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Summary: A family of Maltese dogs with malonic aciduria is reported. The
propositus presented at 3 years of age with episodes of seizures and stupor with
hypoglycaemia, acidosis, and ketonuria. Urinary organic acid assays showed
elevated malonic acid without elevation of methylmatonic acid. Cultured fibro-
blasts had normal malonyl-CoA decarboxylase activity. Treatment with fre-
quent feedings of a low-fat diet high in medium-chain triglycerides resulted in
normalization of clinical signs and a resolution of the malonic aciduria. Two
full siblings of the propositus had died at a young age of undiagnosed meta-
bolic and neurvlogical disease. Urine organic acid assays were performed on
other family members. A half-sister showed mild malonic aciduria and other
organic acid changes similar to the propositus, while the mother and half-
brother showed mildly elevated ketone bodies. This family suggests further
genetic and clinical heterogeneity in the malonic acidurias.

Malonic aciduria has been reported in 14 human patients and in all there was also
an elevation in urine methylmalonic acid (MMA) (Brown et al 1984; Buyukgebiz et
al 1998; Gao et al 1999: Gregp et al 1998; Haan et al 1984; Krawinkel et al 1994:
MacPhee et al 1993; Matalon et al 1993; Ozand et al 1994; Yano et al 1997). Of the
11 patients in whom it was measured, 9 demonstrated deficient malonyl-CoA decar-
boxylase activity (McKusick 248360) (Brown et al 1984; Gao et al 1999; Gregg et al
1998; Haan et al 1986; Krawinkel et al 1994; MacPhee et al 1993; Matalon et al

883



’884 ' Brien ¢! o

1993; Ozand et al 1994; Yano et al 1997). Clinical features reported in these patienis
included short stature, developmental delay, dystonia, spastic paralysis, seizures,
hypoglycaemia, ketoacidosis, cardiomyopathy, gastrointestinal disturbances and
dysmorphic features (Brown et al 1984; Buyukgebiz et al 1998; Gao et al 1999;
Gregg et al 1998; Haan et al 1986; Krawinkel et al 1994; MacPhee et al 1993;
Matalon et al 1993; Ozand et al 1994; Yano et al 1997).

Combined malonic and methylmalonic aciduria has been reported in one Labra-
dor retriever dog and, as in some human patients, MMA concentrations were
greater than malonic acid (MA) concentrations (Podell et al 1996). That dog showed
progressive, spastic quadriplegia and at necropsy had dramatic cerebral atrophy
and dilation of the ventricular system. Malonyl-CoA decarboxylase activity was not
measured. In this report, we desctibe a family of Maltese dogs with malonic aciduria
but no methylmalonic aciduria and normal malonyl-CoA decarboxylase activity in
cultured fibroblasts. We also report effects of dietary manipulations, which may be
beneficial for evaluation in human patients with malonic aciduria. A brief abstract
of the preliminary results was published earlier (Faunt et al 1998).

MATERIALS AND METHODS

The propositus was studied at the University of Missouri, Veterinary Medical
Teaching Hospital. Urine from the propositus and family members was collected by
cystocentesis and organic acids were assayed using gas chromatography-mass spec-
troscopy (Hoffman et al 1989). Fibroblast cultures were established from skin biopsy
from the propositus and 5 normal control dogs. Malonyl-CoA decarboxylase activ-
ity was determined on the six canine samples and fibroblasts from a human patient
with malonyl-CoA decarboxylase deficiency (Gao et al 1999) using previously
described methods (Brown et al 1984).

RESULTS

Case report: The propositus is a spayed, female Maltese dog. She had a history of
tonic-clonic seizures at 6§ months of age and an episade of stupor at 1.5 years of age
following a period of anorexia. Two full siblings had died of undiagnosed neuro-
logical or metabolic disease at less than 5 years of age, but all other family members
were reported to he normal (Figure 1). The propositus was referred to the University
of Missouni, Veterinary Teaching Hospital at 3 years of age for progressive alter-
ation of consciousness. She had been anorectic and polydipsic for over a week. On
presentation she was stuporous with pendular nystagmus and diminished muscle
tone. She was small for her breed and age, weighing only 1.5kg. Serum glicose was
low (27mg/dl) and there was a severe metabolic acidosis (pH 7.087). Her urine
showed 3+ ketonuria and a pH of 5.0.

She was treated with intravenous dexirose and bicarbonate, and improved dra-
matically over the first few hours. She was started on oral electrolyte solution and
force-feeding of an energy-dense diet (Table 1). Her blood glucose returned to
normal range while being force-fed, but she became hypoglycaemic again when
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Figure 1 Pedigree of family of Maltese dogs with malonic aciduria. Mother and two half-
siblings showed clevation of malonic aciduria (M) and/or ketonuria (K). Sec Table 2 for
values. Two full siblings died at a young age of undiagnosed disease (cross slash)
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allowed to eat on her own. She continued to show 3+ ketonuria. The persistent

hypoglycaemia and ketonuria prompted investigation of inborn errors of metabo-
lism.

