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Detection of Pyruvate Metabolism Disorders by
Culture of Skin Fibroblasts with Dichloroacetate
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ABSTRACT. For use in screening for disorders of pyruvate
metabolism, a sensitive assay method was developed for
measuring the rate of decarboxylation of [1-"*CJpyruvate
during in vitro culture of skin fibroblasts with dichloroac-
etate (DCA). The rate of decarboxylation of [1-"*C]pyru-
vate by skin fibroblasts from control subjects increased
from 59.6 * 13.2 to 97.3 * 12.0 nmol/h/mg protein during
in vitro culture in medium supplemented with 10 mM DCA
for 3 days. In contrast, the rate hardly increased in cells
from four of 20 patients with congenital lactic acidosis of
unknown cause during in vitro culture with DCA. On day
3 of culture, the values for the four patients did not overlap
those of control cells and so these four patients could be
clearly distinguished from control subjects. Measurements
of the original activity and the activity of the pyruvaie
dehydrogenase (PDH) complex after activation with a
broad specificity protein phosphatase and DCA suggested
that in three of the patients the aberration was a disorder
in the mechanism for activation of PDH, including defi-
ciency of PDH phosphatase or a mutation of PDH itself,
whereas that in the fourth patient it might be a disorder of
the mitochondrial transport system for pyruvate. Thus,
measurement of the rate of decarboxylation of [1-"*C]
pyruvate by skin fibroblasts cultured in medium supple-
mented with 10 mM DCA for 3 days is a useful method
for screening for disorders of pyruvate metabolism in cul-
tured skin fibroblasts. (Pediatr Res 23: 561-564, 1988)

Abbreviations

DCA, dichloroacetate
PDH, pyruvate dehydrogenase
PBS, phosphate-buffered saline

Chronic congenital lactic acidosis of childhood is characterized
by persistently high Jevels of blood pyruvate and lactate. Most
patients with this disease die in infancy or show growth and
psychomotor retardation because no adequate treatment is avail-
able. Recently, the number of reported cases of congenital lactic
acidosis has been increasing. Hereditary deficiencies leading to
lactic acidosis have been demonstrated in the enzymes of the
PDH (EC 1.2.4.1) complex, in the key enzymes of the pathway
of gluconeogenesis and in the enzymes of the electron transport
system (1). However, in many patients with congenital lactic
acidosis, the primary biochemical defect is unknown (2, 3).
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Therefore, we have been trying to develop a sensitive method for
screening for disorders of pyruvate metabolism in cultured skin
fibroblasts from patients with congenital lactic acidosis. Herein
we found that measurement of the rate of decarboxylation of
[1-"*C]pyruvate during in vitro culture of the fibroblasts with
DCA, which is an activator of PDH, is a useful screening method
for disorders of pyruvate metabolism. We also found that for
determination of the cause of PDH deficiency, both the original
activity of the PDH complex and also its total activity induced
by in vitro activations with a broad specificity protein phophatase
and DCA must be determined.

MATERIALS AND METHODS

Chemicals. [1-"*C]pyruvate and [1—'*CJacetate were obtained
from Amersham Corp., Ltd. (Oakville, Canada). Sodium DCA
was obtained from Tokyo Kogyo (Tokyo, Japan) and the other
compounds were from Sigma Chemical Co. (St. Louis, MO).

Cultured fibroblasts. Fibroblasts were grown in minimal essen-
tial medium (Nissui, Tokyo, Japan) with 10% fetal calf serum.
Fibroblasts were obtained from skin biopsies of a patient with
PDH deficiency, demonstrated in a biopsy specimen of muscle
(4), 20 patients with congenital lactic acidosis of unknown cause
and four patients who had normal blood levels of lactate. Con-
fluent cells were cultured in minimal essential medium supple-
mented with 10% fetal calf serum and 0 to 12.5 mM DCA, for
1 to 4 days and harvested with 0.25% trypsin. The cells were
washed twice with PBS.

