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Abstract
The pyruvate dehydrogenase complex (PDC) oxidizes pyruvate to acetyl CoA and is critically
important in maintaining normal cellular energy homeostasis. Loss-of-function mutations in PDC
give rise to congenital lactic acidosis and to progressive cellular energy failure. However, the
subsequent biochemical consequences of PDC deficiency that may contribute to the clinical
manifestations of the disorder are poorly understood. We postulated that altered flux through PDC
would disrupt mitochondrial electron transport, resulting in oxidative stress. Compared to cells
from 4 healthy subjects, primary cultures of skin fibroblasts from 9 patients with variable
mutations in the gene encoding the alpha subunit (E1α) of pyruvate dehydrogenase (PDA1) )
demonstrated reduced growth and viability. Superoxide (O2

·− from the Qo site of complex III of
the electron transport chain accumulated in these cells and was associated with decreased activity
of manganese superoxide dismutase. The expression of uncoupling protein 2 was also decreased in
patient cells, but there were no significant changes in the expression of cellular markers of protein
or DNA oxidative damage. The expression of hypoxia transcription factor 1 alpha (HIF1α) also
increased in PDC deficient fibroblasts. We conclude that PDC deficiency is associated with an
increase in O2

·− accumulation coupled to a decrease in mechanisms responsible for its removal.
Increased HIF1α expression may contribute to the increase in glycolytic flux and lactate
production in PDC deficiency and, by trans-activating pyruvate dehydrogenase kinase, may
further suppress residual PDC activity through phosphorylation of the E1α subunit.
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Introduction
The nuclear-encoded pyruvate dehydrogenase multienzyme complex (PDC) catalyzes the
rate-limiting step in the mitochondrial oxidation of pyruvate and lactate to acetyl CoA and is
thus integral to cellular energetics (Reed 1974). Patients with a deficiency in PDC present
with clinically heterogeneous disorders that mostly arise from mutations in the X-linked
PDA1 gene, which encodes the E1α enzymatic subunit of PDC (Lissens et al. 2000; Patel et
al. 2011). The biochemical consequences of PDC deficiency that occur at the cellular level
remain poorly understood. Studies using NMR spectroscopy to examine the fate of U-13C-
glucose in primary cultures of skin fibroblasts from PDC deficient patients suggest that,
regardless of the underlying mutation, glycolysis and lactate production are increased,
glucose carbon is diverted from PDC to pyruvate carboxylase and flux through the
tricarboxylic acid (TCA) cycle is reduced (Simpson et al. 2006).

We hypothesized that altered flux through both the PDC-catalyzed step and the TCA cycle
in PDC deficiency might alter normal mitochondrial electron transport and predispose cells
to oxidative stress. We tested this postulate in skin fibroblasts cultured from healthy and
PDC deficient individuals and found evidence that PDC deficiency is associated with
increased production of reactive oxygen species (ROS) and other cellular alterations that
may contribute to the pathophysiology of the disease.

Materials and Methods
Cell culture conditions

Primary adherent skin fibroblasts cell lines were established after biopsy of four healthy
male subjects and nine PDC-deficient patients. All of the patients that participated in this
study had a mutation in PDA1 (Table 1). Cell lines were grown in Dulbecco’s Modified
Eagle’s medium (DMEM; Lonza Rockland Inc., Conshohocken, PA) containing 4.5g/L
glucose and supplemented with 10% fetal bovine serum (FBS; Mediatech, Manassas, VA),
2mM L-glutamine, 100 U/ml penicillin, and 100μg/ml streptomycin. They were maintained
at 37°C under humidified conditions (5% CO2/95% air). Rotenone (1μM, Sigma Aldrich, St.
Louis, MO) or myxothiazol (20 μM, Sigma Aldrich, St. Louis, MO) was added, when
indicated, to the complete medium. Myco Probe (mycoplasma detection kit, R&D Systems,
Minneapolis, MN) was used to test for the presence of mycoplasma in all cultured cell lines
prior to experimentation. The numbers of passages for patient and control cell lines in any
given experiment were similar.

Cell growth and viability
Fibroblasts were cultured as described above and were seeded in a 12-well plate format at a
density of approximately 3 × 104 cells/ml. Cells were trypsinized and counted in triplicate
using a hemacytometer and phase contrast microscopy. Cell growth was determined by cell
count, not protein content. Viability was determined by Trypan Blue exclusion.