Urine organic acids and therapy: Urine organic acid assays showed elevations in
MA as well as lactic acid, ketone bodies and some intermediary metabolites (Table
2). MMA was not detected. Total, free and esterified carnitine were within normat
ranges, but the ratio of ester to free carnitine was elevated at 6.92 (normal 0-3).
Blood short-chain acylcarnitine concentrations were normal. The dog was placed on
a low-fat diet (Table 1), and given a vitamin B complex injection (thiamin 50meg,
riboflavin 2.5mg, pyridoxine 5mg, niacinamide 50mg, d-panthenol 5mg, cyano-
cobalamin 50 ug). Within 2 weeks the blood glucose was normal and ketone bodies
were no longer detectable in the urine. Urine organic acid assays were repeated one
and two months after instituting the low-fat diet (Table 2). One month
after changing the diet, all values had improved except lactic acid. By two months,
all values were within normal limits except for mild elevations in suberic and aceto-
acetic acids.

Urine organic acid assays were also performed on the dam, sire and two half-
siblings of the propositus (Figure 1). The half-sister had elevated urine organic acids
similarly to the propositus, while the dam and half-brother had mild elevations in
some organic acids but no malonic aciduria (Table 2). The site had normal urine
organic acids.

Table 1 Composition of fed diets {(per cent dry matter) compared to a typical maintenance
diet for the dog

Dier Far MCT Carbohydrates FProtein
Calorie-dense diet” 28.7 Low? 174 457
Low-fat diet® 13.75 3-47 43.87 30.52
Typical maintenance diet® 16 Low* 54 25

*A/D, Hills Prescription Diet, Topeka, KS, USA

®EN, Purina Clinical Nutrition Management, St Louis, MO, USA
¢ Caninc Maintenance, Hill’s Prescription Diet, Topeka, KS, USA
4 Exact value not available
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Table 3 Malonyl-CoA decarboxylase activity

Subject Activity*
Propositus 8.7
Control dogs 102449 (n=35, +18D)
Control humans 119440 (=10, +18SD)
Affected human 1.7+ 08 (n=4, +18D)

" Values reported in nmol/h per mg protein

Malonyl-CoA decarboxylase: Malonyl-CoA decarboxylase activity in cultured
fibroblasts from the propositus was 8.7 nmol/h per mg protein (Table 3). This was
consistent with the canine controls and within normal range in humans. Fibroblasts
assayed concurrently from a human case of malonyl-CoA decarboxylase deficiency
showed a very low valuc (Gao ct al 1999),

DISCUSSION

Malonic acid derives from malonyl-CoA, an intermediate in the synthesis of free
fatty acids from acetyl-CoA (Figure 2). In the cytosol, acetyl-CoA carboxylase con-
verts acetyl-CoA to malonyl-CoA, which in turn is metabolized to frec fatty acids by
the fatty acid synthetase complex. In the mitochondria, propionyl-CoA carboxylase
can act on acetyl-CoA to produce malonyl-CoA, although its normal substrate is

Mitochondria Cytoplasm

Propionyl CoA Acetyl CoA

Acetyl CoA
. Acelyl CoA
Prapionyl CoA
carboxylase carboxylase
Malonyl CoA
Methylmalonyl CoA Malonyl CoA Fatty acid
Methylmalony! Malony! CoA synthetase
CoA mutase decarboxylase complex

Succinyl CoA Acetyl CoA Free fatty acids

Figure 2 Mitochondrial and cytoplasmic pathways of malonyl-CoA metabolism
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propionyl-CoA and the rate with acetyl-CoA is low (Brown et al 1984). Malow!-
CoA decarboxylase prevents accumulation of malonyl-CoA in thc mitochondrin b+
converting it back into acetyl-CoA. Malonyl-CoA levels regulate the activity of cusz-
nitine palmitoyltransferase I, which transports acyl-CoA into the mitochon:iciu
(McGarry and Foster 1980). During the fed state, high levels of malonyl-CoA in tho
cytosol inhibit carnitine palmitoyltransferase I activity, thus favouring the syntkesis
of triglycerides and fats over oxidation of fatty acids. During the fasting stai
malonyl-CoA levels decrease, allowing free fatty acids to be transported into il
mitochondria for f-oxidation (McGarry and Foster 1980).

In humans with malonyl-CoA decarboxylase deficiency, malonyl-CoA cannot be
converted back to acetyl-CoA. Some will be hydrolysed to free MA while some will
be esterified to malonylcarnitine. The elevated malonyl-CoA inhibits carnitine pal-
mitoyltransferase I, preventing utilization of free fatty acids as an energy source
during fasting (McGarry and Foster 1980). It also inhibits pyruvate carboxylase,
reducing the supply of oxaloacetic acid, an essential step in the citric acid cycle. In
addition, elevations of MA will inhibit succinate dehydrogenase, further disrupting
the citric acid cycle (Ozand et al 1994). Although most human cases of malonic
aciduria had decreased malonyl-CoA decarboxylase activity in fibroblasts, two
published cases did not (Gregg et al 1998; Ozand et al 1994), and we are aware of
other cases with elevated MMA and MA with normal activities. This suggests that
other enzymes may be responsible for regulating malonyl-CoA levels or that the
enzyme functions normally in the fibroblast assay but not somatically in vive.

