 5 mMMgCl2, 2 mM
HEPES, 1 mM EGTA and 0.2% fatty acid-free BSA, pH 7.2 at 37°C. A stock solution (2X) of
MAS was prepared for dilution of substrates, ADP and respiration reagents. Stocks of succinate
and ADP were made in H2O and adjusted to pH 7.2 with potassium hydroxide. Stocks of 10
mM FCCP (carbonyl cyanide 4-trifluoromethoxy phenylhydrazone), 2 mM rotenone, 5 mg/ml
oligomycin and 40 mM antimycin A were made in DMSO.

Cells were homogenized using a glass-Teflon potter, and centrifuged at 600 g for 10 minutes
at 4°C. The supernatant was then centrifuged for 10 minutes at 7,000 g at 4°C, and the pellet
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was collected as mitochondria after washing with ice-cold buffer. Mitochondria were sus-
pended and then used in functional analysis. Mitochondria were sonicated in lysis buffer in
the preparation of mitochondrial lysate. Protein concentration was determined by the BCA
(bicinchoninic acid) method using BSA as a standard.

Phosphorylation and acetylation
Liver tissues were collected from DIO mice at 12 wks on HFD. Mitochondrial lysate was used
at 50 μg protein/sample and resolved on 8% SDS-PAGE gel by electrophoresis. The protein
was blotted onto nitrocellulose membrane. Blots were then blocked in 5% nonfat milk buffer
containing 0.05% Tween-20, rinsed in PBS (pH 7.4) as described elsewhere [25], The mem-
brane was incubated with the following antibodies: phospho-PDHe1 (1:10000), PDHe1
(1:1000), anti-acetylated lysine (1:1000), and VDAC1 (1:1000). VDAC1 was used as a loading
control of mitochondrial protein. The signal was visualized using chemiluminescence. The spe-
cific signal was scanned and analyzed for optical densities in quantification using the image-
processing and analysis system (Bio-Rad, Hercules, CA).

Oxygen consumption rate (OCR)
All OCR assays were performed using XF24 Extracellular Flux Analyzer (Seahorse Bioscience,
North Billerica, MA). The assay is based on fluorimetric detection of O2 and H

+ levels via a
sensor cartridge that is equipped with four reagent injectors. Mitochondrial substrates and
compounds were prepared at 10× final concentrations in 1× MAS buffer. The reagents were
loaded into the injection ports before mitochondria loading to the XF plate. The loaded car-
tridge was calibrated before the assay. To minimize variability among the wells, mitochondria
were first diluted by 10 times in cold MAS buffer with substrate (succinate), and then diluted
again to the final concentration. The mitochondrial suspension (50 μl) was delivered into each
well of XF plate (except for background correction wells) on ice. The plate was centrifuged at
2000 g for 20 minutes at 4°C, and then loaded with 450 μl/well of substrate in 1× MAS. The
mitochondria were observed briefly under a microscope to ensure consistent adherence to the
well bottom, then placed at 37°C for 6–8 minutes to allow the plate to warm up. The plate was
used in the OCR measurement according to the protocol.

ATP assay
ATP was measured using the ATP Determination Kit (Life technologies, Eugene, Oregon)
immediately after mitochondria isolation. For all experiments, ATP standard curves were run
in the range of 1 μM to 1mM and the correlation coefficient was 0.990 or higher. The samples
were added to the reaction mixture and the luminescent signal was measured by the lumin-
ometer (Bio-tek, Winooski, VT). The ATP concentration was normalized with the mitochon-
drial protein.

