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ABSTRACT: We investigated respiratory chain (RC), tricarboxylic
acid cycle (TCA) enzyme activities, and oxidative stress in the tissues of
six patients with organic aciduria (OA) presenting various severe com-
plications to further document the role of mitochondrial OXPHOS
dysfunction in the development of complications. Two children with
propionic acidemia (PA), presenting a severe cardiomyopathy, and
four with methylmalonic aciduria (MMA), who developed a neuro-
logic disease (3/4) and renal failure (2/4), were followed. We mea-
sured RC and TCA cycle enzyme activity in patient tissues and
assessed oxidative metabolism in fibroblasts in vitro. Various RC
deficiencies were found in tissues of patients with PA and MMA.
TCA cycle enzyme activities were normal when investigated and
reactive oxygen species were decreased as well as detoxifying sys-
tems activities in the two patients tested. In conclusion, mitochon-
drial dysfunction was found in all investigated tissues of six patients
with organic acidemia presenting with severe complications. Reac-
tive oxygen species production and detoxification were decreased in
fibroblast primary cultures. Our results bring further support for a role
of secondary respiratory deficiency in the development of late multior-
gan complications of these diseases. (Pediatr Res 66: 91–95, 2009)

Propionic aciduria (PA) and methylmalonic aciduria
(MMA) are severe inborn errors of the catabolism of

branched-chain amino acids and odd-numbered chain fatty
acids. PA results from mutations in the PCCA or PCCB genes,
encoding the � and � subunits of propionyl-CoA carboxylase,
respectively, which converts propionyl-CoA into methylma-
lonyl-CoA. MMA is caused by mutations in the MUT gene,
encoding the methylmalonyl-CoA mutase (MCM), or more
rarely in genes encoding the coenzyme adenosylcobalamin of
MCM. MCM converts methylmalonyl-CoA into succinyl-
CoA, an intermediate of the tricarboxylic acid cycle (TCA)
cycle, which generates NADH used by the mitochondrial
respiratory chain (RC).

Organic acidurias (OA) usually present as an acute meta-
bolic distress at birth, when the enzymatic deficiency is com-
plete, or later in life, when the deficiency is less severe. As

propionate is produced by the catabolism of branched-chain
amino acids, fatty acids with a carbon odd-chain and the
intestinal flora, the treatment is based on a strict low-protein
diet associated with a sufficient caloric intake, carnitine, and
antibiotics. However, despite the therapeutic improvements of
the last 20 y (1), the overall outcome of patients with OA
remains unsatisfying: reports are increasing of long-term com-
plications, such as neurologic disorders by degeneration of the
basal ganglia (2), progressive renal failure (3), acute pancre-
atitis (4,5), and cardiomyopathy (6). It is commonly believed
that 2-methylcitrate, methylmalonic acid (MA), and other
accumulated metabolites derived from propionate inhibit
some mitochondrial enzymes and are toxic on multiple tissues.
However, current treatments designed to limit the accumula-
tion of toxins remain insufficient. Recently, a secondary RC
deficiency was suggested to be the cause of these complica-
tions, as elevated levels of lactate were found in globi pallidi
of patients (7), and mitochondrial dysfunction was confirmed
in a few patients (6,8,9). Here, we report on six patients, with
OA, two PA, and four MMA, in whom we found multiple RC
deficiencies in several tissues, including skeletal muscle, liver,
heart, and kidney.

PATIENTS AND METHODS

Patients. Six patients, two with PA and four with MMA were followed up
at Necker-Enfants Malades Hospital. Their treatment consisted on a low-
protein diet adapted to individual tolerance, combined with an amino acids
mixture devoid of propionate precursors, and, except for patient 1, a nocturnal
enteral feeding. All patients received carnitine (50–100 mg/kg/d) and antibi-
otics: metronidazole (20 mg/kg/d) alone or alternate (trimethoprim 30 mg/
kg/d, sulfamethoxazole 20 mg/kg/d, and amoxycillin 50 mg/kg/d). Vitamin
B12 supplementation was unsuccessful in all patients with MMA.

The study protocol was approved by the Ethics Committee of Necker-Enfants
malades Hospital, and patients’ parents gave written informed consent.

