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Context and Objective: Recessive mutations in the hydroxyacyl-CoA dehydrogenase (HADH) gene
encoding the enzyme 3-hydroxyacyl-CoA dehydrogenase are a rare cause of diazoxide-responsive
hyperinsulinemic hypoglycemia (HH) with just five probands reported to date. HADH deficiency in
the first three identified patients was associated with detectable urinary 3-hydroxyglutarate and
raised plasma 3-hydroxybutyryl-carnitine levels, but two recent cases did not have abnormal urine
organic acids or acylcarnitines.

Research Design and Methods: We studied 115 patients with diazoxide-responsive HH in whom
the common genetic causes of HH had been excluded. No patients were reported to have abnormal
acylcarnitines or urinary organic acids. Homozygosity mapping was undertaken in probands from 13
consanguineous pedigrees to search for regions harboring mutations that are identical by descent.

Results: HADH sequencing was performed after genome-wide single nucleotide polymorphism
analysis revealed a large shared region of homozygosity spanning the HADH locus in six unrelated
probands. Homozygous mutations were identified in three of these patients and in a further two
probands from consanguineous families. HADH analysis in the remainder of the cohort identified
mutations in a further six probands for whom consanguinity was not reported, but who originated
from countries with high rates of consanguinity. Six different HADH mutations were identified in
11/115 (10%) patients tested.

Conclusion: HADH mutations are a relatively common cause of diazoxide-responsive HH with a
frequency similar to that of GLUD1 and HNF4A mutations. We recommend that HADH sequence
analysis is considered in all patients with diazoxide-responsive HH when recessive inheritance is
suspected. (J Clin Endocrinol Metab 96: E498–E502, 2011)
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Hyperinsulinemic-hypoglycemia (HH), which is char-
acterized by unregulated secretion of insulin despite

a low blood glucose concentration, most commonly pres-
ents in the neonatal period with the phenotype ranging
from mild to severe medically unresponsive hypoglycemia
(1). Diazoxide targets the ATP-sensitive potassium (KATP)
channel in the pancreatic �-cell and is often the first line of
treatment. Patients who show a poor response to diazox-
ide therapy are likely to require a pancreatectomy.

Mutations in the ABCC8 and KCNJ11 genes, which
encode the SUR1 and Kir6.2 subunits of the KATP channel,
most often cause diazoxide-unresponsive HH but rare
mutations in these and five other genes (GCK, GLUD1,
HADH, HNF4A, and SLC16A1) have been reported in
patients with diazoxide-responsive HH (1). Mutations in
these genes are often associated with discrete phenotypes,
for example GLUD1 mutations also result in hyperam-
monemia while SLC16A1 mutations cause exercise-in-
duced hyperinsulinism (2, 3). While the clinical charac-
teristics may guide the order of genetic testing, it should be
noted that these genotype/phenotype relationships are not
absolute. For example, recessive mutations in the hy-
droxyacyl-CoA dehydrogenase (HADH) gene were first
identified in patients with specific fatty acid oxidation de-
fects where urinary 3-hydroxyglutarate was present and
plasma 3-hydroxybutyryl-carnitine levels were raised (4–
6). However, two patients with homozygous HADH mu-
tations but with normal acylcarnitines and urine organic
acids have recently been reported (7, 8).

Recently, we demonstrated that a genetic diagnosis was
possible for 27% of cases in our cohort with diazoxide-
responsive HH (59/220 patients) (9). Mutations in KCNJ11,
ABCC8, GCK, and HNF4A were excluded, but HADH
was not sequenced because there was no report of any
abnormality in the acylcarnitines and urine organic acids
(9). Autozygosity analysis is a useful method for identify-
ing novel genetic etiologies within consanguineous pedi-
grees through the identification of a genetic region har-
boring a mutation that is identical by descent (10). In the
present study we have undertaken genome-wide single nu-
cleotide polymorphism (SNP) analysis on a subset of un-
related consanguineous probands with diazoxide-respon-
sive HH and no genetic diagnosis.

