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Introduction
3-Hydroxy-3-methylglutaric aciduria is characterised by 
excessive 3-hydroxy-3-methylglutaric acid due to defi-
ciency in enzymes metabolising leucine into acetyl coen-
zyme A (acetyl-CoA) and acetoacetate. It is a rare metabolic 
disease with an incidence of <1/100,000 among live 
human newborns and only 211 cases documented world-
wide since the first description in 1976.1–3 3-Hydroxy-3-
methylglutaric aciduria has not been previously reported 
in any other species. 

In humans, it is an autosomal recessive condition  
due to deficiency in the enzyme 3-hydroxy-3-methyl-
glutaryl-coenzyme A lyase (HL). HL is an enzyme 

involved in ketogenesis, and is specifically involved in 
the final step of leucine degradation into acetyl CoA  
and the ketone body acetoacetate.4 A deficiency in HL 
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Abstract
Case summary A rescue charity-owned 6-month-old neutered female domestic shorthair cat was presented with 
progressive tetraparesis, increased extensor muscle tone and signs of spinocerebellar ataxia, including hypermetria. 
The cat’s male sibling, with similar progressive neurological signs, had been euthanased 2 months previously. An 
inherited metabolic disorder was suspected. Urine for determination of organic acid concentration was obtained 
and the cat was prescribed carnitine and taurine supplementation. The cat was euthanased 3 months later following 
progressive neurological signs, including ataxia, tetraparesis, tendency to fall, bilateral absent menace response 
and intention tremor. A selective post-mortem examination was obtained, taking samples from the brain, cervical 
spinal cord, tibial branch of the sciatic nerve, muscle, liver and kidneys. Organic acid analysis results received 
after euthanasia revealed a marked elevation of 3-hydroxy-3-methylglutaric acid (45 mmol/mol creatine [normal 
range 0–2]) and isovalerylglycine (27 mmol/mol creatinine [normal range 0–2]). 3-Hydroxy-3-methylglutaric acid 
was deemed clinically relevant as it is a metabolite of 3-hydroxy-3-methylglutaryl-CoA lyase, the enzyme involved in 
the final step of leucine degradation. Post-mortem examination revealed diffuse, chronic-active, severe olivoponto-
(spino)-cerebellar degeneration.
Relevance and novel information This is the first report of 3-hydroxy-3-methylglutaric aciduria in the veterinary 
literature and the first description of the neuropathology of this disorder in any species. 3-Hydroxy-3-methylglutaric 
aciduria in humans occurs rarely and is due to a deficiency in 3-hydroxy-3-methylglutaryl-coenzyme A lyase.
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therefore results in an impairment in ketone body  
synthesis from fatty acids, as well as impaired leucine 
catabolism.5 The latter results in accumulation of 
3-hydroxy-3-methylglutaric acid, 3-methylglutaric acid, 
3-methylglutaconic acids, 3-hydroxyisovaleric acid and 
3-methylcrotonylglycin – all of which can be detected in 
urine.5,6 Human patients predominantly present in the 
neonatal period; clinical signs reflect energy deficiency, 
hypoglycaemia and metabolic acidosis, in the absence of 
ketones. Ketone bodies are an important source of energy 
for a multiple organ systems, especially the developing 
brain in human neonates.2,6 Approximately 30% of 
patients have been reported with distinct neurological 
abnormalities.2 There have been no neuropathology 
reports for 3-hydroxy-3-methylglutaric aciduria in the 
human literature.

Case description
Three domestic shorthair kittens became under the 
care of a feline charity at approximately 3 weeks of age 
and were vaccinated and neutered. All kittens were 
neurologically normal at the time of acquisition. The 
cats were deemed neurologically normal based on 
their clinical examination findings, performed at the 
primary care veterinarian at first vaccination. Two of 
three kittens developed neurological signs: the first 
was a male; the second to develop abnormalities was 
female.