Acetyl-CoA assay
The acetyl-CoA content was determined immediately after isolation of the mitochondria using
the PicoProbe acetyl-CoA assay kit (ab87546, Abcam). Briefly, acetyl-CoA standard curve was
made in the range of 0–100 pM and the correlation coefficient was 0.990 or higher. Protein was
removed in the sample using the perchloric acid protocol and the supernatant was neutralized
with 3 M KHCO3. The CoASH Quencher and Quencher remover were added into the sample
to correct the background generated by free CoASH and succ-CoA. The sample was then
diluted with the reaction mix, and the fluorescence signal was measured at Ex/Em = 535/589
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nm with Spectra max Gemini XPS (Molecular Devices, Sunnyvale, CA). The relative acetyl-
CoA concentration was normalized with the mitochondrial protein.

PDH enzyme assay
PDH activity was measured according to the protocol by PDH activity assay kit (ab109902,
Abcam). Mitochondria were diluted and added into the microplate. After incubation in the
plate for 3 hours at room temperature, the samples were stabilized and incubated with assay
buffer. The fluorescence was measured at 450 nm for 30 minutes with 30 seconds interval
among each measurement, and the slope of the line indicated the PDH activity.

Statistical analysis
In this study, the data were presented as the mean ± SEM from multiple samples. In cell culture
study and immunoblotting, the experiments were repeated at least three times. The representa-
tive immunoblot blot is presented. In the statistical analysis, two-tailed, unpaired Student’s t
test was used in analysis of in vitro data, and one-way ANOVA was used in analysis of in vivo
data with significance P<0.05.

Results

ATP and PDH phosphorylation levels in liver of DIO mice
Diet-induced obese mouse is a well-established model in the study of insulin resistance. We
use the model routinely in our laboratory in the study of type 2 diabetes. ATP was tested in the
liver of DIO mice at 12 weeks on HFD. In the fresh liver tissue, ATP was increased by 2 folds
(Fig 1A). The increase was associated with enhanced phosphorylation of PDH (Fig 1B). The
phosphorylation was determined in E1 subunit of PDH byWestern blotting. Hepatic steatosis
was observed in DIO mice as indicated by the liver size, histology and triglyceride content (Fig
1C and 1D). The data suggests that intracellular ATP is positively associated with PDH phos-
phorylation status in liver of obese mice.

Induction of PDH phosphorylation by ATP
To test the possible role of ATP in the induction of PDH phosphorylation, ATP was tested in
cells, in which 1c1c7 hepatoma cells were treated with palmitate to induce intracellular ATP.
Palmitate was conjugated with BSA and used as a free fatty acid in the study. An increase in
ATP was observed in the cells at 1 h of palmitate treatment and the peak was observed at 16 h
(Fig 2A). An induction of PDH phosphorylation was observed in the cells, and the change was
in a time-dependent manner with a peak at 16 h followed by a decrease at 24 h (Fig 2B). The
elevated phosphorylation was associated with an increase in the catalytic activity of PDH at
1–4 h and then decrease at 16 h (Fig 2C). The association of ATP elevation and PDH phos-
phorylation suggest that ATP may regulate PDH activity in a dose-dependent manner, activa-
tion in low and suppression in high dosage.

Above data suggest that ATP may contribute to PDH hyper-phosphorylation in cells. To
test the possibility, the loss-of-function strategy was employed by pre-treatment of cells with
the β-oxidation inhibitor, etomoxir (ET), which blocks acetyl-CoA production from palmitate.
β-oxidation is required for ATP production from FFA. ATP was reduced by the ET pre-treat-
ment (Fig 2D). The treatment abolished palmitate induction of PDH phosphorylation (Fig 2E).
The data suggest that ATP elevation is required for the induction of PDH phosphorylation in
cells.
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Direct induction of PDH hyper-phosphorylation by ATP
To test ATP in the induction of PDH phosphorylation, we treated mitochondrial lysate with
ATP in vitro. Fresh mitochondria were isolated from cells and used in the preparation of mito-
chondria lysate. The internal ATP was depleted in the lysate by keeping the lysate at -70°C
overnight. The lysate was then incubated with ATP at multiple concentrations at 37°C for 30
minutes to induce the phosphorylation. ATP was used at physiology relevant concentrations
between 2–10 μM/g. PDH phosphorylation was induced by ATP at 2 μM/g and the ATP effect
was reduced at the higher concentration (Fig 3A). The mechanism of less activity of ATP at
higher concentrations is unknown. Activation of dephosphorylation reaction may play a role.
Hepatocytes have two isoforms of PDKs, PDK2 and PDK4 [26]. The protein levels of PDK2
and PDK4 were examined and they were not altered by ATP (Fig 3B). The data suggests that
ATP may induce PDH phosphorylation without altering PDK expression. The phosphoryla-
tion is unlikely a consequence of non-specific reaction. PDK is the only kinase to phosphory-
late PDH.