Materials and Methods

We studied 115 patients with diazoxide-responsive HH without
mutations in ABCC8, KCNJ11, GCK, and HNF4A. Mutations
in GLUD1 had been excluded in patients with hyperammonemia
(n � 7).

Clinicaldatawereprovidedviaastandardrequestform(www.
diabetesgenes.org) with diazoxide-responsiveness defined as the
ability to come off intravenous glucose and maintain normogly-

cemia. No patients had required a pancreatectomy, and patients
with evidence of perinatal asphyxia were excluded from the co-
hort. No cases were reported to have abnormalities in acylcar-
nitines and urine organic acids or exercise-induced hyperinsulin-
ism. Consanguinity was reported in 18 probands. The study was
conducted in accordance with the Declaration of Helsinki with
informed parental consent given on behalf of children.

Homozygosity analysis
Genotyping was undertaken on the Affymetrix 6.0 SNP chip

by Medical Solutions (Nottingham, UK), ALMAC Diagnostics
(Craigavon, Northern Ireland), or Aros Applied Biotechnology
(Aarhus, Denmark) for 13/18 consanguineous patients where
there was sufficient DNA. Processing of genomic DNA was per-
formed as per the Affymetrix protocol, and the mean SNP call
rate was 98.8%. In-house Perl scripts were developed to auto-
matically identify homozygous segments, defined by at least 20
consecutive homozygous SNPs marking a region that exceeded
3cM (11).

HADH analysis
In all 115 patients the 8 exons of HADH (NM_005327.2)

were amplified and sequenced as previously described (7). When
repeated failure of PCR indicated a homozygous deletion,
break points were mapped by sequential PCR and sequencing.
Patients with common mutations were further investigated by
microsatellite markers (HADH flanking markers D4S2859
and D4S2945).

For patients where conventional sequencing failed to identify
a mutation but SNP analysis revealed homozygosity over
HADH, the possibility of a partial gene deletion or a mutation in
the promoter, 3� untranslated region (UTR) or alternative exons
[as listed on AceView, accessed June 2010 (12)] was investigated.
When a novel variant was identified in an alternative exon the
presence/absence of the variant transcript in control islets, whole
pancreas, liver, and blood was determined by real-time PCR
(RT-PCR) and sequencing (primers available on request).

Results

Genetic results

Consanguineous cohort
Genome-wide SNP data were obtained for 13/18

consanguineous probands. Six of the 13 patients shared
a region of homozygosity (3.3 Mb) on chromosome
4q25, which contained 21 genes including HADH (http://
genome.ucsc.edu/). No further regions of homozygosity
shared by four or more individuals were identified.

HADH sequencing identified mutations in 3/6 patients
with homozygous regions encompassing HADH. Ho-
mozygous mutations were also present in 2/5 patients
where insufficient DNA was available for SNP analysis
(Table 1). No mutations were identified in the seven pa-
tients without homozygous regions spanning HADH.
Three different HADH mutations were identified; two
novel mutations, Q163X and K136E (each in a single pa-
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tient), and the previously reported Q236X mutation (8) in
three probands. When DNA was available, mutation test-
ing confirmed the carrier status of the unaffected parents.
None of the probands had a sibling affected with HH. The
K136E mutation is likely to be pathogenic as in silico anal-
ysis suggests that it is detrimental to protein function
(http://neurocore.charite.de/MutationTaster/), the mu-
tated residue is highly conserved across species, and the
variant has not been identified in 362 control chromo-
somes (http://www.1000genomes.org June 2010). For the
three probands with homozygosity over HADH but no
coding mutation, dosage analysis, and sequencing of the
HADH promoter, 3�UTR and alternative exons was un-
dertaken but no mutations were identified.

Nonconsanguineous cohort
After the identification of mutations in 5/18 (28%) con-

sanguineous patients, HADH sequencing was undertaken
in the remainder of the cohort and mutations were iden-
tified in 6/97 probands. Three probands were homozy-

gous for the R236X mutation, and a failure to amplify
exon 1 by PCR in two probands suggested the presence of
a homozygous deletion (Table 1). Mapping of the break
points confirmed an identical deletion, which included
the minimal promoter and exon 1 (c.1-3440_132 �
1943del). When DNA was available carrier status was
confirmed in the unaffected parents. None of the probands
had a sibling affected with HH.