Superoxide (O2·−)
We used MitoSOX Red (Invitrogen, Carlsbad, CA) to examine changes in mitochondrial
free radical production. Cells were trypsinized, washed twice with PBS, incubated with 5
μM of the reagent for 20 minutes at 37°C followed by two wash procedures and then
analyzed by Accuri C6 Flow Cytometer. We set the flow cytometer to collect data from
30,000 cells per sample. Flow cytometry data were collected from 30,000 cells per sample.
Data are presented as a percentage of the fluorescent intensity of control cells (100%).
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Reactive oxygen species
Cytosolic accumulation of reactive (oxygen and/or nitrogen) species was determined using
CM-H2DCFDA [5-(and-6-)-chloromethyl-2′7′-dichloro-dihydro-fluorescein diacetate], a
derivative of dichlorofluorescin-diacetate ester (DCF-DA) (Molecular Probes, Eugene, OR).
Adherent cells were trypsinized, washed with phosphate buffered saline (PBS), and
incubated with CM-H2DCFDA (5 μM) for 20 minutes at 37°C. After incubation cells were
washed twice in PBS and then analyzed using an Accuri C6 Flow Cytometer (Accuri
Cytometers Inc., Ann Arbor, MI). Data are presented as a percentage of the fluorescent
intensities of control cells (100%).

Mitochondrial membrane permeability
We used JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl- benzamidazolocarbocyanin iodide;
Invitrogen) to determine changes in mitochondrial membrane potential. Adherent fibroblasts
were cultivated in complete medium supplemented with 0.3 μg/ml JC-1 for 50 minutes at
37°C. Cells were trypsinized, washed twice with PBS and then analyzed using an Accuri C6
Flow Cytometer. Flow cytometry data were collected from 30,000 cells per sample. Data are
presented as a ratio of red to green fluorescence intensities.

Manganese superoxide dismutase (MnSOD)
MnSOD activity was measured in cell lysates using a superoxide dismutase detection kit
(Cell Technology, Inc., Mountain View, CA). Whole cell lysates were diluted to 1 mg/mL in
PBS and 20 μl of lysate was used for each replicate. To inhibit the CuZn-SOD activity,
2mM potassium cyanide (KCN) was added to lysates prior to beginning the assay. Controls,
standards, and samples were plated in triplicate according to manufacturer’s instructions.
Following a 20-minute incubation at 37°C, the absorbance at 450nm was read using a
VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA).

Western blotting
Cells were collected in 1× cell lysis buffer (Cell Signaling, Danvers, MA) containing 20mM
Tris-HCl (pH 7.5), 150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5mM
sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4, and 1μg/ml leupeptin and
supplemented with 1mM PMSF just before use. Protein concentrations were determined
using the DC-Protein assay (Bio-Rad, Hercules, CA). Lysates were separated using PAGEr
Gold Precast polyacrylamide gels (Lonza, Basel, Switzerland) and transferred to
polyvinylidene fluoride (PVDF) membranes (Amersham Hybond-P, GE Healthcare).
Membranes were blocked for 1 hr at room temperature in 0.1% TBS/Tween containing 5%
blotting grade blocker (Bio-Rad, Hercules, CA) and incubated overnight at 4°C with
primary antibodies. The following primary antibodies were used: anti-SOD2 (ab16956;
Abcam); anti-UCP2 (AB3226; Chemicon); and anti HIF-1α (610958; BD Transduction
Laboratories). After washing and incubating with appropriate secondary antibodies, proteins
were detected using chemiluminescence (Pierce SuperSignal, Rockford, IL).

Nitrotyrosine
Detection of nitrotryosine-containing proteins was performed by ELISA (Cell BioLabs, Inc.,
San Diego, CA). The quantity of 3-nitrotyrosine present in cell lysates was determined by
comparing their absorbance with that of a nitrated BSA standard curve. Lysates were added
in triplicate to a pre-coated EIA plate and incubated at room temperature for 10 minutes. An
anti-nitrotyrosine antibody was then added, followed by washing and incubating with a
horseradish-peroxidase conjugated secondary antibody. Absorbance at 450nm was read
using a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA) after the
addition of substrate and stop solutions.
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Protein carbonyls
Protein carbonyls were measured by Western blotting using an OxyBlot Protein Oxidation
Detection kit (Chemicon, Temecula, CA).