Fig 1. ATP and PDH phosphorylation in liver of DIOmice. A. ATP in liver tissue. ATP was determined in
fresh liver tissue of mice on Chow and HFD. Liver was collected frommice after overnight fasting at 12 wks
on HFD. B. PDH phosphorylation in liver. PDH phosphorylation was examined in the liver tissue lysate in
Western blotting. C. Liver size and histology. D. Triglyceride (TG) content in liver. In the bar figure, the result
represents mean ± SE (n = 5). * p<0.05 compared with the control.

doi:10.1371/journal.pone.0150454.g001
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Induction of protein acetylation by ATP
Acetylation of mitochondrial proteins was examined in the mitochondrial lysate using the
anti-acetyl-lysine antibody in Western blot. The acetylation was induced in 1c1c7 cells by pal-
mitate treatment between 1–24 h. The induction was observed at multiple proteins as indicated
by the band patterns (Fig 4A). The changed bands were highlighted by arrows on the right side
of the blot. The molecular marker was on the left side. The signal in each band was quantified
and accumulative signal strength in each lane was expressed in the bar figure under the blot.
The acetylation was blocked by the β-oxidation inhibitor ET (Fig 4B), suggesting that the acety-
lation is dependent on ATP production. To test the possibility, ATP was used to treat the mito-
chondrial lysate through incubation in vitro (Fig 4C). An induction was observed in the
protein acetylation following ATP treatment. The strongest acetylation was observed at the
concentration of 1 μM/g ATP. The data suggest that ATP induces acetylation in mitochondria
proteins.

Acetyl-CoA exhibits a similar activity to ATP
Above data suggest that the FFA effects are dependent on β-oxidation which breaks FFA down
to generate acetyl-CoA. If this is true, acetyl-CoA should exhibit a similar activity to ATP in
the induction of phosphorylation and acetylation. To test the possibility, acetyl-CoA was deter-
mined in the whole cell lysate after cell treatment by palmitate. An increase was observed at 1 h

Fig 2. Induction of PDH phosphorylation by ATP in cells. A. Palmitate induction of ATP. ATP was tested in the fresh cell lysate after palmitate (300 μM)
treatment at 1, 4 and 16 h. B. PDH phosphorylation. The test was performed at multiple time points with palmitate (300 μM) treatment as indicated. C. PDH
enzyme activity. The activity was determined in the cell lysate. D. ATP inhibition by etomoxir (ET). ET (50 μM) was used to block β-oxidation in cells treated
with palmitate (300 μM, 4 h). ATP was determined in cell lysate. E. Prevention of PDH phosphorylation by ET. In the bar figure, the result represents
mean ± SE (n = 3). * p<0.05 compared with the control (0 point).

doi:10.1371/journal.pone.0150454.g002
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and the strong increase was observed at 16 h with the palmitate treatment (Fig 5A). Acetyl-
CoA was used to treat mitochondria in a test tube to induce the protein modification. PDH
phosphorylation was observed, and the strongest activity was observed at 5 μM of acetyl-CoA
(Fig 5B). Acetylation of mitochondrial proteins was also increased by the treatment (Fig 5C).
These data suggest that acetyl-CoA may mediate the palmitate activity in the induction of
phosphorylation and acetylation.