The dog in this report showed clinical signs of stupor and seizures. These
improved rapidly with correction of her hypoglycaemia and acidosis. In addition to
the presence of lactic acid and ketone bodies in the urine, there was a dramatic
elevation in MA as well ag mild elevation of the citric acid cycle intermediates (citric,
oxoglutaric, and succinic acid) and dicarboxylic acids (suberic acid). The hypogly-
caemia in response to fasting would be expected if elevated malonyl-CoA levels
inhibited the use of free fatty acids as an energy source. Initially, the dog was being
force-fed a commercial diet formulated to provide calorie-dense nutrition for com-
promised dogs (high in fats and protein and relatively low in carbohydrates). The
dog continued to be hypoglycaemic and ketoacidotic while on the high-fat diet.
When the dog was switched to a highly digestible commercial diet that was low in
total fat with a high percentage of fat as medium-chain triglycerides (MCT), the
dog’s clinical signs improved and the malonic aciduria resolved. Protein content of
the second diet was lower than that of the calorie-dense diet, but still higher than
that of a typical maintenance dog food (Table 1).

The effects of diet on humans with malonyl-CoA decarboxylase deficiency have
been mixed, with reports that high-fat (Haan et al 1986), high-carbohydrate (Brown
et al 1984) or high-protein (Gregg et al 1998) diets exacerbated the condition. Gregg
and colleagues (199R) also showed increases in MA and MMA in the urine with a
diet high in MCT, although they attributed this to carryover from the prior high-
protein diet. Other reports suggest that a high-carbohydrate diet was beneficial
(Haan et al 1986; Krawinkel et al 1994). The urinary organic acid profile in the
previously reported dog with malonic and methylmalonic aciduria improved with
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carnitine supplementation and protein restriction, but the dog did not improve clini-
cally (Podell ct al 1996). Although the dug in this report appears to have a different
defect from those cases, our results would support the idea that a high-
carbohydrate, high-MCT diet is beneficial in malonic aciduria. They do not,
however, resolve whether the high fat content or the high protein content of the
original diet was detrimental.

The dog in this report had elevated concentrations of MA in the urine, but not of
MMA. In all prior reports of malonic aciduria in both humans and the dog, there
has been an elevation of both MA and MMA (Brown et al 1984; Buyukgebiz et al
1998; Gregg et al 1998; Haan et al 1986; Krawinkel et al 1994; MacPhee et al 1993;
Maitalon et al 1993; Ozand et al 1994; Podell et al 1996; Yano et al 1997), although
in some of these MMA was not elevated in all samples evaluated (Yano et al 1997).
The MMA elevation in these patients is attributed to malonyl-CoA inhibition of
methylmalonyl-CoA raccmasc/mutasc. Onc of the two human paticnts reported
with normal malonyl-CoA decarboxylase activity had elevation of MMA greater
than MA and other such cases are known. The situation in the dogs described in
this report is unusual in that thcy had only an elevation of MA and normal
malonyl-CoA decarboxylase activity. If the malonyl-CoA increase in the Maltese
dogs were limited to the cytosol pool, methylmalonyl-CoA mutase within the mito-
chondria might not be affected. Alternatively, active malonyl-CoA decarboxylase in
the mitochondria could have prevented inhibition of methylmalonyl-CoA mutase.
However, the elevated citric acid cycle intermediates, though not as dramatic as seen
in the human cases (Haan et al 1986; Ozand ct al 1994), suggest a disturbance of
mitochondrial metabolism. It is conceivable that the normal activity of malonyl-
CoA decarboxylase seen in fibroblasts is the result of tissue-specific isoforms in the
dog, or that there is a kinetic variant with abnormal K, but normal V,,,. The
absence of MMA in this case could be due to decreased sensitivity and/or increased
activity of canine methylmalonyl-CoA mutase. However, another case of malonic
aciduria in a dog was accompanied by methylmalonic aciduria (Podell et al 1996). It
is also possible that the primary problem involves hyperactivity of cytoplasmic
acetyl-CoA carboxylase or a defect in the fatty acid synthetase complex.

Alteration of urine organic acids in family members suggests a familial condition
but no firm conclusions can be drawn from the pedigree regarding the mechanism of
inheritance. One of the half-siblings of the propositus had malonic aciduria, while
another half-sibling and the mother showed only mild ketonuria, Sincc the propo-
situs showed a normal urine organic acid profile while on the low-fat diet, it is
difficult to know whether the changes in related dogs reflect subclinical homozygous
or heterozygous states. The diet the family members were on when tested is not
known.

In conclusion, this report suggests that malonic aciduria occurs as a familial trait
in Maltese dogs. This differs from prior reports of malonic aciduria in humans and
the dog in that MMA concentrations in the urine and malonyl-CoA decarboxylase
activity in fibroblasts are normal. It thus suggests further heterogeneity in the
malonic acidurias or a significant difference between the canine and human condi-
tions.
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