In the sixth patient a maternally inherited frame shift
mutation, K95Sfs, was identified. Although a second mu-
tation was not found by analysis of the reference sequence,
promoter, 3�UTR, or by dosage studies, a novel paternally
inherited variant, c.709 � 39C�G (NM_005327.2),
which results in a L254V mutation in exon 6 of an alter-
native splice variant (cDNA accession number BI826991)
(Fig. 1, Table 1), was identified. RT-PCR and sequencing
confirmed the presence of this variant transcript in normal
pancreas, islets, liver, and blood (data not shown). The
c.709 � 39C�G variant was not identified in 362 control
chromosomes (http://www.1000genomes.org June 2010).

Haplotype analysis
Microsatellite analysis suggested the

existence of two R236X founder muta-
tions within the Iranian and Turkish/
Pakistani populations. The exon 1 dele-
tion was present on a common haplotype,
consistentwithacommonancestorwithin
the Indian population (Table 1).

FIG. 1. Schematic representation of the full-length HADH gene (Reference sequence
NM_005327) and a variant transcript (cDNA accession number B1826991). Exons are
represented by boxes, and introns are denoted by lines. Hatched boxes represent coding
regions which differ between the two transcripts, and white boxes represent UTRs. An arrow
with a star points to the approximate position of the novel variant, c.709 � 39C�G
(nomenclature relating to RefSeq NM_005327) identified in patient 9.

TABLE 1. Clinical characteristics of patients with HADH mutations

Patient Gender
Age at

diagnosis

Birth
weight

(gestation)
Current
age (y)

Current
diazoxide dose

(mg/kg/d)
Reported

Consanguinity
Country
of origin

Mutation detection
method Mutation

1 Male 16 wks 2.9 kg 3 5 Yes Turkey Homozygosity analysis,
then sequencing

K136E/K136E
(38 wks) (c.406A�G)

2 Male 16 wks 2.8 kg 8 2 Yes Turkey Homozygosity analysis,
then sequencing

Q163X/Q163X
(40 wks) (c.487C�T)

3 Male 2 wks 4.1 kg 2 10 Yes Turkey Homozygosity analysis,
then sequencing

R236X/R236X
(40 wks) (c.706C�T)

4 Male 5 days 4.35 kg 2 10 Yes Turkey Sequence analysis R236X/R236X
(40 wks) (c.706C�T)

5 Female 1 wk 4.0 kg 7 2.5 No Turkey Sequence analysis R236X/R236X
(40 wks) (c.706C�T)

6 Male 2 days 3.2 kg 1 11 Yes Pakistan Sequence analysis R236X/R236X
(39 wks) (c.706C�T)

7 Female 12 wks 3.5 kg 2 15 No Iran Sequence analysis R236X/R236X
(40 wks) (c.706C�T)

8 Female 1 day 3.7 kg 4 8 No Iran Sequence analysis R236X/R236X
(40 wks) (c.706C�T)

9 Male 26 wks 2.95 kg 2 10 No India Sequence analysis K95SfsX3/IVS6 � 39C�G
(40 wks) (c.283_293delinsT/c.709 �

39C�G)
10 Male 2 days 4.0 kg 2 10 No India Long range PCR and

sequencing of
breakpoints

Ex1del/Ex1del
(40 wks) (c.1-3440_132 � 1943del/

c.1-3440_132 � 1943del)
11 Male 24 wks 3.8 kg 3 10 No India Long range PCR and

sequencing of
breakpoints

Ex1del/Ex1del
(40 wks) (c.1-3440_132 � 1943del/

c.1-3440_132 � 1943del)

Mutation nomenclature corresponds to HADH sequence accession NM_005327.2.
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Clinical characteristics
The median age at diagnosis of HH for patients with

HADHmutationswas7weeks (range1d to26 weeks) and
the median birth weight was 3.6 kg at 40 weeks gestation
(range 2.8–4.35 kg) (Table 1). No patients were reported
to have defects in fatty acid oxidation, although acylcar-
nitine profiles and urine organic acid screens were not
complete for all patients.