The affected male kitten was presented to the primary 
care veterinarian at 3 months of age with a 1-month his-
tory of progressive pelvic limb paresis and ataxia. 
Although a neurologist did not examine the cat, brief 
video footage of the cat walking was reviewed by a neu-
rologist; the gait appeared hypermetric, which was more 
pronounced on the thoracic limbs (Figure 1a). There was 
generalised hypertonicity with spasticity. The cat would 

fall after a few steps into lateral recumbency with all 
limb joints and tail in rigid hyperextension (Figure 1b). 
Despite the hypermetria, intention tremor of the head or 
limbs was not present and menace response was normal 
(tested by the primary care veterinarian). Mentation 
appeared normal in that the cat was interactive and tried 
to play. The cat was feline leukaemia virus (FeLV) and 
feline immunodeficiency virus (FIV) negative (per-
formed by an ELISA test kit [SNAP FIV/FeLV Combo; 
IDEXX]). Haematology revealed a leukocytosis (white 
blood cell count 18.62 × 109/l; reference interval [RI] 
2.87–17.02) with a monocytosis (1.15 × 109 l/l; RI 0.05–
0.67) and lymphocytosis (7.67 × 109 l/l; RI 0.92–6.88).  
A therapeutic trial was initiated with clindamycin 
(15 mg/kg q12h) and prednisolone (0.5 mg/kg). The cat 
showed no clinical response and 4 weeks later was 
euthanased owing to worsening neurological status. No 
post-mortem examination was performed.

Two months later, the neutered female sibling was 
presented to the referral centre at 6 months of age with 
a 3-month history of progressive gait abnormalities. 
The cat had been previously tested for FeLV/FIV 
(ELISA SNAP FIV/FeLV; IDEXX) and was negative. 
On examination performed by a neurologist, the cat 
had appropriate mentation and no cranial nerve defi-
cits, including menace response. The gait had some 
similarities to the sibling, especially the hypermetric 
action (Figure 2) with increased tone/spasticity of the 
limb and tail extensor muscles resulting in a pro-
nounced goose-stepping action, especially of the tho-
racic limbs. The cat fell frequently. There was a delay in 
postural reactions, as demonstrated by reduced pelvic 
limb ‘hopping ability’ on postural testing. Spinal 
reflexes were normal (Figure 2).

Funds for diagnostic investigation were limited. 
Based on the fact that two of three siblings were affected 

Figure 1 Images taken from video footage of a male 3-month-old cat demonstrating (a) hypermetric thoracic limb gait and  
(b) spasticity/hypertonicity with a tendency to fall and hyperextension of limbs



West et al 3

by progressive neurological signs, an inherited neuro-
logical disease was suspected. To investigate the possi-
ble metabolic causes, an organic acid urinalysis was 
obtained and non-specific supplementation was started: 
L-carnitine at ~100 mg/kg/day, in addition to taurine at 
(500 mg/day), and a nutraceutical containing omega-3 
fatty acids, phosphatidylserine, vitamin E, ginkgo biloba 
extract and B vitamins (Nutramind [Nutravet], at the 
recommended dose for a cat). The cat continued to dete-
riorate, and 3 months later the gait had deteriorated to 
the extent that the cat could only take a few steps before 
falling. There were more obvious cerebellar signs; the 
‘goose-stepping’ hypermetric gait had become more 
exaggerated (Figure 2), muscle tone had increased and 
the cat had developed an intention tremor with deficit of 
menace response. The cat’s signs suggested a cerebellar 
neuroanatomical localisation with spinocerebellar tract 
involvement. It was also considered that not all the signs 
were related to cerebellar disease and it was suspected 
that brainstem nuclei were also be affected, resulting in 
extrapyramidal signs of poor limb control and body 
movement, posture and tone (pelvic limb postural reac-
tion deficits on examination).

The cat was euthanased and a limited post-mortem 
examination was obtained, taking samples from the 
brain, cervical spinal cord, the tibial branch of the sciatic 
nerve, muscle, liver and kidneys.

Urinary organic acid concentration revealed eleva-
tions in 3-hydroxy-3-methylglutaric acid (45 mmol/mol 
creatinine [normal range 0–2]), isovalerylglycine (27  
mmol/mol creatinine [normal range 0–2]) and octanoic 
acid (8 mmol/mol creatinine [normal range 0– 2]).

Gross examination of the cerebrum and brainstem 
was considered to be within normal anatomical limits. 
The cerebellum appeared small but had tight sulci and 
fissures. On trimming, subjectively, the base of cerebellar 
sulci only seemed slightly widened. Grossly, all other 
sampled tissues appeared normal.