Oxidative DNA damage
The amount of 8-hydroxy deoxyguanosine (8-OHdG) present in DNA samples from controls
and PDC-deficient cells was measured by ELISA (Cell BioLabs, Inc., San Diego, CA).
DNA was isolated from cells using the QIAamp DNA mini kit (Qiagen, Valencia, CA) and
following the spin protocol for cultured cells.

Statistical analysis
Data are presented as means ± standard error. Statistical significance was determined using
GraphPad Prism software (La Jolla, CA) and an unpaired, two-tailed Student’s t-test with a
p-value of < 0.05 was considered significant.

Results
Cell growth and viability

The 9 PDC-deficient skin fibroblast cell lines established from 5 female and 4 male patients
(Table 1) as well as the 4 control cell lines from healthy male subjects were analyzed for
their growth (Fig. 1A) and viability (Fig. 1B) over a 7 day period of culture. Both growth
and viability were significantly decreased in the patient cell lines compared to controls.

ROS accumulation
Intramitochondrial O2

·− accumulation, as determined using MitoSOX Red, was significantly
increased in all PDC deficient cell lines, compared to control cells (Fig. 2A and B). In
contrast, intracellular accumulation of reactive (oxygen and/or nitrogen) species measured
by DCF was not increased in patient cells (Fig. 2C and D). A noteworthy difference was
observed in DCF fluorescence in the cells from the identical female twins (patients 1 and 2
of Table 1). This discrepancy may relate to the fact that, despite their common genetic
background and identical residual enzyme activity, these patients have always exhibited
strikingly different clinical (Berendzen et al. 2006) and biochemical (Simpson et al. 2006)
phenotypes, a phenomenon presumably due to variable X-inactivation and differential
expression of the mutant PDHA1 allele in the girls and/or to their apparent difference in
cytosolic ROS production (patients 1 and 2 in Fig. 2C). Treatment of cells with rotenone
increased the production of O2

·− in control cells and increased intracellular ROS in both
healthy and PDC deficient cells (Fig. 3A and B). In contrast, addition of myxothiazol
increased mitochondrial O2

·− accumulation in control cells, but had the opposite effect in
PDC deficient cells (Fig. 3C). Cytosolic ROS was significantly higher in PDC deficient but
not control fibroblasts treated by myxothiazol (Fig. 3D). The magnitude of mitochondrial
membrane polarization was similar in healthy and patient cells and was unaffected by
exposure to rotenone (Fig. 3E).

Oxidative stress
We sought evidence that the increased accumulation of O2

·− by mitochondria of PDH
deficient cells was associated with biological markers of oxidative stress. MnSOD plays a
major role in scavenging mitochondrial ROS by facilitating the dismutation of O2

·− to the
less reactive hydrogen peroxide. MnSOD activity was decreased in patient cells, although
protein expression of the enzyme was similar in both healthy and PDC deficient cells (Fig.
4A and B). In addition, the expression of uncoupling protein-2 (UCP-2), a protein known to
modulate mitochondrial ROS levels, was also decreased in PDC deficient cells (Fig. 4C).
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However, PDC deficiency was not associated with evidence of oxidative damage to cellular
proteins, as measured by the amount of protein carboxylation (Fig. 4D) or tyrosine
nitrosylation (Fig. 4E) or to nuclear DNA, as reflected by the level of 8-hydroxy
deoxyguanosine (8-OHdG) (Fig. 4F).

Hypoxia inducible factor 1α (HIF1α)
Several metabolic properties of PDC deficient fibroblasts, such as increased glycolysis,
lactate accumulation and diminished oxidative phosphorylation are reminiscent of hypoxic
and neoplastic cells (Archer et al. 2008). We postulated that these biochemical perturbations
in PDC deficiency might be mediated, at least in part, by enhanced expression of HIF1α, a
major regulator of intermediary metabolism (Semenza 2010), as a potential survival
mechanism to ensure adequate ATP production from glycolysis. We found that the
expression of HIF1α was increased approximately 1.5-fold in PDC deficient cells (Fig. 5).

Discussion
Under physiological conditions, the primary mitochondrial sources of reactive oxygen
species (ROS) are considered to be complexes I (NADH: ubiquinone oxidoreductase) and
III (cytochrome bc1 complex) (Murphy 2009). Although physiological levels of ROS can
play important roles in cell signaling (Hamanaka and Chandel 2010), their abnormal
production and/or removal can be deleterious to the host (Hiona et al. 2010).