Protection of mitochondria function with the β-oxidation inhibitor
The phosphorylation and acetylation may contribute to mitochondrial inhibition by palmitate
in our system. To test this possibility, oxygen consumption rate (OCR) was examined using the
Seahorse system to determine the mitochondrial function. Mitochondria were isolated from
cells immediately after palmitate treatment and tested for OCR in the presence of substrate of
succinate. OCR was induced at 1 h, but suppressed at 4 h and 16 h by palmitate (Fig 6A). The
palmitate activity was blocked by inhibition of β-oxidation with ET (Fig 6B). The data suggests
that the inhibition may be a result of palmitate induction of the hyper-phosphorylation and
hyper-acetylation.

Discussion
Our data suggest that ATP induces PDH phosphorylation independently of PDK expression.
This mechanism may be used by FFA to inhibit glucose utilization in mitochondria given that
FFA has a high density in energy. The inhibition is mediated by PDH hyper-phosphorylation
as suggested by our data. PDH is subject to reversible phosphorylation in physiological condi-
tions upon changes in fuel supply. The phosphorylation is catalyzed by PDK. Hyper-phosphor-
ylation of PDH is a mechanism of enzyme inhibition in the liver and muscle in starvation and

Fig 3. Induction of PDH phosphorylation by ATP. A. PDH phosphorylation. Mitochondria lysate was
incubated with ATP at multiple dosages for 30 minutes at 37°C. PDH phosphorylation was quantified in
Western blotting and the results are expressed in bar figure B. Protein levels of PDKs. The proteins of PDK2
and PDK4 were determined in Western blot and the signals were quantified. The experiments were
performed three times with consistent results, and the representative blot is shown. In the bar figure, the
result represents mean ± SE (n = 3). * p<0.05 compared with the control.

doi:10.1371/journal.pone.0150454.g003
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diabetes [5–8], which may contribute to the reduction in glucose utilization by those organs.
Treatment of cells with palmitate mimics the starvation condition in the high level of FFA [8,
27]. Palmitate is the most abundant FFA in the blood. An increase in PDK expression is a com-
mon mechanism for elevation in PDH phosphorylation in those conditions [28, 29]. However,
the expression independent mechanism was not known. Our data suggest that the phosphory-
lation may happen independently of PDK expression. The mechanism is elevation of intracel-
lular ATP. This possibility is supported by the increased ATP in the liver of DIO mice and in
cells treated with palmitate. In vitro, PDH phosphorylation was induced by ATP in the incuba-
tion with the mitochondrial lysate, which was observed in the absence of PDK2 and PDK4 pro-
tein elevation. As a substrate, ATP likely activates PDK to induce the phosphorylation. The
ATP effect was observed at 2 μM/g protein, which is in the physiological range of ATP concen-
trations (1–3 μM/g) in mouse liver [30]. The ATP activity in cells is supported by the etomoxir
effect on inhibition of palmitate-induced PDH phosphorylation. This group of data suggests
that ATP may directly induce PDH phosphorylation in vivo to limit glucose utilization by
mitochondria.

In addition to phosphorylation, ATP promoted protein acetylation in mitochondria in our
system. Hyperacetylation represents a mechanism of inhibition of glucose utilization by mito-
chondria in SIRT3 knockout mice [15–17]. In current study, we observed that the acetylation

Fig 4. Induction of protein acetylation by ATP. A. Acetylation of mitochondrial protein. Cells were treated with palmitate (300 μM) in cell culture and
acetylation was tested in isolated mitochondria at multiple time points. B. Acetylation inhibition by the β-oxidation inhibitor ET. The acetylation was
determined in mitochondrial lysate following pre-treatment of cells with ET (50 μM) and palmitate (300 μM for 4 hr). C. Induction of acetylation by ATP.
Mitochondrial lysate was incubated with ATP at multiple dosages for 30 minutes at 37°C. Acetylation was determined in the mitochondrial proteins by
Western blotting. In this figure, the acetylation signal of highlighted bands was quantified individually, combined together and expressed in fold change in the
bar figure. In the bar figure, the result represents mean ± SE (n = 3). * p<0.05 compared with the control (0 point).