While brain regions rostral to the mesencephalon 
were histologically unremarkable, significant changes 
were identified in the cerebellum, brainstem and spinal 
cord. Principal layering of the cerebellar cortex was 
within normal limits and the external cerebellar germi-
native layer had vanished, in accordance with the 
expected stage of maturity. Throughout the cerebellar 
vermis, paravermis and outer hemispheres, there was an 
oligofocal loss of Purkinje cells (PCs) alongside glial 
fibrillary acidic protein-positive Bergmann’s gliosis and 
mild activation of microglial cells (Figure 3).

Calbindin, ITPR1 and KCNIP4 immunostains were 
performed to visualise the PC population (calbindin and 
ITPR1) and the synaptic glomeruli of granule cell layer 
(KCNIP4) (Figure 4). In agreement with histological 
findings, the number of PCs was significantly reduced in 
the affected cat. Distal to the PC layer and apparently 
preceding degeneration of PC somata, axonal torpedoes 
were identified extending from the granule layer down-
stream to cerebellar roof nuclei. Within the cerebellar 
white matter there was extensive diffuse astrogliosis, 
axonal torpedoes, multiple empty dilated myelin tubes, 
digestion chambers and occasional degenerate neurons 
of cerebellar (roof) nuclei (Figure 5). The affected axons 
mostly stained weakly positive for the Purkinje markers 
mentioned above. Further axonal spheroids of other 
neuronal origin, empty tubes and digestion chambers 
were scattered across long spinal tracts but predomi-
nantly affected the spinocerebellar and spinocuneocere-
bellar tracts and the ventral funiculus (Figure 4e). Within 
the spinal tracts, fibre dropout was extensive, leaving 
only post-resorptive macrophage clusters and microglial 
stars. Apart from cerebellar (roof) nuclei, single degener-
ating neurons were seen in multiple brainstem nuclei 
followed by scant gliosis. Notably, vestibular nuclei were 
spared, while multifocal loss of neurons and extensive 
fibrillary gliosis were evident in pre-cerebellar pontine 
and olivary nuclei (Figure 4b,c). No changes were seen in 
spinal grey matter columns.

Summarising these findings, a chronic progressive 
olivopontocerebellar degeneration with spinal white 
matter involvement was diagnosed.

Discussion
We have described the neurological deterioration of two 
feline litter siblings. The onset of signs was similar for 
both cats at age 3 and 4 months. Both cats showed a 
hypermetric gait with increased tone/spasticity of the 
limb and tail extensor muscles, which was more pro-
nounced for the thoracic limbs. Both cats progressively 
deteriorated and were euthanased. Only one of the cats 
was presented to the referral hospital, whereby organic 
urinalysis revealed elevations in 3-hydroxy-3-methyl-
glutaric acid, isovalerylglycine and octanoic acid, and 

Figure 2 Image taken from video footage obtained during  
the second consultation, at which time the female cat was  
6 months old. The footage demonstrates hypermetria
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the pathology revealed a diffuse, chronic-active, severe 
olivoponto-(spino)-cerebellar degeneration.

Explanation of clinical signs from pathology 
findings
Both the olivary and the pre-cerebellar pontine nuclei 
were found to have diffuse astrogliosis, astrocytosis  
and mild microgliosis (Figure 4c,d). The olivary nucleus 
integrates cerebellar efferents with extrapyramidal 
motor signals and proprioception, and is then excitatory 
to the climbing fibres of the inhibitory PCs (Figure 6).7,8 
The olivary nucleus also exhibits an indirect inhibitory 
effect on the PCs through excitation of inhibitory 
interneurons,9,10 and is involved in a complex feedback 
circuit between the cerebellum and higher motor cen-
tres. Therefore, a loss of olivary neurons would result in 
a loss of cerebellar nuclei inhibitory control, manifesting 
as progressive ataxia and a high stepping gait (hyper-
flexion).11 The pontine nucleus also functions as a relay 
nucleus receiving afferent fibres (pyramidal motor sig-
nals) from the cerebral cortex, projecting to the cerebel-
lum via mossy fibres inserting on granule cell dendrites 
in synaptic glomeruli.12,13 The granule cell axons are 
excitatory and (parallel fibres) synapse with the PC den-
dritic tree. Parallel fibres (axons of granule cells) synapse 
with the PC dendritic tree exerting an excitatory input.14 
The pontocerebellum regulates skilled movement.9 A 
lesion in either nuclei results in an ineffective feedback 
pathway, therefore causing an asynergia and a severe 
loss of motor coordination.8,13 The result of this is 
impaired balance, abnormal postural tone, dysmetria 
and the intention tremor seen in the cat diagnosed with 
3-hydroxy-3-methylglutaric aciduria.8 The cerebellum 
relies on anticipatory postural adjustments together 
with somatosensory feedback loops to maintain balance 
during locomotion; ataxia develops when there is a 
breakdown of these mechanisms.15–17

