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Ketogenesis and Ketolysis

During fasting, ketone bodies are an important fuel for 
many tissues, including cardiac and skeletal muscle. 
They are particularly important for the brain, which 
cannot oxidise fatty acids. The principal ketone bodies, 
acetoacetate and 3-hydroxybutyrate, are maintained 
in equilibrium by 3-hydroxybutyrate dehydrogenase; 
acetone is formed from acetoacetate non-enzymatically 
and eliminated in breath. Ketone bodies are formed in 

liver mitochondria, predominantly from fatty acids, 
but also from certain amino acids, such as leucine. For 
use as fuel, ketone bodies are converted to acetyl-CoA 
in the mitochondria of extrahepatic tissues. One of the 
ketolytic enzymes, mitochondrial acetoacetyl-CoA 
thiolase, is also involved in the breakdown of isoleucine 
(. Fig. 14.1).

. Fig. 14.1. Biochemical pathways involving enzymes of keto-
genesis and ketolysis. HMG-CoA, 3-hydroxy-3-methylglutaryl 
coenzyme A. 1, Mitochondrial (m)HMG-CoA synthase; 2, HMG-
CoA lyase; 3, succinyl-CoA 3-oxoacid CoA transferase (SCOT); 

4, mitochondrial acetoacetyl-CoA thiolase (T2); 5, 3-hydroxy-
butyrate dehydrogenase. The enzyme defects discussed in this 
chapter are depicted by solid bars across the arrows
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Disorders of ketone body metabolism present either 
in the first few days of life or later in childhood, during 
an infection or some other metabolic stress. In defects 
of ketogenesis, decompensation leads to encephalo-
pathy, with vomiting and a reduced level of conscious-
ness, often accompanied by hepatomegaly. The bio-
chemical features – hypoketotic hypoglycaemia, with 
or without hyperammonaemia – resemble those seen 
in fatty acid oxidation disorders. In defects of ketolysis, 
the clinical picture is dominated by severe ketoacidosis. 
This is often accompanied by decreased consciousness 
and dehydration. 

14.1  Clinical Presentation

14.1.1   Mitochondrial 3-Hydroxy-3-Methyl-
glutaryl-CoA Synthase Deficiency

Six patients with mitochondrial 3-hydroxy-3-methyl glutaryl-
coenzyme A (mHMG-CoA) synthase deficiency (enzyme 1 
in . Fig. 14.1) have been reported since 1997. All presented 
with hypoglycaemia following gastroenteritis, between the 
ages of 9 months and 6 years [1-3]. At presentation, most 
patients were comatose and had hepatomegaly, which subse-
quently resolved. Blood lactate and ammonia concentrations 
were normal and urine was negative for  ketone bodies. All 
patients recovered promptly with intra venous glucose and 
none suffered long-term complications. 

14.1.2   3-Hydroxy-3-Methylglutaryl-CoA 
Lyase Deficiency

Approximately 30% of patients with HMG-CoA lyase de-
ficiency (enzyme 2 in . Fig. 14.1) present by 5 days of age, 
after a short initial symptom-free period. Most of the other 
patients present later in the first year, when they are fasted 
or suffer infections [4]. A few patients remain asymptom-
atic for a number of years [5]. 

Clinical features at presentation include vomiting, hypo-
tonia and a reduced level of consciousness. Investigations 
show hypoglycaemia and acidosis [4]. Ketone body levels 
are inappropriately low but blood lactate concentrations 
may be markedly elevated, particularly in neonatal onset 
cases [6]. Many patients have hyperammonaemia, hepato-
megaly and abnormal liver function tests and, in the past, 
cases may have been misdiagnosed as Reye’s syndrome [7]. 
Pancreatitis is a recognised complication [8], as in other 
branched-chain organic acidaemias. With appropriate 
treatment, most patients recover from their initial episode 
of metabolic decompensation. Unfortunately, a number 
suffer neurological sequelae, including epilepsy, intellectual 

handicap, hemiplegia or cerebral visual loss [4, 5, 7]. Imag-
ing may show abnormalities in the basal ganglia and focal 
cerebral atrophy. Even in asymptomatic patients, magnetic 
resonance imaging (MRI) shows diffuse mild T2 hyper-
intensity of the cerebral white matter with multiple foci 
of more severe signal abnormality [5]. The cause of these 
changes is unknown; myelination may be impaired because 
ketone bodies are a substrate for the synthesis of myelin 
cholesterol [9]. 

