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Abstract: 3-Hydroxy-3-Methylglutaryl-CoA Lyase (HMGCL) deficiency can be a very severe disorder
that typically presents with acute metabolic decompensation with features of hypoketotic hypo-
glycemia, hyperammonemia, and metabolic acidosis. A retrospective chart and literature review of
Australian patients over their lifespan, incorporating acute and long-term dietary management, was
performed. Data from 10 patients contributed to this study. The index case of this disorder was lost to
follow-up, but there is 100% survival in the remainder of the cases despite several having experienced
life-threatening episodes. In the acute setting, five of nine patients have used 900 mg/kg/day of
sodium D,L 3-hydroxybutyrate in combination with intravenous dextrose-containing fluids (deliver-
ing glucose above estimated basal utilization requirements). All patients have been on long-term
protein restriction, and those diagnosed more recently have had additional fat restriction. Most
patients take L-carnitine. Three children and none of the adults take nocturnal uncooked cornstarch.
Of the cohort, there were two patients that presented atypically—one with fulminant liver failure
and the other with isolated developmental delay. Dietary management in patients with HMGCL defi-
ciency is well tolerated, and rapid institution of acute supportive metabolic treatment is imperative
to optimizing survival and improve outcomes in this disorder.

Keywords: HMG Co A Lyase; fat oxidation; leucine oxidation; low-protein diet; low-fat diet; ketones;
3 Hydroxybutyrate; hyperammonemia; metabolic decompensation; liver failure

1. Introduction

3-Hydroxy-3-Methylglutaryl-CoA Lyase (HMGCL) is a mitochondrial enzyme that
catalyzes the cleavage of HMG-CoA to acetoacetate and acetyl-CoA, the final common step
of ketogenesis and leucine catabolism [1] (Figure 1). HMGCL deficiency was first described
in 1976, and the gene was identified and cloned in 1993 [2–4]. A recent systematic review
identified 211 cases, with an overall mortality of 16% [5]. A recent report from Saudi Arabia
showed that all patients in their cohort of 62 patients had neurological complications [6].
Approximately 40% of reported patients presented in the newborn period with a rapidly
progressive encephalopathy [5]. Many experienced recurrent episodes of decompensation
and had impaired development. Later-onset presentations have also been described,
including acute decompensation and fatality during labor or intercurrent illness [7]. There
have been a variety of treatment reports, but none over the complete lifespan.
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Figure 1. Graphical illustration of the various enzymes and metabolites involved in leucine 
catabolism and ketone body synthesis. HMG-CoA Lyase is the enzyme involved in the final step of 
mitochondrial ketone body production from both fatty acid oxidation and leucine catabolism. 
Reduced or absent function of this enzyme causes accumulation of HMG (3-hydroxy-3-
methylglutyrate), MGC (3-methylglutaconate), MGL (3-methylglutarate), and 3HIV (3-
hydroxyisovalerate) in bodily fluids. 

1.1. History 
The first case reported in the literature was presented in Western Australia in 1976 

with typical findings of hypoglycemia and acidosis [2]. Follow-up on this case (at age 4 ½ 
and 10 years) indicates he followed a carbohydrate-based diet with a moderate protein 
restriction [8–10]; the few episodes of metabolic decompensation were managed at home 
with additional glucose [8,9]. Further potential cases were subsequently reported from 
Australia [11]. Several other cases were reported worldwide in the 1980s and 1990s [12–
14]. Larger series have since been published, the condition being particularly common in 
Saudi Arabia, Portugal, and South America [1,12,15–17]. Several case reports indicate 
initial treatment has included L-carnitine supplementation and dietary restriction of 

Figure 1. Graphical illustration of the various enzymes and metabolites involved in leucine catabolism
and ketone body synthesis. HMG-CoA Lyase is the enzyme involved in the final step of mitochondrial
ketone body production from both fatty acid oxidation and leucine catabolism. Reduced or absent
function of this enzyme causes accumulation of HMG (3-hydroxy-3-methylglutyrate), MGC (3-
methylglutaconate), MGL (3-methylglutarate), and 3HIV (3-hydroxyisovalerate) in bodily fluids.

1.1. History

The first case reported in the literature was presented in Western Australia in 1976
with typical findings of hypoglycemia and acidosis [2]. Follow-up on this case (at age 4 1/2

and 10 years) indicates he followed a carbohydrate-based diet with a moderate protein
restriction [8–10]; the few episodes of metabolic decompensation were managed at home
with additional glucose [8,9]. Further potential cases were subsequently reported from
Australia [11]. Several other cases were reported worldwide in the 1980s and 1990s [12–14].
Larger series have since been published, the condition being particularly common in Saudi
Arabia, Portugal, and South America [1,12,15–17]. Several case reports indicate initial
treatment has included L-carnitine supplementation and dietary restriction of leucine or
protein [18]. Some reports include maltodextrin supplementation, leucine-free amino acid
mixture, and/or fat restriction [8,10].

Case reports from New South Wales for patients with HMGCL deficiency utilized
adjunctive sodium D,L 3-hydroxybutyrate (S-DL-3OHB) (Veriton Pharma, Weybride, UK)
to manage decompensation. This practice has extended to other centers in Australia [19,20].

1.2. Review of Treatment

Grünert and Sass recently compiled a detailed case review of clinical presentation
and management. They reported 7.7% of 117 patients as having no specific dietary
treatment [5,7]. Of the remainder that stated dietary prescription, 43.8% reported intake of
low-leucine formula or low-protein diets, and 54.3% followed a low-leucine/protein and
low-fat diet. Only 1% had a fat-restricted diet without protein restriction. Some patients
also consumed additional carbohydrates in the form of maltodextrin or cornstarch. In
total, 78% of 109 patients reported L-carnitine supplementation. In their earlier review of
35 patients, 66% received either a leucine restricted diet (60–100 mg/kg/day) or a protein
restriction [5]. Leucine-free medical formulas were introduced to 54%, and median protein
intake ranged from 1.7 g/kg/day at three months of age to 0.8 g/kg/day at 16 years. In 31%
of patients, fat intake was restricted to 20–30% energy intake. Tube feeding was utilized in
18% of the group, and 83% were supplemented with maltodextrin during infections. Data
had been ascertained as a cross-sectional data set, so it is difficult to know if individuals
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transitioned from one style of management to another over time. Dietary macronutrient
distribution is not clear from many reports [5,12,21].

