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Abstract

Background ABCCS variants can cause hyperinsulinemia by activating or deactivating gene expression. This study
used targeted exon sequencing to investigate genetic variants of ABCC8 and the associated phenotypic features in
Chinese patients with hyperinsulinemic hypoglycemia (HH).

Methods We enrolled eight Chinese children with HH and analyzed their clinical characteristics, laboratory results,
and genetic variations.

Results The age at presentation among the patients ranged from neonates to 0.6 years old, and the age at diagnosis
ranged from 1 month to 5 years, with an average of 1.3+0.7 years. Among these patients, three presented with
seizures, and five with hypoglycemia. One patient (Patient 7) also had microcephaly. All eight patients exhibited
ABCC8 abnormalities, including six missense mutations (c. 2521 C>G, ¢. 3784G> A, . 4478G> A, . 4532T>C, c.
2669T >C, and c. 331G > A), two deletion-insertion mutations (c. 3126_3129delinsTC and c. 3124_3126delins13), and
one splicing mutation (c. 1332+ 2T > C). Two of these mutations (c. 3126_3129delinsTC and c. 4532T > C) are novel.
Six variations were paternal, two were maternal, and one was de novo. Three patients responded to diazoxide and
one patient responded to octreotide treatment. All there patients had diazoxide withdrawal with age. Two patients
(patients 3 and 7) were unresponsive to both diazoxide and octreotide and had mental retardation.

Conclusions Gene analysis can aid in the classification, treatment, and prognosis of children with HH. In this study,
the identification of seven known and two novel variants in the ABCC8 gene further enriched the variation spectrum
of the gene.

Keywords Hyperinsulinemic hypoglycemia, ABCC8, Clinical presentation, Gene abnormalities, Therapy

*Guoying Chang, Lingwen Ying and Qianwen Zhang contributed 'Department of Endocrinology and Metabolism, Shanghai Children’s
equally to this work. Medical Center, School of Medicine, Shanghai Jiao Tong University, 1678
Dongfang Road, 200127 Shanghai, China

*Correspondence: ’Department of Medical Genetics and Molecular Diagnostics laboratory,
Jian Wang Shanghai Children’s Medical Center, School of Medicine, Shanghai Jiao
labwangjian@shsmu.edu.cn Tong University, 200127 Shanghai, China

Xiumin Wang 3International Peace Maternity and Child Health Hospital, Shanghai Jiao
wangxiumin1019@126.com Tong University School of Medicine, 200030 Shanghai, China

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12902-023-01527-8&domain=pdf&date_stamp=2024-1-11

Chang et al. BMC Endocrine Disorders (2024) 24:8

Introduction

Hyper-insulinemic hypoglycemia (HH) is the most com-
mon cause of persistent hypoglycemia in infants and
children and refers to a heterogeneous condition caused
by unregulated insulin secretion [1]. Generally, HH pres-
ents as fasting hypoglycemia, however, it can also mani-
fest as postprandial, protein/leucine loading-induced,
or exercise-induced hypoglycemia. Although HH typi-
cally presents in the neonatal period, it can also occur in
infancy, childhood, and adulthood with varying severity
and etiology [2, 3]. However, owing to the higher glucose
consumption rate of neonates and infants, they have a
considerably higher risk of permanent brain damage.
Therefore, promptly diagnosing and managing HH are
important to prevent neurological complications, such as
cerebral palsy, epilepsy, neurodevelopmental deficits, and
death.

HH can be transient due to various risk factors, or it
can be permanent and inherited due to mutations in key
genes involved in insulin secretion, such as congenital
hyperinsulinism (CHI) [4, 5]. CHI is the most severe form
of HH, and mutations in 12 genes have been reported to
date [1]. Mutations in the ABCC8 gene, which encodes
the SURIL subunits of pancreatic p-cell K rp channel,
are one of the most common causes of CHI [6-8]. The
SURT1 subunit regulates the activity of Kir6.2 proteins and
functions as the binding site for the K,p channel opener
(diazoxide) and sulfonylureas, thereby transducing meta-
bolic signals generated by glucose metabolism to regulate
insulin secretion [9, 10]. Recessive inactivating mutations
of ABCCS (loss of function) can inhibit the trafficking of
SUR1 to the plasma membrane or channel activity, caus-
ing medically unresponsive diffuse CHI that may require
near-total pancreatectomy [11]. Dominant inactivating
mutations in ABCCS typically cause milder forms of CHI
that are responsive to diazoxide.