Assays of rates of decarboxylation of pyruvate and acetate. The
rate of decarboxylation of [1—'“C]pyruvate was measured by the
method of Robinson et al. (2). The rate of decarboxylation of
[1-"*C]acetate was measured by a modification of the method
of Blass et al. (5). Briefly, 0.15 ml of cell suspension in PBS was
added to 0.05 ml of PBS containing 10 mM [1—'*C]Jacetate (1.5
mCi/mmol) in a closed vessel and incubated at 37°C for 2 h.
The reaction was terminated by adding 0.1 ml of 2 N HCl
containing 0.1% dinitrophenylhydrazine and '“CO, was trapped
on filter paper soaked in 0.1 ml of 10% KOH which was placed
in a plastic well attached to the rubber stoppers of the vessel.
Radioactivity was measured in a liquid scintillation spectrometer
(Aloka 612, Tokyo, Japan).

Assays of PDH complex. The original and total activities of
the PDH complex were determined by a modification of the
method of Toshima ez al. (4, 6). The harvested cells were sus-
pended in 0.1 ml of ice-cold homogenizing buffer (7), and the
cell suspension was rapidly frozen and stored at —70°C for 24 h.
For assay, the cell suspension was thawed and homogenized in a
glass-Teflon homogenizer. The original activity of the PDH
complex was determined by measuring the evolution of *CO,
from [1—"*C]pyruvate. The assay mixture at pH 7.5 in a final
volume of 0.25 ml consisted of 30 mM potassium phosphate,
2.5 mM NAD, 0.8 mM CoA, 0.4 mM cocarboxylase, 2 mM
dithiothreitol, 2mM MgCl,, 0.01% Triton X-100, 2 mM [1-"4C]
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pyruvate (0.1 mCi/mmol), and 0.1 ml of homogenate. For
determination of the total activity, the homogenate was prein-
cubated with partially purified preparation of a broad specificity
protein phosphatase from rabbit liver (8), and 3.7 mM MnCl,
for 30 min at 37°C, and then the activity was measured as
described above.

The DCA-activated activity of the PDH complex was meas-
ured by a modification of the method of Sheu et al. (9). The
harvested cells were incubated for 15 min at 37°C in PBS
containing 5 mM DCA to activate PDH. The incubation was
stopped by adding ice-cold homogenizing buffer, and the suspen-
sion was then frozen rapidly and stored at —70°C for 24 h. For
assay, the cell suspension was thawed in ice and homogenized,
and then the activity was determined as described above. Protein
was measured by the method of Lowry et al. (10).

Brief case reports of four patients (Tables 1-3). Case 1, a 10-
month-old boy, had mental and developmental retardation, mus-
cle hypotonia, and seizures. He was delivered at 38 wk by
cesarean section because his mother suffered from severe toxemia
of pregnancy. He weighed 1819 g and showed asphyxia at birth.
His development was markedly retarded. At the age of 10
months, unconsciousness, left hemiparesis, and lactic acidosis
developed after upper respiratory infection. Computed tomog-
raphy revealed low density in the right hemisphere. Case 2, a 9-
yr-old girl, had mental and developmental retardation and psy-
chomotor seizures. She was born after an uncomplicated preg-
nancy but her development was gradually retarded. Psychomotor
seizures developed at the age of 6 yr and she was found to have
lactic acidosis at the age of 9 yr. Case 3, a 10-yr-old boy, had
muscle hypotonia, ataxic gait, and mental retardation. He was
born after 40 wk of gestation. He weighed 3080 g and showed
severe asphyxia at birth. His development was retarded. At the
age of 7 months, his spontaneous activity decreased and he easily
choked on milk. At the age of 1 yr, muscle hypotonia, nystagmus,
and dysphagia developed and he was found to have lactic aci-
dosis. He was considered to have Leigh’s disease because com-
puted tomography revealed low density in the bilateral putamen
and hypothalamus. Case 4, a 5-month-old boy, had mental and
developmental retardation, muscle hypotonia, and seizures. At
the age of 5 months, he was found to have lactic acidosis and
considered to have Leigh’s disease because computed tomogra-
phy revealed low density in the bilateral basal ganglia.