doi:10.1371/journal.pone.0150454.g004
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Fig 5. Induction of phosphorylation and acetylation by acetyl-CoA. A. Induction of acetyl-CoA in mitochondria by palmitate. Mitochondria were isolated
from cells after palmitate treatment (300 μM) at 1, 4 and 16 h, and then used in the concentration assay of acetyl-CoA. B. Induction of PDH phosphorylation in
mitochondria lysate by acetyl-CoA at different concentrations indicated. The phosphorylation was determined byWestern blotting and the quantified signal
was expressed in bar figure C. Induction of acetylation by acetyl-CoA. Mitochondria lysate was treated with acetyl-CoA at multiple dosages for 30 mins at
37°C. Acetylation was determined in mitochondrial protein by Western blotting. The experiments were performed three times with consistent results, and the
representative blots are shown. The acetylation signal of highlighted bands was quantified individually, combined together and expressed in fold change in
the bar figure. The result represents mean ± SE (n = 3). * p<0.05 compared with the control.

doi:10.1371/journal.pone.0150454.g005

Fig 6. Protection of mitochondria function by β-oxidation inhibitor. A. Inhibition of oxygen consumption rate (OCR) by palmitate. OCR was examined in
mitochondria after palmitate treatment of cells at times indicated. B. Protection of mitochondrial function by Etomoxir (ET, 50 μM). ET was used to block β-
oxidation in cells in the presence of palmitate (300 μM, 4 h). Freshly isolated mitochondria were used in the assays. In the bar figure, the result represents
mean ± SE (n = 3). * p<0.05 compared with the control.

doi:10.1371/journal.pone.0150454.g006
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was induced by ATP in liver, cells and mitochondria lysate. Interestingly, the acetylation pat-
terns were highly consistent in the three conditions. Inhibition of ATP production by etomoxir
prevented the acetylation. Inhibition of β-oxidation is a mechanism of etomoxir activity in the
improvement of glucose metabolism in vivo [31, 32]. It was unknown if the acetylation involves
in the etomoxir activity. Our data suggest that the inhibition of mitochondrial protein acetyla-
tion may represent a new mechanism of etomoxir activity in the regulation of glucose metabo-
lism. In addition to ATP, acetyl-CoA also induced the acetylation. Our data suggest that as
substrates, ATP and acetyl-CoA may activate acetyl-transferase in the acetylation reaction
although the nature of transferase remains unknown. This study suggests that ATP may inhibit
glucose utilization by mitochondria through induction of the acetylation.

In summary, we investigated molecular mechanism by which ATP inhibits mitochondrial
activity with a focus on posttranslational modification of proteins by phosphorylation and
acetylation. The role of ATP is supported by several lines of evidence including those from
DIO mice, palmitate-treated cells, β-oxidation inhibition by etomoxir, and ATP treatment of
mitochondrial lysate. The data consistently suggest that ATP is able to induce the phosphoryla-
tion and acetylation. Although the nature of acetylated proteins and acetyltransferase remains
unknown in this study, this does not influence our conclusion about ATP in the inhibition of
mitochondrial function. It is well known that AMPK is down-regulated by ATP surplus in the
feedback regulation of mitochondria function. Current study does not exclude the role of the
AMPK pathway. However, we propose that as an AMPK-independent pathway, the PDH
response may contribute to the feedback regulation as well. In addition, the acetylation of mito-
chondrial proteins may represent another AMPK-independent feedback mechanism. The
study provides a mechanism for insulin resistance in the condition of ATP surplus in human
and mouse [10, 11]. Our data suggest a new mechanism for the insulin-sensitizing activities of
anti-diabetic medicines such as metformin and berberine, which inhibit ATP production in
mitochondria [20].
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