1.3. This Study

This review of Australian treatment aims to provide detailed description of dietary
strategies to provide guidance on the management of this severe condition both in acute
circumstances and long-term.

2. Materials and Methods

Retrospective chart review of patients from five centers in Australia identified by 31
March 2022. Informed consent was taken per local jurisdictional regulations. Local human
research ethics approval was obtained.

3. Results

Eleven patients were identified, and one family withdrew consent. Four patients
have been published previously [11,19,20,22]. Two of these cases (Patients 1 and 2) were
included in the recent international series by Grünert and Sass in 2020 [5], with the other
two (Patients 4 and 5) being published in prior abstracts [19]; studies on Patient 4 were
also published in 2020 (Patient 4) [20]. Individual case reports are available as online
Supplementary Material. Presenting features are indicated in Table 1. The index case of
this disorder (Patient 1) published in 1976 has been lost to follow-up in rural Australia,
having provided monitoring samples until the age of 35 years. Per published reports, he
had been managed with a high-carbohydrate, moderate-protein diet until last published at
age 10 years [9,10]. No further clinical update is available. The age range of the remainder
of our cohort is 2 months to 39 years, with follow-up on the oldest patient (Patient 2) from
3 months of age to 39 years. Across the remainder of the cohort, there is 100% survival.

Table 1. Initial presentation of Australian patients with HMG-CoA Lyase deficiency.

ID Age
(Years)

Age at
Diagnosis Presentation Ethnicity Positive

NBS

Initial Urinary Organic Acid Elevations Initial Plasma
Acylcarnitine
Elevations

3HMG 3MGC 3MGL 3HIVA DCA 3OHB C5OH
(µmol/L)

C6DCA
(µmol/L)

1 NA 7 months Hypoglycaemia,
acidosis Caucasian NA + + + + + + + + + + + + Not done Not done

2 39 3 months Hypoglycaemia,
acidosis Chilean NA ++ + + + + + + + + + - - Not done Not done

3 33 4 days Hypoglycaemia,
acidosis Caucasian NA ++ + + + + ++ - - Not done Not done

4 27 10 months Hypoglycaemia,
acidosis Slovakian NA + + + + + + + + - - Not done Not done

5 13 3 days
Acidosis, hyper-
ammonaemia
Hypoglycaemia

Israeli Y + + + + + + + + + + + + - - 2.2 (<0.2) 1.8

6# 6.5 4 days Weight loss >
10% Iraqi Y ++ + + + + - - - 0.36

(0.01–0.15)
0.18
(0.03–0.11)

7 3 2.5 y Developmental
delay Lebanese N + + + + + - - - 0.02 (0–0.1) 0.12 (0–0.08)

8 2 6 days Weight loss >
10%, vomiting Pakistan N + + + + + + ++ +

9 1.8 9 months Liver failure Caucasian N ++ + + + + ++ + + + + + + 0 (0–0.1) * 0.03 (0–0.08)
*

10 0.8 D7 (NBS) Mild vomiting Lebanese Y + + + + + + ++ + - - 1.26 (0–0.1) 1.2 (0–0.08)

Diagnosis and demographic features of patients with HMG co A Lyase deficiency. NBS—newborn
screening; 3HMG—3-Hyrdoxy-3-methylglutrate; 3MGC—3-methylglutaconate; 3MGL—3-methylglutarate;
DCA—dicarboxylic aciduria; 3OHB—3-hydroxybutyrate. C5OH—Hydroxyisovalerylcarnitine; C6DCA—3-
methylglutraylcarnitine. + slight elevation, ++ moderate elevation, +++ gross elevation, - not present, # NBS taken
day 2; baby presented day 4, and diagnosis confirmed from NBS on day 9 when transferred to tertiary center.
* Total and free carnitine were very low when testing performed, so all acylcarnitines were low.
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Patient 2, currently aged 39 years, had five acute metabolic admissions until 16 months
of age and has been metabolically stable since. From diagnosis at four months of age,
dietary protein was restricted to 1 g/kg/day using maltodextrin. At five months of age,
120 mg/kg/day of leucine was prescribed, with the remaining protein in the diet from a
branch-chain amino acid free medical formula. At two years, uncooked cornstarch was
tried but not accepted. She was reported as also having Usher Syndrome, complicating
intellectual outcome reporting [22]. For the three adults on whom we have data (Patients
1–3), despite presenting in early childhood, they have not had an acute presentation for the
last 11–22 years.

3.1. The Impact of Newborn Screening

Newborn screening in Australia has potentially identified HMGCL deficiency since
1998. Six patients (Patients 5–10) were born after this time, with two presenting clinically,
prior to availability of a positive newborn screening result (Patients 5 and 6). The screening
test is typically collected on day two and reported by day eight. Patients 8 and 10 had
clinical symptoms including weight loss and lethargy when recalled after the newborn
screening result but had not clinically presented to the hospital at the time.

Patient 9 presented with severe liver dysfunction at nine months. Patient 7 was identi-
fied aged 2.5 years with developmental delay but no apparent metabolic decompensation.
Neither Patient 7 nor Patient 9 was identified by newborn screening, even when data were
analyzed retrospectively with knowledge of the diagnosis. All four patients that were
identified by newborn screening have subsequently presented with acute metabolic decom-
pensation, including hypoglycemia and acidosis, indicating that prospective diagnosis has
allowed pre-emptive treatment.