RESULTS

As shown in Figure 1, the rate of decarboxylation of [1-"*C]
pyruvate by skin fibroblasts from control subjects increased
during in vitro culture with various concentrations of DCA for 3
days and was maximal with 10 mM DCA. The rate of decarbox-
ylation of [1—"*C]pyruvate by skin fibroblasts from control sub-
jects increased from day 1 of their in vitro culture in medium
supplemented with 10% fetal calf serum and 10 mM DCA and
reached a maximum on day 3 (Fig. 2).

The rates of decarboxylation of [1—"*C]pyruvate by skin fibro-
blasts from four control subjects, 20 patients with congenital
lactic acidosis of unknown cause, and one patient with PDH
deficiency were measured. As shown in Table 1, in fibroblasts
from four of 20 patients with congenital lactic acidosis the rates
were significantly lower than those in control fibroblasts, but the
upper values in these patients overlapped the lower values for
control subjects. During in vitro culture with 10 mM DCA for 3
days, the rate of decarboxylation of [1—'*C]pyruvate by control
cells increased markedly. In contrast, during culture with DCA
the rates of decarboxylation by cells from a patient with PDH
deficiency and from four patients with congenital lactic acidosis
of unknown cause scarcely increased and the values for the four
patients did not overlap those of control cells.

Table 2 shows the activities of the PDH complex in cultured
skin fibroblasts assayed in various conditions. In control cells,
the DCA-activated activities of the PDH complex were similar
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Fig. 1. Effect of DCA on the rates of decarboxylation of [1~'*C}
pyruvate in cultured skin fibroblasts from control subjects. To determine
the optimum concentration in culture medium, skin fibroblasts from
control subjects were cultured with various concentrations of DCA for 3
days.
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Fig. 2. Changes of the rates of decarboxylation of [1—'*C]pyruvate in
skin fibroblasts from control subjects during in vitro culture with 10 mM
DCA.

Table 1. Effect of DCA on rates of decarboxylation of [1-'*C]
pyruvate in cultured skin fibroblasts from control subjects,
patients with congenital lactic acidosis of unknown cause, and
patient with PDH deficiency (mean + SD)

Pyruvate decarboxylation
(nmol/h/mg protein)

Without DCA  With 10 mM DCA
PDH deficiency (1) 10.9 £ 4.1 (5)* 11.1 £ 6.0 (4)*
Lactic acidosis (20)
Low pyruvate oxidation (4)

Case 1 402+ 8.6 ()t 427+ 11.6 (9)*

Case 2 30.8 £3.3(3)f 36.7+6.3(4)*

Case 3 39334 (3) S524+55@)i

Case 4 28058 (4)F 357x79 @4y

Normal pyruvate oxidation
(16)
Controls (4)

581 %115

59.6 £ 13.2

85.8+99

973+ 12.0

* 1 f Significantly different from the value for controls at p < 0.001,
p <0.05 and p < 0.01, respectively.
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to the total activities of the PDH complex. In cells from the four
patients with congenital lactic acidosis, the original activities of
the PDH complex were significantly lower than those in control
cells, but overlapped the lower values for control cells, whereas
the total activities of the PDH complex, measured after in vitro
activation with an excessive amount of a broad specificity protein
phophatase, were within the normal range. However, the activity
of the PDH complex measured after activation by the endoge-
nous PDH phosphatase with DCA hardly increased in three of
the four patients (cases 1, 2, and 3) but was activated to the
normal range in one patient (case 4). :

As shown in Table 3, the rates of decarboxylation of [1—'*C]
acetate were within the normal range in the patient with PDH
deficiency and in the four patients with congenital lactic acidosis.

DISCUSSION

For establishment of a diagnosis of congenital lactic acidosis,
the usual procedures are measurements of the rates of decarbox-
ylation of [1—"*C]pyruvate and [3—'*C]pyruvate, the activities of
enzymes involved in pyruvate metabolism, i.e. the PDH com-
plex, pyruvate carboxylase (EC 6.4.1.1), and phosphoenol pyru-
vate carboxykinase (EC 4.1.1.49), and the activities of the com-
ponents of the respiratory chain including cytochrome c oxidase
(EC 1.9.3.1) in cultured skin fibroblasts from the patients. How-
ever, in many patients with congenital lactic acidosis, the under-
lying deficiency cannot be found in the skin fibroblasts (2, 3).
Three possible reasons why no defect is detectable may be
considered; 1) The enzyme deficiency may not be clearly ex-
pressed in fibroblasts. 2) The deficiency may be expressed in
fibroblasts, but the assay method may not be sensitive enough
for its detection. 3) Lactic acidosis may be a secondary phenom-
enon resulting from a primary block elsewhere in metabolism
(2). Therefore, it is important to develop a sensitive assay method
for screening disorders of pyruvate metabolism in cultured skin
fibroblasts to determine the underlying defect in patients with
congenital lactic acidosis.