14.1.3  Succinyl-CoA 3-Oxoacid CoA 
Transferase Deficiency

The deficiency of succinyl-CoA 3-oxoacid CoA transferase 
(SCOT, also known as succinyl-CoA 3-ketoacid CoA trans-
ferase; enzyme 3 in . Fig. 14.1) is characterised by recurrent 
episodes of severe ketoacidosis. Tachypnoea is often accom-
panied by hypotonia and lethargy. As for HMG-CoA lyase 
deficiency, 30 % of patients become symptomatic within 
a few days of birth [10] and most of the others present later 
in the first year. A few patients have had cardiomegaly at 
the time of presentation [11]. Blood glucose, lactate and 
ammonia concentrations are generally normal, though 
there have been reports of hypoglycaemia in neonates [10] 
and hyperglycaemia in older children [11]. Because ketosis 
and acidosis are common in sick children, SCOT deficiency 
enters the differential diagnosis for a large number of pa-
tients.

14.1.4   Mitochondrial Acetoacetyl-CoA 
Thiolase Deficiency 

Recurrent episodes of ketoacidosis also occur in patients 
with a deficiency of mitochondrial acetoacetyl-CoA thiola-
se (also known as 2-methyl-acetoacetyl-CoA thiolase and 
as -ketothiolase, abbreviated T2; enzyme 4 in . Fig. 14.1)
[12]. Neonatal onset is rare. Most patients present during 
the first two years but one asymptomatic adult has been 
diagnosed [13]. 

Episodes of decompensation generally start with tachy-
pnoea and vomiting, which is followed by dehydration and 
a falling level of consciousness [12]. A few patients have 
seizures. Investigations show a severe metabolic acidosis 
with ketonuria. Blood glucose, lactate and ammonia con-
centrations are normal in most cases but hyper- and hypo-
glycaemia have been reported [11, 12]. The high aceto-
acetate levels in blood and urine may cause screening tests 
for salicylate to give false positive results [14]. Most patients 
make a full recovery from episodes of decompensation 
but some have mental retardation, ataxia or dystonia with 
abnormalities in the basal ganglia on MRI [15]. A few 
patients have developmental delay before their first episode 
of ketoacidosis [15].

14.1 · Clinical Presentation 
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14.2  Metabolic Derangement

Ketone bodies are synthesised in hepatic mitochondria, 
primarily using acetyl-CoA derived from fatty acid oxida-
tion (. Fig. 14.1). mHMG-CoA synthase catalyses the con-
densation of acetoacetyl-CoA and acetyl-CoA to form 
HMG-CoA, which is cleaved by HMG-CoA lyase to release 
acetyl-CoA and acetoacetate. HMG-CoA can also be de-
rived from the amino acid, leucine. Thus, mHMG-CoA 
synthase and HMG-CoA lyase deficiencies both impair 
ketogenesis but HMG-CoA lyase deficiency also causes 
the accumulation of intermediates of the leucine catabolic 
pathway. The hypoglycaemia seen in these defects may 
result from impaired gluconeogenesis or from excessive 
glucose consumption due to the lack of ketone bodies.

Ketone body utilisation occurs in extrahepatic mito-
chondria, starting with the transfer of coenzyme A from 
succinyl-CoA to acetoacetate, catalysed by SCOT. This 
forms acetoacetyl-CoA, which is converted to acetyl-CoA 
by T2. SCOT is not expressed in liver and has no role other 
than ketolysis; episodic ketoacidosis is, therefore, the only 
consistent biochemical abnormality in SCOT deficiency. 
In contrast, T2 is expressed in liver and has 3 different roles. 
Whereas T2 promotes ketolysis in extrahepatic tissues, in 
liver it participates in ketogenesis by converting acetyl-
CoA to acetoacetyl-CoA. Finally, T2 cleaves 2-methylace-
toacetyl-CoA in the degradation pathway for isoleucine. 
Patients with T2 deficiency present with ketoacidosis, 
implying that the enzyme is more crucial in ketolysis than 
in ketogenesis; they also excrete intermediates of isoleucine 
catabolism.