3.2. Treatment

Treatment and outcome are presented in Table 2. None of the cases utilize a leucine-
free medical formula except patient 2 who was prescribed a branched chain free medical
formula in infancy. The children have been managed with a moderate-protein, low-fat (and
carbohydrate supplemented) diet, which has been liberalized as they have grown older. All
of the patients have had maltodextrin-based emergency management plans. Four patients
have used high-dose S-DL-3OHB (900 mg/kg/day) as part of their acute management plan.
There have been no pregnancies managed yet in this cohort. Five patients are prescribed
L-carnitine at 100 mg/kg/day, with another two patients on lower doses. Three children
take nocturnal uncooked cornstarch. None of the adults manage nocturnal fasting with
uncooked cornstarch or any other therapy.

Table 2. Treatment and outcome of patients with HMG-CoA Lyase deficiency.

ID Macronutrient/Diet
Rx on Diagnosis

Current
Age

Current
Protein
Intake

Current
Fat Intake
(% Total
Energy)

Ketones/Day
when Well

Unwell
Ketones Night Rx

Current
Carnitine

Supplement

Admissions
since

Diagnosis

Intellectual
Outcomes

#

1 Leucine
restriction NA - - - - - - - -

2 Leucine
restriction 39 0.5

g/kg/day 18% None None None None 5 Moderate
delay

3 - 33 0.8
g/kg/day - None None None

100
mg/kg/day

to start
9 Normal

4
Fat and
protein

restriction
27 1

g/kg/day ~10% None None None 1.5 g per day 1 Normal
(blind) *

5
Fat and
protein

restriction
13 1.4

g/kg/day 8% Nocte 4 hrly None 100
mg/kg/day 5 Normal
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Table 2. Cont.

ID Macronutrient/Diet
Rx on Diagnosis

Current
Age

Current
Protein
Intake

Current
Fat Intake
(% Total
Energy)

Ketones/Day
when Well

Unwell
Ketones Night Rx

Current
Carnitine

Supplement

Admissions
since

Diagnosis

Intellectual
Outcomes

#

6
Fat and
protein

restriction
7 3.4

g/kg/day 8–20% Nocte 4 hrly UCCS 1.5
g/kg/day

100
mg/kg/day 2 Normal

7 None 3.5 Normal Normal Nocte 4 hrly None 100
mg/kg/day 0 Moderate

delay

8 None 2.1 Normal Normal Twice daily 4 hrly UCCS 1
g/kg/day

40
mg/kg/day 12 Mild DD

9
Fat and
protein

restriction
1.5 1.7

g/kg/day 30% Twice daily 4 hrly UCCS
introduced

100
mg/kg/day 1 Normal

10
Fat and
protein

restriction
0.9 1.8

g/kg/day 30% Twice daily 4 hrly
Frequent
feeds (4

hrly)

100
mg/kg/day 0 Normal

All patients have maltodextrin-based emergency management plans based on 120% estimated energy requirement
or, if not tolerated, dextrose intravenously(4.5.1). Rx—treatment. UCCS uncooked cornstarch. DD developmental
delay. Hrly—hourly. * Normal neurology and intellect but had occipital infarct with decompensation—previously
published [4]. # Intellectual outcomes are based on situation when well. Intellectual function is in relation to
peers—e.g., mainstream education without support—note Patient 2 has Usher Syndrome. Further details on all
cases in online material.

4. Discussion

This study demonstrates the detailed components of treatment, which are summarized
in the above results and the online case reports. HMGCL deficiency is a severe disorder
associated with acute metabolic decompensation and long-term neurological sequelae.
Rapid resuscitation when unwell may be lifesaving and avert complications. Long-term
dietary management with a low-protein diet has been widely reported to have prevented
decompensation. Some centers also restrict fat intake.

4.1. Data on Illness and Fasting

Stable isotope studies were reported in HMGCL-affected non-identical twins in a
control setting, while fasting, and during an unwell period [18,23]. The latter demon-
strated increased protein turnover when unwell, more so than during fasting or when
well. Concomitant urinary metabolite excretion showed equivalent gross increase in 3-
HMG excretion when fasting and in illness, compared to control conditions. However,
there was greater turnover of leucine and excretion of 3-methylgutaconate (3-MGC) and
3-hydroxyisovalerate (3-HIVA) in illness compared to fasting. The authors also conclude
that 3-HMG must arise from both fat and leucine oxidation.

Extrapolation from this isolated study would suggest that patients are more likely to
tolerate fasting than illness, which seems to be supported by the clinical data of patients be-
ing stable for long periods of time. However, sudden acute collapse is reported, potentially
precipitated or compounded by physiological stress [5,19,24]. Patient 6 had a hypoglycemic
seizure the morning after omitting her dinner and nocturnal dose of uncooked cornstarch
and ketones. She responded promptly to dextrose infusion and frequent S-DL-3OHB dosing
and was discharged home the next day. Patient 4 had life-threatening decompensation with
hyperammonemia and cerebellar tonsillar herniation into the foramen magnum, having
not been managed (nor seen by) medical services for 14 years [19,20]. This was precipitated
by intercurrent illness. Fasting-related hypoglycemia can be promptly managed but illness-
(and pregnancy-) related issues are potentially much more severe and protracted [20,24,25].
This reinforces the need for careful management of intercurrent illness.