In this study, we evaluated the clinical and genetic
characteristics of eight Chinese children with HH. In
line with previous findings, we confirmed the connection
between mutations of ABCC8 and CHI and identified
two novel mutations among the nine identified. Despite
the children inheriting genetic mutations from their
parents, their parents did not exhibit any clinical symp-
toms. Three patients responded to diazoxide, and one
responded to octreotide. All patients had good prognosis
with respect to ages.

Methods

Patients and clinical data collection

The documented medical history of each patient,
including birth status, growth, development, past ill-
ness, phenotypes, and family history, was preserved for
use in this study. Both routine and specific biochemi-
cal tests, including routine blood and urine test, alanine
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aminotransferase (ALT), aspartate aminotransferase
(AST), creatine kinase (CK), CK-MB, lactate dehydroge-
nase (LDH), creatine (Cr), electrolytes, glycated hemo-
globin A,  (HbA, ), fasting plasma glucose (FPG), and
fasting C-peptide (FCP) were performed for each patient.
The levels of thyroid hormones, insulin-like growth fac-
tor-1(IGF-1), and adrenocorticotropic hormone (ACTH)
were also evaluated. The FPG levels were assayed using
the glucose oxidase method. HbA,, levels were mea-
sured using high-performance liquid chromatography
with a VARIANT II Hemoglobin A, analyzer (Bio-Rad
Laboratories, Hercules, CA, USA). C-peptide levels were
measured electrochemically (Cobas e 601 Automated
Biochemical Analyzer; ROCHE Inc., Basel, Switzerland).
Thyroid hormone, ACTH, and IGF-1 indices were deter-
mined using a chemiluminescence immunoassay (thy-
roid hormones and ACTH: CL-8000I; Mindray, Chinese;
IGF-1: IMMULITE 2000Xpi; Siemens, Germany). The
remaining laboratory indicators were measured using
standard methods. Biochemical indicators, particularly
blood samples of fasting blood glucose and C-peptide
levels, were collected 3—4 h after the latest feeding and
immediately before feeding in the morning. Cranial MRI
or CT was conducted for all patients except patients 3,
6, and 7 (parents refused due to personal considerations).

Ethical approval was obtained from the ethics com-
mittee of the Shanghai Children’s Medical Center, and
informed consent was obtained from all the individual
participants and their parents or legal guardians included
in the study.

Genetic analysis

Genomic DNA was extracted from peripheral blood
samples of each patient and their parents using a
QIAamp Blood DNA Mini Kit® (Qiagen GmbH, Hilden,
Germany). Targeted next-generation sequencing and
data analysis were performed as previously described
[12]. All suspected variants were confirmed using Sanger
sequencing and validated through parental testing. Man-
ual classification of the variants was performed using the
American College of Medical Genetics and Genomics.
The potential pathogenicity of novel missense variants
was determined using three in silico prediction methods:
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),
PROVEAN  (http://provean.jcvi.org/genome_submit_2.
php?species?human), and MutationTaster (http://www.
mutationtaster.org/ChrPos. html).

Diagnose of HH

Patients meeting the following criteria: (1) plasma glu-
cose<3.0 mmol/L, (2) detectable serum insulin and/or
serum C-peptide, (3) suppressed/low -hydroxybutyrate
and acetoacetate, (4) suppressed/low serum free fatty
acid, (5) increased requirement of glucose infusion rate
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(>8 mg/kg/min), and (6) positive glycemic (>1.5 mmol/L)
response to intramuscular/intravenous glucagon may
diagnose with HH. In addition, patients who met one of
the aforementioned criteria and had identified causes of
acquired HH or a mutation in one of the known causative
genes were diagnosed with HH.

Statistical analysis

All statistical analyses were performed using SPSS (ver-
sion 24.0; SPSS, Inc., Chicago, IL, USA). Data are pre-
sented as the mean=standard error of the mean (SEM)
for continuous variable and as numbers (percentages) for
categorical variables.

Results

Clinical description and laboratory results for the eight
enrolled patients

We analyze the phenotypes and genotypes of eight
Chinese children with HH from eight families with-
out consanguineous marriages. The cohort comprised
five males and three females with a gestational age of
38.8+£0.4 weeks and a birth weight of 4064272 g. Of
these patients, 62.5% (5/8) were classified as large for
gestational age (LGA). The age range at presentation

Table 1 Clinical features of 8 patients with HIH
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was from neonates to 0.5 years old, and the age range at
diagnosis was from 1 month to 5 years with an average of
1.3+0.7 years. Of the eight patients, three were referred
to our clinic due to seizures (Patients 1, 3, and 7), and
five for hypoglycemia (Patients 2, 4, 5, 6, and 8). Patient
7 had microcephaly. Among the patients, the mother of
patient 4 alone had gestational diabetes mellitus (GDM)
and hypothyroidism, whereas the mother of patient 5 had
GDM alone. The remaining patients had no relevant fam-
ily history. The clinical data for the patients are summa-
rized in Table 1.