Molecular genetic diagnostic. Mutations in the PCCA, PCCB, or MUT
genes were identified after PCR amplification of patient DNA and dideoxynucle-
otide sequencing using the BigDye terminator cycle sequencing kit (Applied
Biosystems, Foster City, CA) and analysis with ABI Prism 3100 DNA sequencer.

Respiratory chain investigation. Tissue biopsies were obtained with in-
formed consent and mitochondrial RC activities were spectrophotometrically
measured according to standard procedures (10).
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TCA cycle enzyme activities investigation. The activities of citrate synthase,
succinate CoA ligase (GDP-forming or ADP-forming), succinate dehydrogenase,
and fumarase were measured according to published methods (11).

Oxidative stress. Oxidative metabolism was assessed on skin fibroblast
cultures in 96-well plates seeded with 2 � 104 cells/well as described
previously (12). Superoxide anion (O2

•�) and hydrogen peroxide (H2O2)
production as well as reduced glutathione concentration were estimated with
fluorescent probes (Molecular Probes, Eugene, OR). Results were normalized
for the number of living cells as determined at the end of the experiments by
the crystal violet staining assay. Superoxide dismutase and catalase activities
were evaluated as previously described (13,14). Enzyme activities were
normalized for the amount of proteins in each sample.

Patient 1. At 10 mo of age, PA was diagnosed in this girl because of
hypotonia and mild mental retardation. She carefully followed her treatment
and only three episodes of metabolic distress were recorded over 6 y of
follow-up. The good neurologic development allowed a normal school edu-
cation. At the age of 6 y while the metabolic condition was considered very
satisfactory, routine echocardiography revealed a slightly dilated left ventricle
and a shortening fraction of 26%. At this time, biochemical investigations
showed low excretion of metabolites (Table 1). Plasma levels of free and total
carnitine were normal (31 and 86 �M, respectively). A treatment with an
angiotensin-converting enzyme inhibitor and then a � blocker was rapidly
initiated. This severe heart involvement was considered as an indication for
orthotopic liver transplantation (OLT), which was performed at the age of 6 y
8 mo. The child was able to return home 2 mo after the successful transplan-
tation. Heart function improved quickly thereafter allowing the discontinua-
tion of all heart failure treatments within 1 mo after the OLT. One year later,
the heart function was normal. Molecular analysis identified two heterozygote
mutations in the PCCB gene.

Patient 2. PA was diagnosed in this 14-y-old girl at 1-mo old because of
failure to thrive and hypotonia. The course of the disease had been marked by
21 episodes of metabolic distress triggered by benign viral diseases and
asthma attacks in the first 10 y of life. At the age of 8, she presented a severe
global heart failure without any metabolic distress (Table 1) or obvious
triggering factor. Echocardiography showed a severely hypokinetic dilated
heart, with a left ventricular end diastolic diameter of 59 mm, a shortening
fraction reduced to 17%, and a moderate functional mitral incompetence.
Treatment with angiotensin-converting enzyme inhibitor and diuretics rapidly
improved the clinical signs of heart failure. An endomyocardial biopsy
revealed focal fibrotic lesions. Currently, patient 2 still has a chronic heart
failure compensated by angiotensin-converting enzyme inhibitor, diuretics, �
blockers, and digoxin. The cardiac condition is too severe to propose an OLT.

Patient 3. MMA was diagnosed in this boy at the age of 2 mo because of
failure to thrive and vomiting, followed by a coma. The course of the disease
was marked by a mild psychomotor retardation since the age of 1 y and three
hospitalized metabolic attacks between 2.5- and 4-y old. At the age of 2.5 y,
peripheral and axial hypotonia was noted and brain T2-weighted MRI dis-
played hyperintensities in the periventricular white matter and both hip-
pocampus. During the first 2 y of life, biochemical investigations showed a
cumulative level of MA at 3.7 (mean level) and 2.80 (median level) mmol/
mmol creatinine in urine, which increased to 6.14 and 5.34, respectively,
during the following 3rd and 4th y. At 5-y-old, choreoathetosis developed
leading to the inability to walk. T2-weighted brain MRI displayed hyperin-
tensities in both pallidi associated with a high peak of lactate on spectroscopy.
However, at that time and during the year after, his levels of urinary MA were
stable at 3.93 (mean) and 4.36 (median) mmol/mmol creatinine. Renal
function was normal until the age of 6 y with an inulin clearance at 70
mL/min/1.73 m2.