4.2. Clinical Presentation in This Cohort

The majority of patients in this cohort presented with typical acute acidosis and
encephalopathy, but two presented atypically. Patient 7 presented with developmental
delay without apparent acute decompensations. This has been reported as an atypical
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presentation of HMGCL deficiency [26,27]. Patient 9 presented with fulminant liver failure
with a peak AST of 21,992 U/L (0–97), ALT of 18,213 U/L (0–58), and INR of 9.8 (1.0–1.2).
Profound encephalopathy could not be attributed to hyperammonemia as the contemporary
ammonia in serum was 22 µmol/L (0–50). Urine organic acids were indicative of HMGCL
deficiency; glucose delivery was immediately doubled and 900 mg/kg/day S-DL-3OHB
administered, leading to rapid resolution of clinical and biochemical findings. Whilst
liver dysfunction is reported, liver failure is atypical for this disorder, and this type of
presentation is more in keeping with a fatty acid oxidation disorder [6,28]. This case was
the only one in our cohort that had quantifiable, though reduced, ketones in the urine and
blood. The hepatology team considered the presentation typical of paracetamol intoxication,
but paracetamol levels were not suggestive of this. No viral etiology was ascertained.

4.3. Pathophysiology

Like many inborn errors of metabolism, the pathophysiology of HMGCL deficiency
can be considered in terms of potentially toxic metabolites (leucine) accumulating and defi-
ciency of product (ketone bodies). Counterregulatory compensation due to hypoglycemia
is hugely impaired because both leucine catabolism and fat oxidation are affected, leading
to secondary metabolic dysfunction [29–31]. In situations of energy deficiency, this has
proven to be catastrophic in many instances. In the leucine oxidation pathway, metabolites
such as 3-MGL and 3-HIVA may be notably elevated. 3-HIVA and 3-HMG have also been
observed in patients with MRI spectroscopy, indicating that these proximal metabolites
(Figure 1) could be involved in pathophysiology [32]. Intramitochondrial accumulation of
acetyl-coA can also deplete Coenzyme A recycling for other processes [33]. The relation, in
terms of symptomatology, between 3-MGC accumulation due to leucine oxidation and as a
marker of mitochondrial dysfunction remains unclear.

Of the disorders of leucine catabolism, severe isovaleric acidemia has the same predilec-
tion for rapid acute encephalopathy with hypoglycemia, acidosis, and hyperammonemia.
Whilst there are some similar cases of 3-methylcrotonyl-CoA carboxylase (3MCCC) and
3-methylglutaconyl-CoA hydratase deficient patients, there are equally many asymp-
tomatic individuals with these biochemical conditions. As a consequence, the role of
3-HMG, 3-MGL, and 3-HIVA in the pathophysiology of these disorders must be better
defined [8,31,34,35]. Traditionally, the hyperammonemia in organic acidemias has been
thought to arise from inhibition of N-acetylglutamate synthase but may also arise from
insufficiency of Krebs cycle intermediates, favoring α-ketoglutarate production from gluta-
mate [36–38]. The Reye Syndrome phenotype is more typically associated with fat oxidation
disorders, and this could arise from ketone body synthetic insufficiency in the context of
hypoglycemia [39].

4.4. Utilization of Ketone Bodies

Plasma, cerebrospinal fluid, and magnetic resonance spectroscopic studies have
demonstrated clear appearance and likely utilization of B-OHB in two children with
diabetes after administration of S-DL-3OHB [40]. Dramatic changes in cardiac and CNS
function have been seen when this has been utilized with multiple acyl-CoA dehydrogenase
deficiency [41,42]. As such, our center in Sydney—with hospital drug committee approval
and federal government notification—has been using ketone salts as rescue therapy for
acute metabolic decompensation in disorders of ketone body synthesis since 2010 [19,20].
This has been used more broadly in Australia since that time.

Stereoisomer Utilization

S-DL-3OHB in this study has been administered as the racemic mixture. Animal data
suggests that cytoplasmic L-3OHB is more prevalent in myelin synthesis [43]. Therefore,
the abnormal white matter appearance that is widely reported could be associated with
this deficiency in the untreated state [15,44]. The appearance does not necessarily correlate
with either progressive disease or cognitive function in our patients, although this has not
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been systematically studied. Using stable isotope studies from human neonates and infants,
production of D-3-hydroxybutyrate appears rapidly in under four hours of fasting [45]. This
study suggests that neonates produce and utilize ketones equivalent to approximately 25%
of basal energy requirements (10 kcal/kg/day), which supports clinical observations that
presentation in the neonate is particularly common. The study used the labelled d-isomer
as the basal infusion, and utilization was extrapolated from this, indicating metabolism of
this stereoisomer. Taken together, these data suggest that both isomers may have different
important physiological effects, and further studies of this in HMGCL deficiency would be
informative.

4.5. Development of Practice Guidelines

Our practice guidelines have been developed based on our opinion and experience
(Table 3) and the published evidence discussed above.

Table 3. Practice guidelines for cohort of patients identified with HMGCL deficiency.

Age When Well When Unwell (All Ages)

At all ages

• Consider use of L-carnitine and/or S-DL-3OHB
• Assessment of adequacy of energy, protein, micronutrient, and

essential fatty acid intake, with diet modification and
supplementation as required

• Adequate and regular intake (1–3
hourly) of carbohydrate when
unwell to meet energy requirements
(~120% estimated energy
requirement using appropriate
activity factor). 3 h maximum fast
duration in infancy and 4 h later in
childhood.

• Consider adjusting dose and/or
frequency s of L-carnitine and
S-DL-3OHB.

• When improving clinically,
introduce usual diet as tolerated
with 4 h maximum fast duration.
Reintroduce protein sources within
24–48 h to avoid catabolism.

Neonatal

• Replace a third of usual breastmilk or infant formula fluid intake
with maltodextrin solution at same energy concentration (e.g., 50
mL/kg) resulting in

• Fat restriction to 33% usual energy intake.
• (NOTE usual fat consumption of breast/formula fed infants is

40–57% energy intake).
• Protein restriction of 1–1.3 g/kg
• Avoid fasting with 3–4 hourly feeding.

Infant

• Maintain maltodextrin solution and breastmilk/formula
proportions.

• Encourage regular intake of low-fat (< 3g fat/100 g),
carbohydrate-rich foods. (providing ~10% energy intake from fat).
Initially avoid high-protein foods (animal products and
high-protein alternatives).