During the hypoglycemic episodes, the lowest recorded
blood glucose level was 1.86+£0.20 mmol/L. The serum
insulin level was 17.6%8.7 pIU/mL (ranging from 5.9 to
77.8 ulU/mL, normal range: 2.3-11.8 plU/mL), and the
c-peptide level was 4.3+1.3 ng/ml (ranging from 0.69
to 10.80 nmol/L; normal range: 0.3—1.6 nmol/L). Urine
ketone levels were negative. Routine and specific bio-
chemical tests, including kidney and liver function, and
CK, CK-MB, and HbA,_ levels were normal. Levels of
endocrine hormone, including thyroid hormones, IGF-1,
cortisol, and ACTH, were also within the normal range.
Abdominal MRI of Patient 5 showed the full pancreas,
and cranial MRI revealed deep frontotemporal sulci on

Patient Gender GA BW(g) Age Ageat Cur- Initial Family Treatment and long-term follow-up
(wk) of diagnosis rent presentation history
onset age

P1 Male 38 3300 3days 05y 52y seizures Negative Diet and antiepileptic drugs, only once
hypoglycemia occurred.

P2 Male 39 4000  1days 04y 13y hypoglycemia  Negative diazoxide-unresponsive; received octreotide

occurred within treatment, His glucose level was normal.
24 h after birth

P3 Male 38 4500 05y 35y 8.2y seizures Negative antiepileptic drugs treatment.; Unresponsive
to diazoxide and octreotide; glucose supple-
ment if hypoglycemia occurred. And he had
mental retardation.

P4 Female 38 5460 1days 0.y 3y hypoglycemia  Her mother diazoxide-responsive, and discontinuation

occurred within had GDM and  for 1 years, her glucose level was normal
24 h after birth  Hypothyroid-
ism, and
received
metformin and
Levothyroxine
treatment.
P5 Female 41 4600 10 0.1y 5y  hypoglycemia  Her mother diazoxide-responsive, and discontinuation
days had GDM and  for 2 years, no hypoglycemia occurred.
received insu-
lin treatment.

P6 Female 39 4000 1days 0.y 42y hypoglycemia  Negative diazoxide-responsive, and she received
diazoxide treatment till 2 years. No hypogly-
cemia occurred.

P7 Male 39 3200 1days 5y 7y recurrent Negative Diazoxide and octreotide unresponsive, and
seizures and hypoglycemia occurred frequently even after
microcephaly pancreatectomy; he had mental retardation.

P8 Male 38 3450 06y 06y 76y hypoglycemia  Negative Diet treatment, no hypoglycemia occurred.

GA: gestational age; BW: body weight; GDM: gestational diabetes mellitus
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Table 2 Laboratory, imaging findings and molecular analysis of 8 patients with HIH
Patient Glucose Insulin C-peptide Urine Imaging finding ABCC8 abnormality Inheri-
(mmol/L) (HIU/mL) (nmol/L)  acetone tance
P1 1.6 6.2 1.02 Negative Abdominal and cranial MRI €. 3126_3129delinsTC, p. Paternal
was normal. Leu1043Hisfs*70
P2 0.8 8.8 0.69 Negative Abdominal and cranial MRI €. 2521 C>G, p. Arg841Gly Paternal
was normal.
P3 2.5 56 2.84 Negative NA C.3784G> A, p. Ala1262Thr Paternal
P4 19 179 10.8 Negative Adenohypophysis hyperplasia . 133242T7>C; Paternal
C.4478G> A, p. Arg1493GIn Maternal
P5 1.9 77.8 8.6 Negative Full pancreas; deep frontotemporal ¢.4532T>C, p.lle1511Thr Maternal
sulci on both sides
P6 23 59 5.8 Negative NA €. 2669T > C, p. Leu890Pro De novo
p7 15 126 24 Negative NA c.3124_3126delins13, p. Paternal
Thr1042GInfs*75
P8 24 6.2 23 Negative Abdominal and cranial MRI c331G>A, p.Gly111Arg Paternal

was normal.