Patient 4. MMA was diagnosed in this boy at 3 d of age old because of
failure to thrive, vomiting, and metabolic acidosis. The course of the disease
during the first 6 y of age was marked by three hospitalized metabolic attacks
while the neurologic development was normal. During these 6 y, biochemical
investigations showed cumulative levels of MA between 4.7 and 8.7 mmol/
mmol creatinine per year (mean) and between 5 and 8.7 mmol/mmol creati-
nine per year (median) (Table 1). Renal function was normal. At age 6 y,
growth retardation was noted associated with increased mean levels of MA in
urine (11.946 mmol/mmol creatinine). At 7 y old, during a gastroenteritis, he
presented a severe metabolic acidosis (pH � 7.04, bicarbonate 3 mM, ketones
bodies elevated in urine) with mild hyperammonemia (80 �M), elevated
plasma lactate (5.8 mM), and increased plasma lipase (1510 UI/L) but normal
liver tests. Organic acids chromatography showed a very low excretion of MA
in plasma (72 �M) and in urine (1.2 mmol/mmol creatinine). Despite an
intensive treatment with hemodialysis, glucolipidic parenteral infusion, and
L-carnitine, general condition worsened with coma and large tremors. The
patient died from this acute necrotizing pancreatitis complicated with multi-
organ failure and disseminated intravascular coagulation. His T2-weighted
brain MRI displayed hyperintensities in both pallidi.

Patient 5. Patient 5 has been recently reported because of an unusual
follow-up of his MMA diagnosed at the age of 10 d (15). The course of the
disease was marked by several hospitalized metabolic attacks during the first 6 y
of age, a persistent hepatomegaly since the age of 4 y, a Leigh syndrome at 6 y
old associated with a peak of lactate at spectroscopy, and renal insufficiency
requiring dialysis at the age of 8.7 y and renal transplantation at the age of 9.5 y.
However, at 11 y of age, general condition dramatically worsened with the
discovery of a hepatocarcinoma and the patient died. Biochemical investigations
before the age of 8 y showed a cumulative level of urinary MA at 3.69
mmol/mmol creatinine (mean) and 4.7 (median).

Patient 6. This boy presented with failure to thrive, vomiting, and growth
retardation since birth, worsening after food diversification. The diagnosis of
MMA was made at 2 y old after a coma with metabolic acidosis. At this time,
the patient presented with severe psychomotor retardation, extrapyramidal
syndrome, spastic tetraplegia, and inability to walk. The brain MRI showed
T2 hyperintensities of both pallidi and occipital white matter abnormalities.
Mean and median levels of urinary MA were elevated during the 2 y after the
diagnosis (12.212 and 35.100 mmol/mmol creatinine respectively), then they
improved around 5 mmol/ mmol creatinine. Only one metabolic decompen-
sation occurred at age 6.5 y. At 14-y-old, renal insufficiency was diagnosed
with inulin clearance at 69 mL/min/1.73 m2 (plasma creatinine 118 �M). The
interest of renal transplantation was discussed at age 16 because of his very
bad general condition.

RESULTS

Enzymatic and molecular diagnostic. An undetectable
MCM or propionyl-CoA carboxylase activity was observed on
cultured skin fibroblasts with or without cofactor in all pa-
tients. No stimulation of the residual activity by cobalamin
was observed in the propionate incorporation test, defining a
mut (0) phenotype for patients with MMA. Two mutations in
the MUT gene were identified in three patients with MMA
(Table 1). All mutations have been reported to be responsible
for mut (0) phenotype (16). Two mutations in the PCCB gene

Table 1. Clinical and biological data of the patients

Patient Diagnosis Onset age
Molecular
diagnosis

Urinary metabolites (�mol/mmol creatinine)