14.3  Genetics

All 4 disorders are inherited as autosomal recessive traits. 
Their prevalence is unknown but HMG-CoA lyase defi-
ciency is relatively common in Saudi Arabia [6]. Mutations 
have been identified in patients with each of the 4 disorders 
[3, 12, 16]. Two common mutations have been found in 
HMG-CoA lyase deficiency, one in the Saudi population 
[17] and the other in Mediterranean patients [18]. Com-
mon mutations have not been identified in the other dis-
orders. 

Prenatal diagnosis is possible using molecular tech-
niques in families where the mutations are known or there 
are informative polymorphisms [19, 20]. Alternatively, 
prenatal diagnosis can be performed by enzyme assay in 
chorionic villi or cultured amniocytes [19, 20]. This is not 
possible for mHMG-CoA synthase and some authorities 
prefer not to use chorionic villi for SCOT [21]. Organic 
acid analysis of amniotic fluid is a third method of prenatal 
diagnosis for HMG-CoA lyase deficiency [19]. 

14.4  Diagnostic Tests

HMG-CoA lyase and T2 deficiencies are diagnosed by 
detecting abnormal urinary organic acids. The abnormali-
ties are sometimes hard to detect in T2 deficiency. The 
organic acid profile of 2-methyl-3-hydroxybutyryl-CoA 
dehydro genase deficiency, another enzyme of the iso leucine 
degradation pathway (discusssed in 7 Chap. 19), resembles 
that of T2 deficiency and cases have been misdiagnosed as 
such in the past. Recognition of the other defects is even 
more difficult and it is likely that many cases remain un-
diagnosed.

14.4.1  Mitochondrial 3-Hydroxy-3-Methyl-
glutaryl-CoA Synthase Deficiency

This diagnosis should be suspected when there is grossly 
impaired ketogenesis during fasting but there is normal 
fatty acid oxidation flux in vitro (7 Chap. 3 and 13). Or-
ganic acid analysis typically shows massive dicarboxylic 
aciduria (saturated, unsaturated and hydroxy-compounds) 
but low levels of ketone bodies [2, 3]. Blood acylcarnitine 
analysis is normal. Measurement of enzyme activity re-
quires a liver biopsy because it is only expressed at high 
levels in liver and testis. Moreover, enzyme assays are com-
plicated by a cytoplasmic isoenzyme, involved in choles-
terol synthesis, which normally accounts for approximately 
10% of total activity. Enzymology has not been undertaken 
in recent patients and the diagnosis has been confirmed by 
mutation analysis [3].

14.4.2   3-Hydroxy-3-Methylglutaryl-CoA 
Lyase Deficiency

Patients with this condition excrete increased quantities of 
3-hydroxy-3-methylglutaric, 3-hydroxyisovaleric, 3-methyl-
glutaconic and 3-methylglutaric acids (. Fig. 14.1); 3-methyl-
crotonylglycine may also be present [4]. It is important 
to confirm the diagnosis enzymologically since a similar 
pattern of urinary organic acids has been found in patients 
with normal HMG-CoA lyase activity [22]. Assays can be 
undertaken on leukocytes or cultured fibroblasts as well as 
liver. Currently, the diagnosis is generally made following 
an acute presentation. There is, however, the potential to 
diagnose cases by neonatal screening, since 3-methylglutaryl-
carnitine accumulates in blood and can be detected by 
tandem mass spectrometry [23]. 
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14.4.3  Succinyl-CoA 3-Oxoacid CoA 
Transferase Deficiency

Most patients have persistent ketonuria and a circulating 
concentration of ketone bodies (acetoacetate plus 3-hydro-
xybutyrate) above 0.2 mmol/l, even in the fed state [11]. A 
few patients do not have ketonuria when they are well. If 
a diagnostic fast is undertaken, there is an excessive rise 
in blood ketone body levels, sometimes to over 10 mmol/l, 
without hypoglycaemia [11]. Urinary organic acid analysis 
reveals high concentrations of 3-hydroxybutyrate, aceto-
acetate and sometimes 3-hydroxyisovalerate but no specific 
abnormalities. The diagnosis must, therefore, be confirmed 
by enzymology, which can be undertaken on lymphocytes 
or cultured fibroblasts. These assays generally show at least 
20–35% apparent residual activity, due to the consumption 
of substrate by other enzymes [16].