On initial presentation the cat demonstrated spinocer-
ebellar signs and weakness, lacking convincing signs 
that localised to the cerebellar cortex. However, there 
was a progressive neurological deterioration and after  
3 months it had developed an intention tremor and men-
ace response was absent. An intention tremor suggests a 
lesion of the cerebrocerebellum, the more lateral cerebel-
lar hemispheres or the dentate nucleus,18 correlating 
with the pathology findings of chronic, severe, cerebellar 
white matter degeneration (Figure 3).

The neuropathological findings for this cat are similar 
to those suffering from an essential tremor, with PC loss, 
Bergmann cell gliosis and cerebellar torpedoes.19 An 
essential tremor is a postural and action tremor that 
develops secondary to pathological changes in the cir-
cuit involving the red nucleus, inferior olivary nucleus 
and the dentate nucleus.20 We are the first to observe 
these neuropathological changes in a cat.

Figure 3 Spatial pattern of cerebellar changes in 3-hydroxy-
3-methylglutaric aciduria. (a) Cerebellar cortical changes 
encompass widespread loss of Purkinje cells (PCs) indicated 
by wide spacing (bracket) and multifocal Bergmann’s 
gliosis (white arrows). The molecular layer (ML) of affected 
areas was characterised by microgliosis (black arrows). 
Degenerative changes are occasionally seen in residual 
PCs (frame). Nissl cresyl echt violet staining. (b) The true 
extent of cerebellar cortical involvement becomes evident 
after glial fibrillary acidic protein (GFAP) staining with 
chromogen 3,3'-diaminobenzidine, which highlights the 
astroglial changes (brown signal). Neuronal degeneration is 
accompanied by extensive accentuation of apical Bergmann 
glia processes (black arrows) spanning the PC layer and 
pial surface. (c) Cerebellar white matter throughout the 
corpus medullare (CM) and foliary white matter shows the 
anterograde degeneration of PC axons as axonal spheroids 
(black arrows) and digestion chambers (white arrows). 
Haematoxylin and eosin staining. GCL = granule cell layer; 
Sulc = sulcus
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Figure 4 Histopathological changes in brainstem nuclei and spinal cord. (a,b) There are occasional degenerative neuronal 
changes (a, white arrow) encountered in cranial nerve nuclei as the facial motor nucleus, without a concurrent astroglial 
reaction (b, brown signal). (c,d) The pre-cerebellar olivary nuclei show wide spacing of neurons (Neu) and present with a 
comparatively high neuroglial nuclear density (glial cells are implicated in neurodegeneration, see frame in [d] as compared 
with relatively spared in [b]) and diffuse immunopositivity for glial fibrillary acidic protein (GFAP; d, brown signal). (e) 
Numerous axonal spheroids (black arrows) are seen in certain spinal tracts as, in particular, the spinocuneocerebellar tract 
shown here. Compare the axonal diameters to that of a control (f). Stains: (a,c,e,f) haematoxylin and eosin; (b,d) GFAP 
immunohistochemistry with chromogen: 3,3'-diaminobenzindine (brown)
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Figure 5 Details on molecular layer changes and axonal pathology. (a) Microgliosis (white arrows) of the molecular layer (ML) 
extends radially along degenerating Purkinje cell (PC) dendrites and regional capillaries (Cap). (a–d) The granule cell layer 
(GCL) and underlying white matter contains numerous axonal spheroids (white [a] and black [b–d] frames) that stain immune-
positive for PC markers (b) calbindin and (d) ITPR-1, and negative for the synaptic (c) glomerula marker KCNIP4. Stains:  
(a) haematoxylin-eosin; (b) calbindin immunohistochemistry (Calbind) with chromogen: 3,3'-diaminobenzindine (DAB; brown); 
(c) KCNIP4 immunohistochemistry with chromogen DAB (brown); (d) ITPR1 immunohistochemistry with chromogen DAB 
(brown). CM = corpus medullare; FWM = foliary white matter; ML = molecular layer