3-Hydroxy-
propionate

Propionyl
glycine Tiglyglycine 2-Methylcitrate

Methylmalonic
acid

1 PA 10 mo R376C/H258R
(PCCB gene)

22 10 7 100 ND

2 PA 1 mo ND 34 20 78 99 ND
3 MMA 2 mo R474X/R511X ND ND ND ND 3.7 � 103

4 MMA 3 d ND ND ND ND ND 4.7 to 8.7 � 103

5 MMA 10 d A191E/N219Y ND ND ND ND 3.7 � 103

6 MMA 2 y �1876-1888del13� ND ND ND ND 12.2 � 103

Results are expressed as �mol/mmol creatinine.
ND, not done.
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were identified in one patient with PA (Table 1). The DNA
could not be analyzed for the other patients.
Respiratory chain deficiency. An OXPHOS deficiency was

found in the liver (multiple deficiencies, patient 4; CIII and
CIV deficiency, patient 1), the skeletal muscle (CIII � CIV
deficiency, patient 1), the heart (CIII deficiency, patient 1),
and the kidney (multiple deficiencies, patients 5) (Table 2).
When reported to citrate synthase activity, OXPHOS activities
were low excluding an unspecific global decrease of mito-
chondria activity because of poor preservation of the sample
or an advanced stage of organ failure. The skeletal muscle of
patient 3 showed a normal OXPHOS activity in vitro but
histochemical analysis showed predominance of type I muscle
fibers, atrophy of type II fibers, and subsarcolemmal aggre-
gates of mitochondria, consistent with RC deficiency. Normal
OXPHOS activities were found in fibroblasts (patient 1) and
lymphocytes (patient 5).
TCA cycle enzyme activities investigation. The activity of

the citrate synthase was in the normal range or above in all
patients’ tissues except patient 5 (Table 2). Succinyl-CoA
ligase (GDP-forming or ADP-forming), succinate dehydroge-
nase, and fumarase activities were normal in the liver of the
two investigated patients (1 and 4, data not shown).
Oxidative stress. Nitric oxide, superoxide anions, and hydro-

gen peroxide production were decreased in patient 1 fibroblasts

(Table 3) and superoxide anions production was decreased in
patient 3. Superoxide dismutase and catalase activities were also
significantly decreased in both patients (Table 3), but not the
levels of reduced glutathion (data not shown).

DISCUSSION

We report here on mitochondrial RC deficiencies in four
patients with MMA and two with PA, suffering from neuro-
logic, renal, and cardiac complications. Our results support the
hypothesis of OXPHOS impairment as an additional mecha-
nism to intoxication to explain renal insufficiency and the
energetic-dependent cardiomyopathy reversible after liver
transplantation. A secondary involvement of the RC in pa-
tients with MMA and PA was suggested as the cause of these
late complications, as lactate was found elevated in globi
pallidi of affected patients (7). As previously mentioned, this
hypothesis was confirmed in a few patients’ tissues with PA
(9) as well as here, in our patients, displaying mitochondrial
dysfunction.

The basal ganglia abnormalities have been attributed to the
accumulation of neurotoxic organic acids (17) as several
metabolites deriving from alternative oxidation pathways of
propionyl-CoA are known to inhibit in vitro the energy met-
abolic pathways (18,19). 2-Methylcitrate is a potent inhibitor

Table 2. Spectrophotometric analysis of mitochondrial respiratory chain and citrate synthase activities