• Gradually increase overnight fasting interval from 6 months of age.

From one
year of age

• As breastmilk/infant formula intake decreases, consider
introducing small serves of low-fat, high-protein foods (e.g., in 5 g
protein serves.)

• Introduce low-protein, low-fat milk alternatives.
• Introduce concept of low-glycemic-index foods.
• Consider introduction of nocte 1–2 g/kg uncooked cornstarch (or

modified cornstarch product from 2 years of age) to extend
overnight fasting time.

Older
children

• Consider liberalization of fat and protein with guidance on
healthy fat and protein choices.

• (NOTE Australian healthy eating guidelines for fat intake in
childhood is ~30% energy intake).

• Avoid extended fasts.
• Adequate carbohydrate and protein intake for high-intensity

and/or prolonged exercise.
• Avoid prolonged overnight fast (continue nocte cornstarch if

required)

Teenagers/
adults

• Explain reason for fasting avoidance.
• Explain unwell management/pregnancy plan.
• Consider nocturnal cornstarch.
• Avoid excessive alcohol.
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4.5.1. Glucose and Complex Carbohydrates

The mainstay of management of acute decompensations has been glucose adminis-
tered in the home environment as maltodextrin or as intravenous dextrose in the hospital.
This has been administered at rates typically above calculated endogenous glucose produc-
tion rates (i.e., 6–9 mg/kg/min in infants, 5 mg/kg/min in children and 2.5 mg/kg/min in
adults) [46]. Whilst hypoglycemia is a feature of this disorder, it is a late manifestation, and
ketone body response may be absent or blunted at this time, leading to acute tissue damage.
We have promoted the use of low-glycemic-index foods during the day and uncooked corn-
starch at doses between one to two grams per kilogram at night as an additional security
measure, especially in young children (over 12 months of age). This would delay fasting
glycogenolysis and fat oxidation and consequent metabolic decompensation. Patient 6 had
a hypoglycemic seizure the morning after a busy day at age three. She had inadvertently
missed her dinner, night-time starch, and ketone dose.

4.5.2. Fat- and Protein-Restricted Diet

When first identified, this condition was considered a leucine catabolic disorder and
dietetic strategies aimed at reducing leucine specifically, with several case reports indicating
benefit with leucine or protein reduction [9,11,21,47]. However, it is clear that ketone body
insufficiency occurs subsequent to failure to utilize acetyl-coA from fatty acid oxidation as
well. In practical terms, our team has restricted both fat and protein through the addition
of maltodextrin to the newborn feeding regimen. As children grow older, complex (low-
glycemic-index) carbohydrates are introduced and families are taught a low-fat, moderate-
protein diet. These patients are at risk of micronutrient deficiencies, especially of essential
fatty acids and fat-soluble vitamins and potentially of calcium, iron, and B12. It is difficult
to be certain of the efficacy of this dietary management, but the addition of maltodextrin
and micronutrient supplementation is the simplest way that we have found to mitigate
risk. Regular surveillance of micronutrients should occur throughout childhood and adult
life. Several older children have adhered less stringently to this diet plan and have more
liberal intake; we continue to recommend macronutrient distribution at estimated energy
requirements, thereby not recommending excessive intake of fat or protein.

4.5.3. Ketones

Sodium D,L 3-hydroxybutyrate has been used in this cohort, but other mixed ketone
salts, and nonracemic and ketone esters could potentially be used. Patient 4 had 4 hourly
ketones administered from six weeks of age to two years. There may have been improve-
ment in brain MRI initially, but this was not sustained. We did not demonstrate efficacy
of long-term use of ketone salts in this one patient. He currently is 13 years old and has
normal cognition and neurology.

In contrast, the acute use of high-dose S-DL-3OHB appeared to preserve cognition
after Patient 3 had developed cerebellar tonsillar herniation. In Patient 4, acute use of
ketones with intravenous dextrose was associated with no metabolic decompensations
in childhood after protracted oral herpes simplex infection. In Patient 8, there appeared
to be rapid restoration of cognitive function within 12 h of treatment and subsequent
improvement from fulminant liver failure. Use of ketones in the acute setting is biologically
plausible in this disorder and seems to have benefitted these three patients. High-dose
ketones are used both in resuscitation and pre-emptively in the sick day protocol to prevent
decompensation.

4.5.4. L-Carnitine

There is no published consensus on optimal carnitine dose and this variation is
reflected in the Australian cohort. Similar to other inborn errors of metabolism, such
as glutaric aciduria or methylmalonic aciduria, 100 mg/kg/day of L-carnitne is typically
used in childhood and is decreased, in terms of dose/kg, in older individuals [48,49].
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5. Conclusions

Though rare, HMGCL deficiency can be a severe life-threatening disorder. Lifelong
vigilance and specialist care are required for this disorder, as there are a number of fa-
talities that have been reported at different ages. There are several patients in Australia
across a large age range. Thus, practice guidelines have been developed by our metabolic
multidisciplinary teams. It is of paramount importance to manage acute decompensation
promptly—we use glucose-based infusion and ketones. More study is required on the
utility of macronutrient restriction and ketone supplementation, correlating their effect
with the brain MRI and developmental outcomes. Studies should also address the impact
of physiological stress, such as pregnancy or exercise, on these patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15030531/s1, File S1: Individual case reports.