Our data indicate that an increased concentration of O2
·− is present in cells cultured from

patients with PDC deficiency caused by different mutations in the E1α subunit of the
complex (Fig. 2). The origin of the increased O2

·− was the mitochondria (Fig. 2A), with no
contribution originating from cytoplasmic sources in most cases (Fig. 2C). PDC deficient
cells had elevated mitochondrial free radical accumulation in the matrix, as indicated by the
increased fluorescence signal by MitoSOX Red. Therefore, we tested the matrix side ROS
producing centers of the electron transport chain, namely, complex I and the Qo site of
complex III (Fig. 3). To determine the site of the elevated ROS production we used rotenone
and myxathiozol, which inhibit complexes I and III, respectively (Murphy 2009). Both
compounds were used in the context of MitoSOX Red. Incubation of PDC deficient
fibrobalsts with rotenone did not change ROS production by mitochondria. However, when
the PDC deficient cells were exposed to myxothiazol, there was a significant reduction in
MitoSOX Red fluorescence. These results implicate the Qo site of complex III as being
responsible for the elevated mitochondrial O2

·− produced by PDC deficient cells.

An increase in O2
·− accumulation in PDC deficiency may appear counterintuitive,

particularly given that diminished flux through the PDC and TCA cycle (Simpson et al.
2006) should decrease electron flow through the respiratory chain. However, the abnormal
accumulation of a metabolite reflects the balance between its formation and elimination. Our
data reveal that PDC deficiency is associated with a significant decrease in the activity of
MnSOD, the principal enzyme responsible for mitochondrial O2

·− removal. The decrease in
MnSOD activity, but not in expression (Fig. 5A and 5B), in patient cells was unexpected
because antioxidant enzymes are generally believed to be upregulated in response to an
increase in oxidative stress (Ji 2007). However, MnSOD can also be inactivated by ROS
(Miguel et al. 2009). We also found that UCP2 expression was decreased in PDC deficient
cells (Fig. 5C) and there is strong evidence that UCP2 protects against oxidant damage by
scavenging O2

·− (Brand and Esteves 2005). Thus, we conclude that the principal mechanism
accounting for accumulation of O2

·− in PDC deficient fibroblasts is its decreased removal,
through reduced dismutation to hydrogen peroxide and through deficiencies in one or more
other antioxidant defense systems. Consistent with such a complex etiology for O2

·−

accumulation, we found no significant correlation between O2
·− levels and either MnSOD
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activity or UCP2 expression, nor with residual PDC activity. Although ATP derived from
oxidative metabolism is reduced in PDC deficient fibroblasts, total cellular energy charge is
maintained by a compensatory increase in glycolysis (Simpson et al. 2006). Nevertheless,
we postulate that, once a threshold level of PDC deficiency is reached, diminished
mitochondrial energy production may impair mitochondrial antioxidant defenses, such as
MnSOD and UCP2, resulting in O2

·− accumulation.

The combined presence of increased O2
·−, the suppression of putative antioxidant defense

mechanisms and the reduced capacity to generate ATP in the mitochondria of PDC deficient
cells may also be causally related to the decrease in growth rate and viability observed in
PDC deficient fibroblasts, compared to healthy cells. Autophagic cell death is known to be
regulated by ROS. Superoxide has been implicated as the major reactive species accounting
for this process, which can be blocked by overexpression of MnSOD (Chen et al. 2009).
Oxidative stress occurs when mitochondrial ROS production exceeds the capacity of the
cell’s antioxidant defense systems; in our study, the magnitude of accumulation of O2

·−

apparently was insufficient to provoke oxidative damage to specific cellular components, as
reflected by the expression of protein carbonyls, nitrotyrosine or 8-OHdG, respectively (Fig.
5D–5F).

ROS production is sharply regulated by the amplitude of transmembrane potential (Starkov
and Fiskum 2003). We speculate that mitochondrial metabolite shuttles (such as the malate/
aspartate shuttle) could spread redox imbalance into the cytoplasmic NAD(P) pool. This
process might be energy-consuming and require a high membrane potential (as we observed
in patient cells) provided by ATP hydrolysis. Further studies are required to test this
hypothesis.