Tissue
Muscle

patient 1

Muscle
mitochondria

patient 3

Liver Heart
Kidney

patient 5Patient 1 Patient 4 Patient 1 Patient 2

NQR (CI) 42 (18 � 5) 82 (65 � 16) 36 12 (24 � 5) 126 108 (64 � 14) 9 (65 � 1)
SQDR (CII) 61 (33 � 8) 98 (99 � 25) 249 189 (143 � 20) 136 86 (106 � 21) 29 (106 � 6)
QCCR (CIII) 405 (349 � 74) 1606 (1310 � 308) 295 267 (380 � 62) 726 — (1104 � 214) 86 (507 � 125)
COX (CIV) 243 (148 � 38) 716 (728 � 226) 180 94 (184 � 30) 808 646 (583 � 126) 67 (213 � 32)
ATPase (CV) 159 (151 � 41) 387 (324 � 81) 156 93 (94 � 20) 360 — (199 � 41) — (116 � 41)
SCCR (CII � CIII) 47 (27 � 8) 255 (230 � 62) 81 70 (71 � 14) 133 130 (155 � 33) 20 (74 � 25)
CS 257 (103 � 23) — (378 � 89) 104 93 (61 � 9) 308 265 (309 � 56) 43 (94 � 10)
NQR/CS 0.16 (0.17 � 0.03) — — 0.35 0.13 (0.40 � 0.07) 0.41 0.41 (0.20 � 0.03) 0.21 (0.61 � 0.07)
SQDR/CS 0.24 (0.30 � 0.04) — — 2.39 2.03 (2.16 � 0.29) 0.44 0.32 (0.34 � 0.05) 0.67 (1.17 � 0.08)
QCCR/CS 1.6 (2.9 � 0.4) — — 2.8 2.9 (6.1 � 0.9) 2.4 — (3.3 � 0.4) 2.0 (5.19 � 0.14)
COX/CS 0.9 (1.6 � 0.2) — — 1.7 1.0 (3.0 � 0.4) 2.6 2.4 (1.7 � 0.2) 1.56 (2.17 � 0.16)
ATPase/CS 0.62 (0.59 � 0.13) — — 1.50 1.00 (1.69 � 0.28) 1.17 — (0.66 � 0.09) —

Results are expressed as nmole/min/mg protein. Abnormal values are indicated in bold characters. Control values are shown in parentheses (mean � SD, n � 20).
NQR (CI), NADH ubiquinone reductase (complex I); SQDR (CII), succinate ubiquinone DCPIP reductase (complex II); QCCR (CIII), ubiquinol cytochrome

c reductase (complex III); COX (CIV), cytochrome c oxidase (complex IV); NCCR, NADH cytochrome c reductase (complex I � III); SCCR, succinate
cytochrome c reductase (complex II � III); CS, citrate synthase.

Table 3. Spectrofluorimetric analysis of ROS levels and detoxifying enzymes activities

Patients

Reactive oxygen species Detoxyfying enzymes

Nitric oxide Superoxide anions Hydrogen peroxide SOD Catalase

Control 0.159 � 0.004 0.141 � 0.004 22.33 � 0.93 3.72 � 0.33 1.90 � 0.21
1 0.093 � 0.009* 0.074 � 0.007* 15.92 � 1.92† 0.48 � 0.05* 0.88 � 0.09*
3 0.147 � 0.003 0.075 � 0.07* 20.76 � 0.50 2.73 � 0.22† 1.16 � 0.12†

Fibroblasts (2 � 104/well) were incubated with 5 �M/L DHE or H2-DCFDA for 30 min, washed, and fluorescence intensity (FI) was recorded every hour
for 5 h. The levels of O2

•� and of H2O2 were calculated as follows: ROS rate (arbitrary units/min/106 cells) � FI (arbitrary units) at T300 min � FI at T0/300
min/number of adherent cells. Results are expressed as arbitrary units/min/106 cells.