[1-"*C]pyruvate enters the mitochondria through the mito-
chondrial membrane and is converted to acetyl CoA and "“CO,
by the action of the PDH complex in the mitochondrial matrix
(11). Therefore, a low rate of decarboxylation of [ 1—'*C]pyruvate
suggests that the aberration exists either in the PDH complex or
in the system for transport of pyruvate through the mitochondrial
membrane. Furthermore, cultured skin fibroblasts from patients
with lactic acidosis due to a defect in the reoxidation of cyto-
plasmically generated NADH and respiratory chain defects are
reported to show low rates of decarboxylation of [1—"*C]pyruvate
(12, 13). Thus, measurement of the rate of decarboxylation of
[1—"*C]pyruvate in cultured skin fibroblasts is useful in screening
for disorders of pyruvate metabolism. However, when disorders
are mild, detection of disorders of pyruvate metabolism in cul-
tured skin fibroblasts may be very difficult. In cases of dihydro-
lipoyl dehydrogenase (E;) (EC 1.6.4.3) deficiency, the rate of
decarboxylation was significantly lower than that of controls, but

was 75% of the control rate (2). The rates of decarboxylation of
[1-"*C]pyruvate in fibroblasts from four of 20 patients with
congenital lactic acidosis were also lower than those in control
fibroblasts, but the upper values for these patients overlapped
the lower values for control subjects. These results may be
because the activity of the PDH complex appears to be regulated
by a phosphorylation-dephosphorylation mechanism in human
skin fibroblasts and the state of activation of this enzyme varies
widely depending on metabolic conditions (14). Therefore, it is
important to control this parameter in studies on PDH deficien-
cies. The fully activated enzyme probably furnishes the most
reliable estimate of enzymatic activity. The enzyme can be
activated by pretreating the skin fibroblasts for 15 min with
DCA, an inhibitor of PDH kinase (EC 2.7.1.99), before the cells
are disrupted for measurement of activity of the PDH complex
(9). For use in screening for disorders of pyruvate metabolism,
we also developed a sensitive assay method for measuring the
rates of decarboxylation of [1—'*C]pyruvate during in vitro cul-
ture of skin fibroblasts with DCA.

The rate of decarboxylation of [1—"*C]pyruvate by skin fibro-
blasts from control subjects increased during in vitro culture in
medium supplemented with 10 mM DCA, reaching a maximum
on day 3 of culture. As mentioned above, the PDH complex can
be activated by pretreating the skin fibroblasts with DCA for 15
min before disrupting the cells for measurement of the activity
of the PDH complex (9). However, the rate of decarboxylation
of [1-"*C]pyruvate did not increase until day 2 of culture.

In contrast, the rate of decarboxylation of [1—'*C]pyruvate
hardly increased in cells from a patient with PDH deficiency or
in cells from four of 20 patients with congenital lactic acidosis
of unknown cause during in vitro culture with DCA. On day 3
of culture, the values for the four patients did not overlap those
of control cells and so these four patients could be clearly
distinguished from control subjects. Thus, measurement of the
rate of decarboxylation of [1—'*C]pyruvate by skin fibroblasts
cultured in medium supplemented with 10 mM DCA for 3 days
is a useful method for screening for disorders of pyruvate metab-
olism in cultured skin fibroblasts.