Author Contributions: S.T.—Analysis of diet, contribution to manuscript, management of diet, de-
velopment of guideline. A.H.—Collation of biochemical data. A.S.—First draft, collation of clinical
data. K.B. (Kiera Batten)—Analysis of diet plans, management of diet, contribution to guideline and
manuscript. K.L.—Management of cases—contribution to manuscript. J.N.—Management of cases—
contribution to manuscript. A.M.—Analysis of diet plans, management of diet, contribution to guide-
line. T.D.—Management of cases—contribution to manuscript. K.B. (Kate Billmore)—Management of
diet, contribution to guideline. F.M.—Biochemical data provision. A.A.T.—Biochemical data provi-
sion. B.D.—Biochemical data provision. D.B.—Management of cases—contribution to manuscript.
C.H.—management of diet, contribution to guideline. Y.R.—Management of cases—contribution to
manuscript. M.T.—Management of cases—contribution to manuscript. K.B. (Kaustuv Bhattacharya)—
Management of cases—contribution to all drafts of manuscript, concept design. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Local ethical review was granted per SCHN HREC 19/002
and SCHN HREC 22/009. Data were collected regarding diagnosis, initial presentation, childhood
management, acute episodes, nocturnal management, and long-term dietary therapy.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pié, J.; López-Viñas, E.; Puisac, B.; Menao, S.; Pié, A.; Casale, C.; Ramos, F.J.; Hegardt, F.G.; Gómez-Puertas, P.; Casals, N.

Molecular genetics of HMG-CoA lyase deficiency. Mol. Genet. Metab. 2007, 92, 198–209. [CrossRef]
2. Faull, K.; Bolton, P.; Halpern, B.; Hammond, J.; Danks, D.M.; Hähnel, R.; Wilkinson, S.P.; Wysocki, S.J.; Masters, P.L. Letter: Patient

with defect in leucine metabolism. N. Engl. J. Med. 1976, 294, 1013. [CrossRef]
3. Wysocki, S.J.; Hähnel, R. 3-hydroxy-3-methylglutaric aciduria: 3-Hydroxy-3-methylglutaryl-coenzyme a lyase levels in leucocytes.

Clin. Chim. Acta 1976, 73, 373–375. [CrossRef]
4. Mitchell, G.A.; Robert, M.F.; Hruz, P.W.; Wang, S.; Fontaine, G.; Behnke, C.E.; Mende-Mueller, L.M.; Schappert, K.; Lee, C.;

Gibson, K.M.; et al. 3-Hydroxy-3-methylglutaryl coenzyme A lyase (HL). Cloning of human and chicken liver HL cDNAs and
characterization of a mutation causing human HL deficiency. J. Biol. Chem. 1993, 268, 4376–4381. [CrossRef]

5. Grünert, S.C.; Schlatter, S.M.; Schmitt, R.N.; Gemperle-Britschgi, C.; Mrázová, L.; Balcı, M.C.; Bischof, F.; Çoker, M.; Das, A.M.;
Demirkol, M.; et al. 3-Hydroxy-3-methylglutaryl-coenzyme A lyase deficiency: Clinical presentation and outcome in a series of
37 patients. Mol. Genet. Metab. 2017, 121, 206–215. [CrossRef]

6. Holdar, S.; Rahbeeni, Z.; Ramzan, K.; Imtiaz, F. Hepatic Manifestations of 3-Hydroxy-3-Methylglutaryl-Coenzyme-A Lyase
Deficiency in Saudi Patients: Experience of a Tertiary Care Center. J. Pediatr. Genet. 2021, 10, 105–110. [CrossRef]

7. Grünert, S.C.; Sass, J.O. 3-hydroxy-3-methylglutaryl-coenzyme A lyase deficiency: One disease—Many faces. Orphanet. J. Rare
Dis. 2020, 15, 48. [CrossRef]

8. Wysocki, S.J.; Hähnel, R.; Truscott, R.J.; Halpern, B.; Wilcken, B. Hyperammonaemia and urinary organic acids. Lancet 1979, 2,
371–372. [CrossRef]

https://www.mdpi.com/article/10.3390/nu15030531/s1
https://www.mdpi.com/article/10.3390/nu15030531/s1
http://doi.org/10.1016/j.ymgme.2007.06.020
http://doi.org/10.1056/nejm197604292941823
http://doi.org/10.1016/0009-8981(76)90186-8
http://doi.org/10.1016/S0021-9258(18)53620-6
http://doi.org/10.1016/j.ymgme.2017.05.014
http://doi.org/10.1055/s-0040-1714698
http://doi.org/10.1186/s13023-020-1319-7
http://doi.org/10.1016/S0140-6736(79)90394-5


Nutrients 2023, 15, 531 10 of 11

9. Wysocki, S.J.; Hähnel, R. 3-Hydroxy-3-methylglutaryl-coenzyme a lyase deficiency: A review. J. Inherit. Metab. Dis. 1986, 9,
225–233. [CrossRef]

10. Shilkin, R.; Wilson, G.; Owles, E. 3-Hydroxy-3-methylglutaryl coenzyme A lyase deficiency. Follow-up of first described case.
Acta Paediatr. Scand. 1981, 70, 265–268. [CrossRef]

11. Hammond, J.; Wilcken, B. 3-hydroxy-3-methylglutaric, 3-methylglutaconic and 3-methylglutaric acids can be non-specific
indicators of metabolic disease. J. Inherit. Metab. Dis. 1984, 7 (Suppl. 2), 117–118. [CrossRef] [PubMed]

12. Ozand, P.T.; al Aqeel, A.; Gascon, G.; Brismar, J.; Thomas, E.; Gleispach, H. 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
lyase deficiency in Saudi Arabia. J. Inherit. Metab. Dis. 1991, 14, 174–188. [CrossRef] [PubMed]

13. Gibson, K.M.; Cassidy, S.B.; Seaver, L.H.; Wanders, R.J.; Kennaway, N.G.; Mitchell, G.A.; Spark, R.P. Fatal cardiomyopathy
associated with 3-hydroxy-3-methylglutaryl-CoA lyase deficiency. J. Inherit. Metab. Dis. 1994, 17, 291–294. [CrossRef] [PubMed]