Discussion

HADH sequencing was undertaken after SNP analysis re-
vealed a large shared region of homozygosity spanning the
HADH locus in six unrelated consanguineous probands.
We identified mutations in three of these patients and in a
further two probands from known consanguineous fam-
ilies (28% positive). These results prompted us to se-
quence HADH in the remainder of our cohort, and ho-
mozygous mutations were identified in a further five
probands who were not reported as being consanguine-
ous. However, these patients were all referred from coun-
tries with high rates of consanguineous marriages. Only
one patient with compound heterozygous mutations was
identified. In total, HADH mutations were identified in
11/115 (10%) patients with diazoxide-responsive HH of
unknown etiology. Our study increases the number of pa-
tients reported with HADH HH from five probands (4–8)
to 16.

In one patient with a maternally inherited frame shift
mutation, extensive studies to search for a second muta-
tion of paternal origin were undertaken and a novel vari-
ant was found in intron 6 (corresponding to RefSeq
NM_005327.2). In silico splicing prediction programs
suggest that this variant will not alter splicing. How-
ever, at least eight transcript variants are predicted to
exist for HADH, and this substitution results in a mis-
sense mutation in exon 6 of a variant transcript (cDNA
accession number BI826991) (12) (Fig. 1), which is pre-
dicted to encode a protein with an NAD-binding and a
C-terminal domain. Although further studies are re-
quired to assess the significance of this transcript, its
detection in tissues including pancreas and islets sug-
gests that it may be important. While the pathogenicity
of the variant is currently unproven, the identification
of a frame shift mutation on the opposite allele is con-
sistent with a diagnosis of recessively inherited HH re-
sulting from a HADH mutation.

In keeping with previous reports a range in birth
weights and ages at diagnosis of HH were observed in the
patients with HADH mutations (5). Interestingly, none of
the patients were reported to have abnormalities in plasma
acylcarnitines or urine organic acids, a phenotype re-

ported in 3/5 published probands. While the absence of
abnormal acylcarnitines and urine organic acids in these
patients may be attributable to limitations in laboratory
analysis, it is possible that the phenotype is mutation-de-
pendent because none of the mutations identified in this
cohort have been found in individuals with abnormal acyl-
carnitines and urine organic acids. It is unlikely, however,
that the disease spectrum reflects the severity of the mu-
tation as the majority of patients with isolated HH have
null mutations.

A number of studies have demonstrated that HADH
has a pivotal role in regulating insulin secretion (13–16).
Most recently a study by Li et al. (15) examined the mech-
anism of insulin dysregulation in mice with a knock-out of
the hadh gene. Pull-down experiments demonstrated pro-
tein–protein interactions between HADH and glutamate
dehydrogenase (GDH), and studies on isolated islets
showed in increased in the affinity of GDH for its substrate
�-ketoglutarate. It is therefore likely that HADH muta-
tions cause HH by activation of GDH via loss of inhibitory
regulation of GDH by HADH. This finding is of particular
interest as activating mutations in GLUD1, which en-
codes GDH, are a common cause of hyperinsulinism and
hyperammonemia (2).

In conclusion we have shown that mutations in HADH
account for 10% of cases with diazoxide-responsive HH
without a mutation in the known genes. This study takes
the number of HADH mutations identified in our cohort
to 12 (7), with a prevalence similar to that for HH attrib-
utable to HNF4A or GLUD1 (17) mutations. We recom-
mend that analysis of the HADH gene is considered in all
patients with diazoxide-responsive HH who originate
from known consanguineous pedigrees, isolated popula-
tions, or countries where inbreeding is frequent, regardless
of whether there is evidence of abnormal fatty acid
oxidation.
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