14.4.4   Mitochondrial Acetoacetyl-CoA 
Thiolase Deficiency 

Patients with T2 deficiency usually excrete increased 
amounts of 2-methylacetoacetate, 2-methyl-3-hydroxy-
butyric acid and tiglylglycine (. Fig. 14.1). Some patients, 
however, do not excrete tiglylglycine and 2-methylacetoac-
etate may not be detected because it is unstable. Indeed, the 
organic aciduria may be hard to detect even during episodes 
of ketoacidosis and an isoleucine load may be needed to 
demonstrate the abnormalities [24]. A similar organic acid 
picture can be seen in other disorders, such as 2-methyl-
3-hydroxybutyryl-CoA dehydrogenase deficiency, but 2-
methyacetoacetate is not excreted in the latter disorder 
(Chap. 19). Enzymological confirmation in cultured fibro-
blasts is, therefore, essential. Assays are complicated by the 
presence of 3 other thiolases that act on acetoacetyl-CoA 
(cytosolic and peroxisomal acetoacetyl-CoA thiolases and 
mitochondrial 3-oxoacyl-CoA thiolase). 2-Methylaceto-
acetyl-CoA is a specific substrate for T2 but it is difficult to 
synthesise [25]. One solution is to measure acetoacetyl-
CoA thiolysis in the presence and absence of potassium, 
which enhances the activity of T2 but not the other enzymes 
[14]. Blood acylcarnitine analysis in T2 deficiency often 
reveals tiglylcarnitine and other abnormalities but the 
sensitivity and specificity are not clear [23].

14.5  Treatment and Prognosis

All these patients can decompensate rapidly in early child-
hood. To prevent this, fasting must be avoided and a high 
carbohydrate intake must be maintained during any meta-
bolic stress, such as surgery or infection (7 Chap. 4). Drinks 
containing carbohydrate should be started at the first sign 
of illness; hospital admission is needed if these are not 

tolerated or if a patient with a ketolysis disorder develops 
moderate or heavy ketonuria. In hospital, patients require 
an intravenous infusion of glucose. Acidosis is common 
in HMG-CoA lyase deficiency and, particularly, in the 
keto lysis disorders. An intravenous infusion of bicarbo-
nate is needed if the acidosis is severe (pH<7.1) and it may 
be given in milder acidosis but electrolytes must be mo-
nitored frequently: there is a risk of severe and poten-
tially fatal hypernatraemia. Extra fluids may be needed 
to correct dehydration, which is common in the ketolysis 
disorders. 

A moderate protein restriction is usually recommended 
in HMG-CoA lyase, SCOT and T2 deficiencies, because 
these enzymes are directly or indirectly involved in amino 
acid catabolism [4, 11, 12]. A low fat diet has also been 
recommended [26]. Protein and fat should certainly be 
avoided during illness. At other times, however, dietary res-
triction is unnecessary in some patients [13, 16]. Carnitine 
supplements are often given if serum levels are low, though 
their value is unproven.

Patients with these disorders can die or suffer irrever-
sible neurological damage during episodes of metabolic 
decompensation. Outcomes have been least good for neo-
natal-onset cases of HMG-CoA lyase deficiency, such as 
those from Saudi Arabia [6]. Once the diagnosis has been 
made, the outlook is much improved. Patients become more 
stable with age, particularly those with ketolysis defects 
[12]. Late complications are rare. Fatal cardiomyopathy 
has been reported in one patient with HMG-CoA lyase 
deficiency [27] and two pedigrees with T2 deficiency, 
though the latter cases were not enzymologically proven 
[28]. One patient with T2 deficiency has had a healthy child 
following an uncomplicated pregnancy [29].