To determine the reasons for the disorders of pyruvate metab-
olism in cells from these four patients with congenital lactic

Table 3. Rate of decarboxylation of [1-'*Clacetate in cultured
skin fibroblasts from control subjects, patients with congenital
lactic acidosis, and patient with PDH deficiency (mean + SD)

[1-"“Clacetate decarboxylation
(nmol/h/mg protein)

PDH deficiency 2.34x1.19(3)
Lactic acidosis
Case 1 2.74 = 1.69 (3)
Case 2 1.55+£0.13(2)
Case 3 1.51 £0.29 (3)
Case 4 1.80 + 0.48 (3)
Controls 1.81 £ 0.69 (5)

Table 2. Activities of pyruvate dehydrogenase complex in cultured skin fibroblasts assayed in various conditions (mean = SD)

PDH complex activity
(nmol/min/mg protein)

Original DCA-activated Total
PDH deficiency (1) 0.27 + 0.17 (4)* 0.21 = 0.05 (3)* 0.42 £ 0.06 (3)*
Lactic acidosis (20)
Low pyruvate oxidation (4)
Case 1 0.39 + 0.33 (5)* 0.68 + 0.19 (4)t 2.04 + 0.24 (4)
Case 2 0.62 + 0.08 2)t 0.76 = 0.02 3)t 2.40 £ 0.69 (4)
Case 3 0.74 = 0.19 3)i 0.78 £ 0.18 (4)t 2.63 = 0.65 (3)
Case 4 0.78 £ 0.46 (4); 243 +0.41(3) 2.57 £ 0.80 (3)
Normal pyruvate oxidation (16) 1.65 £ 0.67 (13) 2.32 £0.34 (8) 2.50 £0.64 (13)
Controls 1.44 £ 0.46 (14) 2.38 £ 0.60 (4) 2.41 £ 0.59 (14)

* + 1 Significantly different from the value for controls at p < 0.001, p < 0.01, p < 0.05, respectively.
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acidosis, we measured the activities of the PDH complex in
various conditions. The original activities of the PDH complex
were significantly lower than those of control cells, but over-
lapped the lower values for control cells, whereas the total
activities of the PDH complex, measured after in vitro activation
with an excess amount of a broad specificity protein phosphatase
from rabbit liver, were within the normal range. During incu-
bation with 10 mM DCA, when the PDH complex in control
cells was slightly activated by endogenous PDH phophatase, the
activity of the PDH complex was activated to the normal range
in cells of one patient, but was hardly increased in those of the
three other patients. These results suggest that the aberration was
a disorder of the mitochondrial transport system for pyruvate or
dysfunction of the TCA cycle or respiratory chain in the one
patient, whereas it was a disorder in the mechanism for activation
of PDH, including deficiency of PDH phosphatase or a mutation
of PDH itself, in the other three patients.

Fibroblasts from two patients with Leigh disease were con-
cluded to show abnormal activation of PDH, because their
incubation with DCA did not increase the activity of the PDH
complex (15). However, as shown in Table 2, measurements of
only the original activity and DCA-activated activity of the PDH
complex do not indicate whether the aberration was due to
abnormal activation of PDH or to partial deficiency of PDH in
the patients. Thus, for studies on PDH deficiencies, both the
original activity and the total activity of the PDH complex must
be determined by in vitro activations with both a broad specificity
protein phophatase and DCA.

For determination of the disorder of pyruvate metabolism in
case 4, we measured the rate of decarboxylation of [1—"*C]acetate
in skin fibroblasts. The rate of decarboxylation of [ 1 —"*Clacetate,
which is converted to acetyl CoA and oxidized via the TCA
cycle, was within the normal range in a patient with PDH
deficiency and the four patients with congenital lactic acidosis,
and therefore the function of the TCA cycle and the activities of
the components of the respiratory chain in these patients were
supposed to be normal. However, in case 4, although the PDH
complex showed normal total activity and a normal mechanism
of activation, its original activity and the rate of decarboxylation
of [1-"C]pyruvate were significantly decreased. Pyruvate enters
the mitochondria by a special transport system, but acetate enters
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freely (11). Therefore, we speculate that the aberration in case 4
may be a disorder of the mitochondrial transport system for
pyruvate, resulting in a low level of pyruvate and decrease in the
in vivo activity of the PDH complex in the mitochondria. Further
studies are necessary to determine the exact nature of this aber-
ration.
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