Note: The glucose level was the minimum value detected, and insulin levels were tested during hypoglycemia. NA, not available

<. 3124_3126delins13 (p. Thr1042GInfs'75)
<. 3126_3128delinsTC (p. Leu1043Hisfs70)
c.133242T>C . 3784G > A (p. Ala1262Thr)
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¢ 2521C > G (p. ArGBA1GY) €. 4478G > A (p. Arg1493GIn)

Fig. 1 Distribution schematic of the transmembrane topology of the 9
identified variants of ABCC8 gene. The transmembrane domains (TMD) in-
clude TMDO, TMD1, and TMD2. The nucleotide-binding domains (NBD) are
indicated by NBD1 and NBD2, and the cytosolic loops 3 is between TMDO
and TMD1, respectively. The red bar refers to the ATP binding sites

both sides. The cranial MRI of Patient 4 showed adenohy-
pophysis hyperplasia, whereas the abdominal and cranial
MRI of Patients 1, 2, and 8 were normal. A summary of
these laboratory and imaging results is shown in Table 2.

Identification of ABCC8 gene abnormality
Table 2; Fig. 1 presents the results of genetic abnormal-
ity analysis, which identified seven known variations
and two novel variations in ABCC8 gene in the study.
Monoallelic mutation were observed in seven cases,
whereas one case had compound heterozygosity. The
variants included six missense mutations (c. 2521 C>G,
c. 3784G>A, c. 4478G>A, c. 4532T>C, c. 2669T>C,
and c. 331G>A), two deletion-insertion mutations (c.
3126_3129delinsTC and c. 3124_3126delins13), and one
splicing mutation (c. 1332+2T>C). Two of these muta-
tions (c. 3126_3129delinsTC and c. 4532T >C) are novel.
Among the variations, 62.5% (5/8) were of paternal ori-
gin, two were of maternal origin, and one was de novo.
Parents carrying the same variations did not present any
clinical symptoms.

We conducted a more detailed analysis of the muta-
tion sites in the eight patients. As illustrated in Fig. 1,

two of the mutations were located in the transmem-
brane domain, whereas three were found in the extracel-
lular topological domain. The remaining four mutations
were located in cytoplasmic or intracellular topological
domain linked to nucleotide-binding domains (NBD).

Treatment and long-term follow-up

The effectiveness of the different treatments in these
patients was evaluated. Among these patients, six
(Patients 2, 3, 4, 5, 6 and 7; 75%) received diazoxide treat-
ment, and 50.0% of those (Patients 4, 5, and 6) were found
to be responsive. Patient 1 was treated with a combina-
tion of diet and antiepileptic drugs, which resulted in only
one instance of hypoglycemia. Patient 8 did not receive
any specific drug treatment and remained hypoglycemia-
free. Patient 2 received octreotide treatment, which suc-
cessfully normalized their glucose levels. Patients 3 and 7
were unresponsive to diazoxide and octreotide and had
mental retardation. However, all patients who responded
to diazoxide were able to withdraw from treatment with
age without experiencing hypoglycemia.

Discussion

According to recent reports, diseases caused by ABCC8
mutations fall into the following categories: HH, perma-
nent neonatal diabetes mellitus, transient neonatal diabe-
tes mellitus, and pulmonary arterial hypertension. More
than 400 ABCCS8 mutations have been reported to cause
HH. At least 14 ABCC8 mutations have been identified in
patients with permanent neonatal diabetes mellitus [13].
Other ABCC8 gene mutations that have relatively mild
effects on K,1p channel function compared to those seen
in permanent neonatal diabetes mellitus cause transient
neonatal diabetes mellitus [14]. Moreover, an ABCC8
mutation was detected in one patient with pulmonary
arterial hypertension [15].
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There were three forms of HH, namely, sporadic, auto-
somal recessive, and autosomal dominant [12]. Patients
with sporadic forms usually have no family history, pres-
ent with moderate/severe episode of hypoglycemia/
hyperinsulinemia in the first days to weeks of life, and
generally respond poorly to medical management but
have excellent prognosis after partial or >95% pancre-
atectomy [16]. Patients with the recessive form usually
have severe clinical presentation in infancy, with symp-
toms and signs secondary to hypoglycemia and hyperin-
sulinemia. These patients frequently do not respond to
medical management and require surgical intervention
in the form of near-total pancreatectomy [16]. Autoso-
mal dominant HH patients usually have a relatively mild
clinical presentation than the autosomal recessive form,
usually onset at 6—9 months of age or later, and are quite
responsive to medical therapy with diazoxide [17].