14.6   Cytosolic Acetoacetyl-CoA 
Thiolase Deficiency

Cytosolic acetoacetyl-CoA thiolase (CAT) is primarily 
involved in the synthesis of isoprenoid compounds, such 
as cholesterol, rather than ketone body metabolism. Two 
patients with CAT deficiency have been reported [30, 31]. 
Both presented with mental retardation after apparently 
normal early development. One patient developed severe 
ketoacidosis on a ketogenic diet, whilst the other had persis-
tent ketonuria that resolved on a low fat diet. No treatment 
had any effect on the neurological problems. One patient 
had low acetoacetyl-CoA thiolase activity in the cytosolic 
fraction from a liver biopsy. Fibroblasts from the other 
patient showed reduced total acetoacetyl-CoA thiolase ac-
tivity with normal T2 activity, and decreased cholesterol 
synthesis. The human CAT cDNA has been cloned but 
mutations have not been reported [32].

14.6 ·  Cytosolic Acetoacetyl-CoA Thiolase Deficiency



Chapter 14 · Disorders of Ketogenesis and Ketolysis

III

196

References

 1.  Thompson GN, Hsu BY, Pitt JJ etal (1997) Fasting hypoketotic coma 
in a child with deficiency of mitochondrial 3-hydroxy-3-methyl-
glutaryl-CoA synthase. N Engl J Med 337:1203-1207

 2. Morris AA, Lascelles CV, Olpin SE et al (1998) Hepatic mitochon-
drial 3-hydroxy-3-methylglutaryl-coenzyme a synthase deficiency. 
Pediatr Res 44:392-396

 3. Zschocke J, Penzien JM, Bielen R et al (2002) The diagnosis of mito-
chondrial HMG-CoA synthase deficiency. J Pediatr 140:778-780

 4. Gibson KM, Breuer J, Nyhan WL (1988) 3-Hydroxy-3-methylglutaryl-
coenzyme A lyase deficiency: review of 18 reported patients. Eur J 
Pediatr 148:180-186

 5. van der Knaap MS, Bakker HD, Valk J (1998) MR imaging and proton 
spectroscopy in 3-hydroxy-3-methylglutaryl coenzyme A lyase 
deficiency. AJNR Am J Neuroradiol 19:378-382

 6. Ozand PT, al Aqeel A, Gascon G et al (1991) 3-Hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) lyase deficiency in Saudi Arabia. 
J Inherit Metab Dis 14:174-188

 7.  Leonard JV, Seakins JW, Griffin NK (1979) beta-Hydroxy-beta-methyl-
glutaricaciduria presenting as Reye‘s syndrome. Lancet 1:680

 8. Wilson WG, Cass MB, Sovik O et al (1984) A child with acute pan-
creatitis and recurrent hypoglycemia due to 3-hydroxy-3-methyl-
glutaryl-CoA lyase deficiency. Eur J Pediatr 142:289-291

 9. Koper JW, Lopes-Cardozo M, van Golde LM (1981) Preferential 
utilization of ketone bodies for the synthesis of myelin cholesterol 
in vivo. Biochim Biophys Acta 666:411-417

10. Berry GT, Fukao T, Mitchell GA et al (2001) Neonatal hypoglycaemia 
in severe succinyl-CoA: 3-oxoacid CoA-transferase deficiency. 
J Inherit Metab Dis 24:587-595

11.  Saudubray JM, Specola N, Middleton B et al (1987) Hyperketotic 
states due to inherited defects of ketolysis. Enzyme 38:80-90

12. Fukao T, Scriver CR, Kondo N (2001) The clinical phenotype and 
outcome of mitochondrial acetoacetyl-CoA thiolase deficiency 
(beta-ketothiolase or T2 deficiency) in 26 enzymatically proved and 
mutation-defined patients. Mol Genet Metab 72:109-114

13. Schutgens RB, Middleton B, vd Blij JF et al (1982) Beta-ketothiolase 
deficiency in a family confirmed by in vitro enzymatic assays in 
fibroblasts. Eur J Pediatr 139:39-42

14. Robinson BH, Sherwood WG, Taylor J et al (1979) Acetoacetyl CoA 
thiolase deficiency: a cause of severe ketoacidosis in infancy 
simulating salicylism. J Pediatr 95:228-233

15. Ozand PT, Rashed M, Gascon GG et al (1994) 3-Ketothiolase defi-
ciency: a review and four new patients with neurologic symptoms. 
Brain Dev 16[Suppl]:38-45