This cat’s neurological presentation reflected both a 
dysregulation with the olivopontocerebellar feedback 
circuit, as well as PC dysfunction. This presentation is in 
contrast to disorders exclusively affecting the granule 
cell layer with minimal involvement of other structures, 
namely parvovirus-induced cerebellar hypoplasia.21 
Typically, affected kittens present with a non-progres-
sive, symmetric cerebellar ataxia that is usually noticed 
when the kitten attempts to stand or walk.18

Although there was degeneration found in the facial 
nuclei (Figure 4a,b), there was no deficit to the palpebral 
reflex on examination. Should the cat have survived 
longer, this may have become apparent. The involvement 
of the facial nucleus could be explained by retrograde 
degeneration.12 Anatomically, the olivary nucleus extends 
rostrally to the caudal aspect of the facial nucleus.

Both cats were observed to fall frequently, with 
increased limb and tail extensor tone. Hypertonus is a 

classic feature of spinocerebellar ataxia, consistent with 
the Wallerian-like degeneration within the spinocerebel-
lar tracts.8 The spinocerebellar tracts convey general pro-
prioceptive information from the trunk and pelvic limbs 
to the cerebellum.12 This may suggest why there were 
postural reaction deficits observed in the pelvic limbs 
and not the thoracic limbs.

Biochemistry
The accumulation of organic acids within cells exhibit 
toxic effect by a numerous mechanisms: inhibition of 
specific enzymes involved in energy metabolism within 
the brain; impaired coupling between astrocytes  
and neurons; stimulation of excitotoxic pathways; stim-
ulation of reactive oxygen species; and interference in 
autoregulation and cerebral blood flow.22 The nervous 
system is particularly sensitive to the effects of toxic 
metabolite accumulation. The blood–brain barrier is 
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ineffective at facilitating with metabolite efflux transport 
and therefore has been hypothesised to contribute to the 
accumulation of toxic metabolites in the central nervous 
system.22 Neurons are incapable of undergoing mitosis 
and therefore have difficulty eliminating unwanted or 
undamaged organelles.23 Histological stain and specific 
immunolabelling revealed a reduction in PC-specific 
proteins, including calbindin and ITPR1. When taken 
together this is reflective of PC loss (Figure 5). ITPR1 is a 
ligand-gated calcium channel that has a role in intracel-
lular calcium signalling and coincidence detection; it is 
particularly expressed on cerebellar PCs.24 Interestingly, 
heterogenous deletions or missense mutations in ITPR1 
have previously been implicated in spinocerebellar 
ataxia in humans and dogs.21,25 It was been suggested 
that the accumulation of toxic metabolites (3-hydroxy-
3-methyglutarate) can activate energy-demanding  
glutamatergic signalling pathways, resulting in an over-
excitation of impaired postsynaptic neurons.22 This spe-
cifically disrupts ITPR1 signalling and it is thought that 
this leads to a marked selectivity for the cerebellum and 
spinocerebellar tract.25 This represents an interesting 
avenue for future research into the mechanisms 
described in these findings.

The neurodegenerative phenotype in the cat 
described, predominantly involving the cerebellum and 
its feedback nuclei, bears the most pathological resem-
blance to the fatal neonatal condition L-2-hydroxyglutaric 

aciduria described by Chen et al.26 Similarities included 
neuronal dropout with gliosis in the pontine and inferior 
olivary nuclei, as well as focal PC dropout in the cerebel-
lum.26 In contrast to L-2-hydroxyglutaric aciduria, no 
forebrain lesions were found in this cat.