In the present study, the clinical manifestations and
prognosis of eight individuals with ABCC8 mutation
were not identical. Our results showed that most patients
had a good prognosis with age, and some had good blood
glucose control after drug withdrawal without any hypo-
glycemic events. However, two patients (Patients 3 and 7)
had mental retardation and recurrent episodes of hypo-
glycemia. We found that both those patients had poor
prognosis at onset with seizures, and one of them even
had microcephaly. Considering that Patient 1 also had
the onset of seizure, but with a better prognosis, unre-
sponsiveness to both diazoxide and octreotide seems to
have contributed to the worsened prognosis. The present
study demonstrated that, under normal circumstances,
ATP levels were relatively low when the blood glucose
concentration decreased, which opened the K,rp chan-
nel, the consequent K* outflow polarized the pancreatic
[-cell membrane, resulting in reduced insulin secretion
[18]. Therefore, diazoxide (open the K,p) can be used
to treat HH. In addition, octreotide can be used to treat
diazoxide-unresponsive HH owing to its inhibitory effect
on insulin release [18—20]. Nevertheless, Patient 2 (onset
with hypoglycemic), though unresponsive to diazoxide,
showed a good prognosis. Thus, timely diagnosis and
treatment appear to be important indicators of prognosis.

Additionally, we found a correlation between the muta-
tion sites and the onset and prognosis of the affected
children. Patient 8, who had monoallelic missense muta-
tions in the extracellular topological domain, had the
latest onset age (6 months) and the best prognosis, with
no hypoglycemia occurring when treated with dietary
interventions alone. Conversely, Patient 3, with com-
pound heterozygosity, was unresponsive to diazoxide
and octreotide and suffered from mental retardation.
Patients 4 and 5 had mutations in the NBD2 region, and
both presented with onset hypoglycemia, which was
diazoxide-responsive; no hypoglycemia occurred after
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drug withdrawal. Patients 2 and 6 harbored mutations
in NBD1. Patient 6 was diazoxide-responsive, whereas
Patient 2 was diazoxide-unresponsive but octreotide-
responsive. The difference in their responses to drugs
may be related to the proximity of the mutation site to
the ATP-binding sites.

Notably, Patients 1 and 7 experienced seizures at the
onset and had deletion-insertion mutations in the extra-
cellular topological domain that predictably affected the
function of the entire NBD2. However, their prognoses
differed substantially: Patient 1, who had a novel muta-
tion, only received dietary intervention and antiepilep-
tic drugs, and had only one episode of hypoglycemia,
whereas Patient 7 was unresponsive to diazoxide and
octreotide and frequently experienced hypoglycemia
even after pancreatectomy, leading to mental retardation.
We hypothesize that the protein formed after the muta-
tion in Patient 1 may partially replace the function of
the NBD2 region, which may explain the relatively good
prognosis. In a recent study of 18 nonpancreatectomized
patients with ABCCS variants, 41.7% of patients subse-
quently progressed to diabetes [21]. Regular follow-up of
glucose metabolism after remission is recommended.

Interestingly, most patients in this study had heterozy-
gous mutations, which are usually paternal. However, the
father showed no hypoglycemic symptoms. The allelic
expression imbalance (AEI) may explain the discrepancy
in that both father and his child had the same mutated
gene but showed different phenotypes [22]. AEI is defined
as the phenomenon in which two alleles of a gene differ
in their expression magnitude. Previously, it was believed
that the expression of both paternal and maternal haplo-
types was balanced and that balanced expression could
reduce the recessive deleterious mutations. However,
mRNA expression is regulated by several mechanisms,
including SNP [23]. Recent findings demonstrated that
AEI occurred when the transcription of one allele was
selectively silenced or enhanced or when the transcript
was selectively degraded post-transcriptionally [24]. Such
an allelic imbalance in gene expression may be associate
with phenotypic variations among individuals and con-
tribute to human disease. However, whether there is an
AEI in the ABCCS gene requires further investigation.

Conclusion

The present study evaluated the genetic variants in
ABCCS8 genes in eight children with HH. The results
revealed seven known and two novel variations. The clin-
ical manifestations and prognosis of the eight individu-
als with ABCC8 mutation were not identical; specifically,
most of the patients had a good prognosis with age, and
some of them had good blood glucose control after drug
withdrawal without any hypoglycemic events. Their par-
ents, who carried the same variation, showed no clinal
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presentation; an allelic expression imbalance may explain
this discrepancy.
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