16. Kassovska-Bratinova S, Fukao T, Song XQ et al (1996) Succinyl CoA: 
3-oxoacid CoA transferase (SCOT): human cDNA cloning, human 
chromosomal mapping to 5p13, and mutation detection in a 
SCOT-deficient patient. Am J Hum Genet 59:519-528

17. Mitchell GA, Ozand PT, Robert MF et al (1998) HMG CoA lyase de-
ficiency: identification of five causal point mutations in codons 41 
and 42, including a frequent Saudi Arabian mutation, R41Q. Am J 
Hum Genet 62:295-300

18. Casale CH, Casals N, Pie J et al (1998) A nonsense mutation in the 
exon 2 of the 3-hydroxy-3-methylglutaryl coenzyme A lyase (HL) 
gene producing three mature mRNAs is the main cause of 3-hy-
droxy-3-methylglutaric aciduria in European Mediterranean pa-
tients. Arch Biochem Biophys 349:129-137

19. Mitchell GA, Jakobs C, Gibson KM et al (1995) Molecular prenatal 
diagnosis of 3-hydroxy-3-methylglutaryl CoA lyase deficiency. 
Prenat Diagn 15:725-729

20. Fukao T, Wakazono A, Song XQ et al (1995) Prenatal diagnosis in a 
family with mitochondrial acetoacetyl-coenzyme A thiolase defi-
ciency with the use of the polymerase chain reaction followed by 
the heteroduplex detection method. Prenat Diagn 15:363-367

21. Fukao T, Song XQ, Watanabe H et al (1996) Prenatal diagnosis of 
succinyl-coenzyme A:3-ketoacid coenzyme A transferase defi-
ciency. Prenat Diagn 16:471-474

22. Hammond J, Wilcken B (1984) 3-hydroxy-3-methylglutaric, 3-methyl-
glutaconic and 3-methylglutaric acids can be non-specific indica-
tors of metabolic disease. J Inherit Metab Dis 7[Suppl 2]:117-118

23. Rashed MS, Ozand PT, Bucknall MP et al (1995) Diagnosis of inborn 
errors of metabolism from blood spots by acylcarnitines and amino 
acids profiling using automated electrospray tandem mass spec-
trometry. Pediatr Res 38:324-331

24. Middleton B, Bartlett K, Romanos A et al (1986) 3-Ketothiolase 
deficiency. Eur J Pediatr 144:586-589

25. Middleton B , Bartlett K (1983) The synthesis and characterisation 
of 2-methylacetoacetyl coenzyme A and its use in the identification 
of the site of the defect in 2-methylacetoacetic and 2-methyl-
3-hydroxybutyric aciduria. Clin Chim Acta 128:291-305

26. Thompson GN, Chalmers RA, Halliday D (1990) The contribution 
of protein catabolism to metabolic decompensation in 3-hydroxy-
3-methylglutaric aciduria. Eur J Pediatr 149:346-350

27. Gibson KM, Cassidy SB, Seaver LH et al (1994) Fatal cardiomyopathy 
associated with 3-hydroxy-3-methylglutaryl-CoA lyase deficiency. 
J Inherit Metab Dis 17:291-294

28. Henry CG, Strauss AW, Keating JP et al (1981) Congestive cardio-
myopathy associated with beta-ketothiolase deficiency. J Pediatr 
99:754-757

29. Sewell AC, Herwig J, Wiegratz I et al (1998) Mitochondrial aceto-
acetyl-CoA thiolase (beta-ketothiolase) deficiency and pregnancy. 
J Inherit Metab Dis 21:441-442

30. de Groot CJ, Haan GL, Hulstaert CE et al (1977) A patient with severe 
neurologic symptoms and acetoacetyl-CoA thiolase deficiency. 
Pediatr Res 11:1112-1116

31. Bennett MJ, Hosking GP, Smith MF et al (1984) Biochemical inves-
tigations on a patient with a defect in cytosolic acetoacetyl-CoA 
thiolase, associated with mental retardation. J Inherit Metab Dis 
7:125-128

32. Song XQ, Fukao T, Yamaguchi S et al (1994) Molecular cloning and 
nucleotide sequence of complementary DNA for human hepatic 
cytosolic acetoacetyl-coenzyme A thiolase. Biochem Biophys Res 
Commun 201:478-485