It is particularly interesting that PDC deficient fibroblasts exhibit a significant increase in
the expression of the transcription factor HIF1α (Fig. 6), which is a new and potentially
important aspect of the pathobiology of this disease. ROS levels are increased in hypoxia
and have been demonstrated to play a role in stabilizing HIF1α (Semenza 2010). HIF1α is a
regulator of cellular intermediary metabolism that transactivates genes encoding glucose
transporters, glycolytic enzymes and pyruvate dehydrogenase kinase (PDK) (Archer et al.
2008). HIF1α-induced activation of PDK thus provides an additional potential mechanism
accounting for suppression of PDC activity in patients with congenital deficiency of the
complex. Furthermore, up-regulation of PDK would be expected to shift cells from
oxidative to glycolytic metabolism and lactate accumulation. The mechanism by which
HIF1α expression is increased in PDC deficient cells is unknown. HIF1α undergoes
stabilization upon its translocation to the cell nucleus and is degraded by hydroxylation that
is catalyzed by cytoplasmic prolyl hydroxylases (Semenza 2010). However, glycolytic
metabolites, such as pyruvate, are also reported to stabilize HIF1α by inhibiting prolyl
hydroxylase enzyme activity (Lu et al. 2005) and their accumulation could contribute to
HIF1α overexpression in congenital PDC deficiency, leading to a positive feedback loop.
The potential relevance of this biochemical schema to the clinical complications of PDC
deficiency is supported by the recent observation that patients with Chuvash polycythemia,
an autosomal recessive disorder in which HIF1α degradation is impaired, demonstrate
exercise-induced lactic acidosis, increased muscle levels of transcripts for glycolytic
enzymes and PDK and diminished exercise tolerance (Formenti et al. 2010), the latter being
a common clinical finding in PDC deficient subjects.

A caveat in interpreting the clinical significance of our results is that skin fibroblasts are not
normally highly oxidative cells and may not be representative of tissues, such as muscle and
brain, that are most vulnerable to the inhibition of oxidative phosphorylation caused by PDC
deficiency. However, fibroblasts are a common cell type used in diagnosing PDC deficiency
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and exhibit changes in fuel metabolism consistent with genetically-induced inhibition of the
complex (Simpson et al. 2006). Moreover, all the patient cell lines we studied demonstrated
qualitatively similar biochemical perturbations, regardless of gender or the particular
mutation. Thus, it seems reasonable to conclude that the biochemical differences we
observed between primary cultures of normal and patient fibroblasts may reflect
fundamental characteristics of PDC deficient cells in general.

In summary, primary cultures of skin fibroblasts from patients with PDC deficiency due to
loss-of-function mutations in the PDA1 gene exhibit diminished cell growth and viability
and accumulation of mitochondrial O2

·−, compared to healthy fibroblasts. These
pathological changes are not associated with evidence of damage to specific cellular
components, but are associated with overexpression of HIF1α. This latter finding has
implications regarding the fundamental regulation of intermediary metabolism in PDC
deficiency and, if confirmed by further studies, could represent a new therapeutic target for
this devastating disease.
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Fig. 1.
Cell growth (A) and viability (B) are decreased in PDC deficient fibroblasts. Numbers and
the percent of viable cells (mean±SEM) from 4 independent experiments are shown.
*P<0.005, **P<0.0005.
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Fig. 2.
Intramitochondrial O2

·−, but not intracellular ROS, is increased in PDC deficiency. Results
are means±SEM expressed as a percent of control cells and represent results of 4–9
independent experiments. 2A and 2B: mitochondrial O2

·− accumulation. 2C and 2D:
intracellular ROS accumulation. *P<0.05, **P<0.005, ***P<0.0005.
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Fig. 3.
Inhibition of electron transport chain complexes modifies O2

·− and ROS accumulation, but
not mitochondrial membrane potential, in PDC deficiency. Results are means±SEM
expressed as a percent of control cells and represent results of 3 independent experiments on
each of 3 control and 5 patient cell lines. 3A and 3B: complex I inhibition by rotenone (1
μM for 24 hrs). 3C and 3D: complex III inhibition by myxothiazol (20 μM for 24 hrs).
*P<0.05, **P<0.005.
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Fig. 4.
Detoxifying and oxidative stress markers in PDC deficiency. Results are means±SEM
expressed as a percent of control cells and represent results of 3 independent experiments on
each of 3 control and 9 patient cell lines. Details regarding measurement of MnSOD specific
activity and the expression of various proteins by Western immunoblotting are described in
the Methods. *P<0.05
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Fig. 5.
HIF1α expression is increased in PDC deficiency. Results are means±SEM expressed as a
percent of control cells and represent results of 3 independent experiments on each of 3
control and 9 patient cell lines. See Methods for details. *P<0.05
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