14. Gibson, K.M.; Breuer, J.; Kaiser, K.; Nyhan, W.L.; McCoy, E.E.; Ferreira, P.; Greene, C.L.; Blitzer, M.G.; Shapira, E.; Reverte, F.; et al.
3-Hydroxy-3-methylglutaryl-coenzyme A lyase deficiency: Report of five new patients. J. Inherit. Metab. Dis. 1988, 11, 76–87.
[CrossRef]

15. Al-Sayed, M.; Imtiaz, F.; Alsmadi, O.A.; Rashed, M.S.; Meyer, B.F. Mutations underlying 3-hydroxy-3-methylglutaryl CoA lyase
deficiency in the Saudi population. BMC Med. Genet. 2006, 7, 86. [CrossRef]

16. Vargas, C.R.; Sitta, A.; Schmitt, G.; Ferreira, G.C.; Cardoso, M.L.; Coelho, D.; Gibson, K.M.; Wajner, M. Incidence of 3-hydroxy-3-
methylglutaryl-coenzyme A lyase (HL) deficiency in Brazil, South America. J. Inherit. Metab. Dis. 2008, 31 (Suppl. 3), 511–515.
[CrossRef]

17. Cardoso, M.L.; Rodrigues, M.R.; Leão, E.; Martins, E.; Diogo, L.; Rodrigues, E.; Garcia, P.; Rolland, M.O.; Vilarinho, L. The E37X is
a common HMGCL mutation in Portuguese patients with 3-hydroxy-3-methylglutaric CoA lyase deficiency. Mol. Genet. Metab.
2004, 82, 334–338. [CrossRef]

18. Thompson, G.N.; Chalmers, R.A.; Halliday, D. The contribution of protein catabolism to metabolic decompensation in 3-hydroxy-
3-methylglutaric aciduria. Eur. J. Pediatr. 1990, 149, 346–350. [CrossRef]

19. Dalkeith, T.; Ellaway, C.J.; Thompson, S.; Dennison, B.; Matar, W.; Wilcken, B.; Bhattacharya, K. The use of 3-hydroxybutyrate in
patients with fat oxidation disorders. In Proceedings of the International Congress of Inborn Errors of Metabolism, Barcelona,
Spain, 3–6 September 2013.

20. Bhattacharya, K.; Matar, W.; Tolun, A.A.; Devanapalli, B.; Thompson, S.; Dalkeith, T.; Lichkus, K.; Tchan, M. The use of sodium
DL-3-Hydroxybutyrate in severe acute neuro-metabolic compromise in patients with inherited ketone body synthetic disorders.
Orphanet. J. Rare Dis. 2020, 15, 53. [CrossRef]

21. Gibson, K.M.; Breuer, J.; Nyhan, W.L. 3-Hydroxy-3-methylglutaryl-coenzyme A lyase deficiency: Review of 18 reported patients.
Eur. J. Pediatr. 1988, 148, 180–186. [CrossRef]

22. Jones, K.J.; Wilcken, B.; Kilham, H. The long-term evolution of a case of 3-hydroxy-3-methylglutaryl-coenzyme A lyase deficiency
associated with deafness and retinitis pigmentosa. J. Inherit. Metab. Dis. 1997, 20, 833–834. [CrossRef] [PubMed]

23. Stacey, T.E.; de Sousa, C.; Tracey, B.M.; Whitelaw, A.; Mistry, J.; Timbrell, P.; Chalmers, R.A. Dizygotic twins with 3-hydroxy-
3-methylglutaric aciduria; unusual presentation, family studies and dietary management. Eur. J. Pediatr. 1985, 144, 177–181.
[CrossRef] [PubMed]

24. Langendonk, J.G.; Roos, J.C.; Angus, L.; Williams, M.; Karstens, F.P.; de Klerk, J.B.; Maritz, C.; Ben-Omran, T.; Williamson, C.;
Lachmann, R.H.; et al. A series of pregnancies in women with inherited metabolic disease. J. Inherit. Metab. Dis. 2012, 35, 419–424.
[CrossRef]

25. Pipitone, A.; Raval, D.B.; Duis, J.; Vernon, H.; Martin, R.; Hamosh, A.; Valle, D.; Gunay-Aygun, M. The management of pregnancy
and delivery in 3-hydroxy-3-methylglutaryl-CoA lyase deficiency. Am. J. Med. Genet. A 2016, 170, 1600–1602. [CrossRef]

26. Puisac, B.; Teresa-Rodrigo, M.E.; Arnedo, M.; Gil-Rodríguez, M.C.; Pérez-Cerdá, C.; Ribes, A.; Pié, A.; Bueno, G.; Gómez-Puertas,
P.; Pié, J. Analysis of aberrant splicing and nonsense-mediated decay of the stop codon mutations c.109G>T and c.504_505delCT
in 7 patients with HMG-CoA lyase deficiency. Mol. Genet. Metab. 2013, 108, 232–240. [CrossRef] [PubMed]

27. Puisac, B.; Ramos, M.; Arnedo, M.; Menao, S.; Gil-Rodríguez, M.C.; Teresa-Rodrigo, M.E.; Pié, A.; de Karam, J.C.; Wesselink,
J.J.; Giménez, I.; et al. Characterization of splice variants of the genes encoding human mitochondrial HMG-CoA lyase and
HMG-CoA synthase, the main enzymes of the ketogenesis pathway. Mol. Biol. Rep. 2012, 39, 4777–4785. [CrossRef]

28. Muroi, J.; Yorifuji, T.; Uematsu, A.; Nakahata, T. Cerebral infarction and pancreatitis: Possible complications of patients with
3-hydroxy-3-methylglutaryl-CoA lyase deficiency. J. Inherit. Metab. Dis. 2000, 23, 636–637. [CrossRef]

29. Wortmann, S.B.; Kluijtmans, L.A.; Engelke, U.F.H.; Wevers, R.A.; Morava, E. The 3-methylglutaconic acidurias: What’s new? J.
Inherit. Metab. Dis. 2012, 35, 13–22. [CrossRef]