Organic acid urinalysis for the female cats found eleva-
tions in 3-hydroxy-3-methylglutaric acid, isovalerylgly-
cine and octanoic acid. Octanoic was very slightly elevated, 
and therefore likely irrelevant. The former is a result of the 
catabolism of the amino acid leucine (Figure 7). To confirm 
the reliability of the results found, analysis of a second 
urine sample would be preferred. Unfortunately, this was 
not possible owing to the cat’s clinical deterioration and 
subsequent euthanasia before the results of organic acid 
urinalysis were determined.

Isovaleryl-CoA dehydrogenase catalyses the third step 
in leucine catabolism, the oxidation of isovaleryl-CoA to 
3-methylcrotonyl-CoA.27 Moreover, isovalerylglycine is 
an intermediate precursor of 3-hydroxy-3-methylglutaric 
acid and elevations of isovalerylglycine are secondary to 
the final step in the pathway (Figure 7). The elevations in 
3-hydroxy-3-methylglutaric aciduria are therefore clini-
cally significant.

Leucine is a branched-chain amino acid and ulti-
mately it renders acetyl-CoA and acetoacetate, having 
undergone catabolism. These primary metabolic end-
points are produced by the final step of leucine degrada-
tion whereby HL catalyses the irreversible conversion of 

Figure 6 Neuronal pathway of the cerebellar cortex with regards to the olivary and pontine nuclei
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Figure 7 Leucine degradation pathway. Adapted from: Adeva-Andany MM, Lopez-Maside L, Donapetry-Garcia C, et al. 
Enzymes involved in branched-chain amino acid metabolism in humans. Amino Acids 2017; 49; 1005–1028 (with permission of 
Springer)27

3-hydroxy-3-methylglutaryl-CoA to acetyl and acetoac-
etate (Figure 5).1,4,27 Acetyl and acetoacetate are the pre-
cursors for ketone body synthesis; in humans there are 
only two amino acids degradation to these final metabo-
lites, namely leucine and lysine.28

Human studies of 3-hydroxy-3-methylglutaric 
aciduria
Human studies have reported that the liver and the pan-
creas are the organs with the highest HL activity, thus 
rendering these organs most susceptible to the effects of 
an HL deficiency, which is evident by the most common 
clinical presentation (vomiting, dehydration and leth-
argy with an associated metabolic acidosis and hypoke-
totic hypoglycaemia).29 Studies investigating HL activity 
in the rat brain found that HL activity was high in the 
postnatal period, correlating with cholesterol synthesis. 
Thereafter, the enzymatic activity continued to decline to 
minimal levels in the adult brain.30,31 This provides an 
explanation as to why most patients typically present in 
the neonatal period.2

In contrast to humans, these cats did not show signs 
consistent with a metabolic acidosis. As cats are carni-
vores with a much higher protein content to their diet 
than omnivorous species such as the human and dog, 

their metabolism has adapted so that the hepatic trans-
aminases and amino acid degenerative enzymes do not 
change with the levels of dietary protein. The high-pro-
tein diet results in a high rate of nitrogen metabolism 
providing the mechanism by which kittens are less sen-
sitive to branched chained amino acids; dietary changes 
to leucine do not significantly influence leucine plasma 
concentrations.32,33 This is in contrast to humans, 
whereby dietary leucine was reduced by 20 g/kg to  
5 g/kg, resulting in an over three-fold increase in 
branched-chain amino acid concentrations.33,34

Conclusions
This is the first report of 3-hydroxy-3-methylglutaric aci-
duria in the veterinary literature. The two cats from the 
same litter presented at 3–6 months of age with progres-
sive spinocerebellar signs and weakness. The female cat 
developed cerebellar signs in the late stage of the disease 
and urinalysis revealed significant elevations in 
3-hydroxy-3-methylglutaric acid. The cat was eutha-
nased owing to deterioration. Histopathological exami-
nation of this cat revealed marked olivopontocerebellar 
degeneration. This case report highlights an organic aci-
duria as an important differential in a young cat present-
ing with progressive neurological signs. A diagnosis can 
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be made at relatively low cost from urinalysis alone; 
however, the lengthy wait for results can be frustrating, 
especially if a patient is deteriorating. There is no spe-
cific treatment for 3-hydroxy-3-methylglutaric aciduria 
and the prognosis is grave.
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