* �0.001.
† �0.02.
SOD, superoxide dismutase.
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of the TCA cycle enzymes citrate synthase, aconitase, and
isocitrate dehydrogenase; MA inhibits pyruvate carboxylase;
and propionyl-CoA inhibits CoA-dependent enzymes, such as
pyruvate dehydrogenase, succinyl-CoA synthetase, and ATP
citrate lyase (18). Moreover, the important accumulation of
these CoA-linked metabolites may deplete the cellular pool of
available CoA and thus impair most of the mitochondrial
energy pathways. However, no TCA enzyme defect was found
in vitro. It should be noted that in vitro enzymatic assays
provide optimal conditions in which we measure the maximal
activity a tissue can reach, whereas in vivo the conditions may
be less than optimal. Impaired energy metabolism was ob-
served in some of our patients despite a good metabolic
control, suggesting a different mechanism from accumulation
of toxic compounds. Indeed, dilated cardiomyopathy, which
was observed in 23% of our series of patients with PA
(Romano, S et al. in preparation) developed independently of
the metabolic status, like in patient 1 who presented a late-
onset disease at 10 mo of age, after suffering very few
metabolic distresses and excreting little metabolites in urines.
Neurologic symptoms may also appear despite a good meta-
bolic control in PA (20), or in MMA mut (�) patients with
partial enzyme deficiency (7). Similarly, tubulo-interstitial
nephropathy leading to renal insufficiency is also frequent
whatever the mut phenotype (2). Thus, the precise mecha-
nisms underlying complication development remain unclear,
even if a role of toxic metabolites is probable (21). Apart from
metabolic enzyme inhibition, MA was recently shown to
inhibit the mitochondrial dicarboxylate carrier in vitro (22)
suggesting that it may alter the transport of various dicarboxy-
lic acids into mitochondria including TCA cycle intermediates
(23). This mechanism may thus result in further energy me-
tabolism deficiency and contribute to the global OXPHOS
deficiency in the patients’ tissues. Interestingly, kidney prox-
imal tubule cells are involved in the uptake of urinary excreted
dicarboxylic and tricarboxylic TCA cycle intermediates. Their
transport into mitochondria may be of importance to provide
adequate metabolite supply to the TCA cycle and fulfill the
high level of energy production needed to carry out normal
kidney function (24) In addition, because propionyl-CoA me-
tabolism normally contributes to succinyl-CoA pool, even as
a minor source, its deficiency may also decrease TCA activity.
In this view, it is worth noting that succinyl-CoA pools are
much lower than those of other TCA cycle intermediates and
play an important role in anaplerosis of the cycle (25). The
actual flux of TCA cycle metabolites could not be measured in
our patients because of the limited availability of tissues. The
decreased reactive oxygen species (ROS) production in the
fibroblasts of two patients also suggests that, in vivo, the RC
functions below its maximal capacity, even though OXPHOS
activities were found normal in fibroblasts when measured in
vitro, i.e., with optimal supply of substrates. Such a decrease
is a possible consequence of reduced TCA flux. The concom-
itant decrease of detoxifying enzymes indicates that decreased
ROS production was not because of increased detoxification
activities and further supports the hypothesis of reduced ROS
generation by the RC. On the opposite, oxidative stress has
been suggested as another pathogenic mechanism in patients

with PA or MMA (26). Recently, in a large series of fibro-
blasts derived from patients with MMA, Richard et al. (27)
reported variable levels of both ROS and detoxification en-
zymes ranging from normal to clearly increased levels (8,28).
Although the contribution of oxidative stress in PA and MMA
remains unclear, our results indicate that it is not systemati-
cally increased and suggest that OXPHOS deficiency may
develop independently of abnormal free radical generation.
Finally, mtDNA depletion now recognized as an important cause
of RC deficiency, has been found associated to metabolic dis-
eases including succinyl-CoA synthase (SCS) defects, which also
lead to MA and propionate-derived metabolites accumulation
(29–32). Interestingly, moderate (	50%) mtDNA depletion was
detected in the liver of PA patient 1 (not shown) but not in
another patient with MMA and could not be studied in the other
patients. The frequency of depletion and its importance in pa-
tients with OA remains to be established.

Liver and renal transplantation are well-known alternative
therapeutic options, which provide an increase of enzymatic
activity and allow the patients to follow normal diet. We
observed a dramatic regression of cardiomyopathy in one
patient with PA after liver transplantation. However, neither
liver nor renal transplantation (33–37) seem to prevent neu-
rologic complications in many MMA and PA, a complication
most likely related to the blood-brain barrier (38). Thus, the
potential of anaplerotic substrates to sustain the TCA cycle
flux in patients with MMA and PA could represent another
therapeutic option to prevent long-term energetic complica-
tions. This kind of approach has been successfully used in
patients with pyruvate carboxylase (39) and fatty acid oxida-
tion defects (25), although it should be noted that triheptanoin,
the substrate given in these studies, is totally contraindicated
in patients with PA and MMA as it would bring an increase in
propionyl-CoA.

In conclusion, major long-term complications may occur in
patients with OA despite optimal dietary and medical treat-
ment, secondary to OXPHOS deficiency. Cardiomyopathy
was reversed in one patient with PA after liver transplantation.
The low levels of toxic metabolites measured in most patients
suggest that several mechanisms may contribute to energy
impairment in addition to the so-called intoxication.
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