30. Morris, A.A. Cerebral ketone body metabolism. J. Inherit. Metab. Dis. 2005, 28, 109–121. [CrossRef]
31. Jones, D.E.; Perez, L.; Ryan, R.O. 3-Methylglutaric acid in energy metabolism. Clin. Chim. Acta 2020, 502, 233–239. [CrossRef]
32. Roland, D.; Jissendi-Tchofo, P.; Briand, G.; Vamecq, J.; Fontaine, M.; Ultré, V.; Acquaviva-Bourdain, C.; Mention, K.; Dobbelaere,

D. Coupled brain and urine spectroscopy—In vivo metabolomic characterization of HMG-CoA lyase deficiency in 5 patients.
Mol. Genet. Metab. 2017, 121, 111–118. [CrossRef] [PubMed]

33. Mitchell, G.A.; Gauthier, N.; Lesimple, A.; Wang, S.P.; Mamer, O.; Qureshi, I. Hereditary and acquired diseases of acyl-coenzyme
A metabolism. Mol. Genet. Metab. 2008, 94, 4–15. [CrossRef]

http://doi.org/10.1007/BF01799652
http://doi.org/10.1111/j.1651-2227.1981.tb05555.x
http://doi.org/10.1007/978-94-009-5612-4_33
http://www.ncbi.nlm.nih.gov/pubmed/6207381
http://doi.org/10.1007/BF01800590
http://www.ncbi.nlm.nih.gov/pubmed/1886403
http://doi.org/10.1007/BF00711810
http://www.ncbi.nlm.nih.gov/pubmed/7807935
http://doi.org/10.1007/BF01800058
http://doi.org/10.1186/1471-2350-7-86
http://doi.org/10.1007/s10545-007-0756-y
http://doi.org/10.1016/j.ymgme.2004.06.003
http://doi.org/10.1007/BF02171564
http://doi.org/10.1186/s13023-020-1316-x
http://doi.org/10.1007/BF00441397
http://doi.org/10.1023/A:1005388205719
http://www.ncbi.nlm.nih.gov/pubmed/9427155
http://doi.org/10.1007/BF00451909
http://www.ncbi.nlm.nih.gov/pubmed/2412823
http://doi.org/10.1007/s10545-011-9389-2
http://doi.org/10.1002/ajmg.a.37620
http://doi.org/10.1016/j.ymgme.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/23465862
http://doi.org/10.1007/s11033-011-1270-8
http://doi.org/10.1023/A:1005642316174
http://doi.org/10.1007/s10545-010-9210-7
http://doi.org/10.1007/s10545-005-5518-0
http://doi.org/10.1016/j.cca.2019.11.006
http://doi.org/10.1016/j.ymgme.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28396157
http://doi.org/10.1016/j.ymgme.2007.12.005


Nutrients 2023, 15, 531 11 of 11

34. Fukao, T.; Mitchell, G.; Sass, J.O.; Hori, T.; Orii, K.; Aoyama, Y. Ketone body metabolism and its defects. J. Inherit. Metab. Dis.
2014, 37, 541–551. [CrossRef] [PubMed]

35. Hertzog, A.; Selvanathan, A.; Pandithan, D.; Kim, W.T.; Kava, M.P.; Boneh, A.; Coman, D.; Tolun, A.A.; Bhattacharya, K.
3-Methylglutaconyl-CoA hydratase deficiency: When ascertainment bias confounds a biochemical diagnosis. JIMD Rep. 2022, 63,
568–574. [CrossRef]

36. Stanley, C.A. Hyperinsulinism/hyperammonemia syndrome: Insights into the regulatory role of glutamate dehydrogenase in
ammonia metabolism. Mol. Genet. Metab. 2004, 81, S45–S51. [CrossRef]

37. Häberle, J.; Chakrapani, A.; Ah Mew, N.; Longo, N. Hyperammonaemia in classic organic acidaemias: A review of the literature
and two case histories. Orphanet. J. Rare Dis. 2018, 13, 219. [CrossRef]

38. Ryder, B.; Inbar-Feigenberg, M.; Glamuzina, E.; Halligan, R.; Vara, R.; Elliot, A.; Coman, D.; Minto, T.; Lewis, K.; Schiff, M.; et al.
New insights into carnitine-acylcarnitine translocase deficiency from 23 cases: Management challenges and potential therapeutic
approaches. J. Inherit. Metab. Dis. 2021, 44, 903–915. [CrossRef]

39. Sklirou, E.; Alodaib, A.N.; Dobrowolski, S.F.; Mohsen, A.A.; Vockley, J. Physiological Perspectives on the Use of Triheptanoin as
Anaplerotic Therapy for Long Chain Fatty Acid Oxidation Disorders. Front. Genet. 2020, 11, 598760. [CrossRef]

40. Plecko, B.; Stoeckler-Ipsiroglu, S.; Schober, E.; Harrer, G.; Mlynarik, V.; Gruber, S.; Moser, E.; Moeslinger, D.; Silgoner, H.;
Ipsiroglu, O. Oral β-Hydroxybutyrate Supplementation in Two Patients with Hyperinsulinemic Hypoglycemia: Monitoring of
β-Hydroxybutyrate Levels in Blood and Cerebrospinal Fluid, and in the Brain by In Vivo Magnetic Resonance Spectroscopy.
Pediatr. Res. 2002, 52, 301–306. [CrossRef]

41. Van Hove, J.L.; Grünewald, S.; Jaeken, J.; Demaerel, P.; Declercq, P.E.; Bourdoux, P.; Niezen-Koning, K.; Deanfeld, J.E.; Leonard,
J.V. D,L-3-hydroxybutyrate treatment of multiple acyl-CoA dehydrogenase deficiency (MADD). Lancet 2003, 361, 1433–1435.
[CrossRef]
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