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respectively. Exactly how mutations in these genes cause transient CHI is
currently unknown. However, recent findings indicate the presence of
gene-gene ‘interaction between the ANF4A and KCNJ11 genes.2” The
presentation of hyperinsulinism related to an ANF14 mutation appears to
be different from that of typical transient CHI in that the patient could
develop hypoglycemia later in infancy or in childhood.2¢ Patients with
HNF4A or HNFIA mutations could develop diabetes mellitus later in life

and therefore shoﬁldj,kbe followed up after remission of hypoglycemia.

b. Persistent CHI
In contrast to transient CHI, ‘most. cases of persistent CHI are believed to
be caused by genetic factors; however, causative gene mutations have been

identified in only 45.3%—79% of patients.28.29

1) Genetic causes of persistent CHI
(2) Karp channel CHI
The most commonly known genetic cause of persistent CHI is inactivating
mutations in the Karp channel genes KCNJI1 and ABCCE3932 Although
the overall mutation detection rate for persistent CHI is slightly more than
50%, when confined to diazoxide-unresponsive cases, mutations in the Karp
channel genes could be identified in 87.6%—91% of cases.28:29

The mode of inheritance of Karp channel CHI could be both

autosomal dominant and recessive. In addition, a specific mode of
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paternally inherited monoallelic mutation leading to the focal form of CHI
is known. In general, recessively inherited Karp channel CHI presents with
a more severe phenotype that is unresponsive to diazoxide, often
necessitating near-total pancreatectomy.3%33 In contrast, dominantly
inherited Karp channel CHI presents with a milder phenotype, is mostly
responsive to diazoxide, and rarely requires pancreatectomy.3#37 It is
generally assurﬁed kthat the dominantly inherited form is relatively rare
compared with th:ef ré{:‘essive form, but this could be an underestimate
because mild domina’x:iﬁwCHI may go unrecognized clinically. Pathological
features of recessive Ko;rp chéimel CHI include the presence of enlarged
islet cell nuclei throughout the “pancreas.?’g"""l Basically, all B cells in the
pancreas are abnormal in both receééive and dominantly inherited forms

(diffuse lesion).

(b) Usher-CHI syndrome

Usher-CHI syndrome is a specific form of recessijely inherited Karp
channel CHI. The USHIC gene is located at chromoéqme 11p15.1, with
close proximity to the Karp channel genes, and is resy;onsible for Usher
syndrome. Usher-CHI syndrome is caused by the homozygous deletion
spanning the USHIC gene and the Karp channel genes and is
characterized by CHI associated with hearing loss and retinal

degeneration. 4445
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2) Focal form of Karp channel CHI

In contrast to the recessive and dominant forms of Karp channel CHI, the
focal form of CHI is distinct in that abnormal B cells are confined to a
restricted area of the pancreas. This is of enormous clinical significance
because if the focal lesion is identified and localized before surgery, the
patient can be cured of hypoglycemia by partial pancreatectomy without
postoperativecompiications (see section 6).

The focal férm of CHI occurs in patients who have a paternally
inherited monoallelic r‘riuyation in one of the Karp channel genes.4647
Adjacent to the Karp cha‘m’nel‘ genes at chromosome 11p15.1, there is a
cluster of imprinted genes, H1;9,5 IGFQ, and CDKNIC, at 11p15.5. H19 and
CDKNI1C are tumor suppresséi genes expressed exclusively from the
maternal allele, whereas /GZF2is a growth factor gene expressed from the
paternal allele. When segmental paternéi dﬁiparental disomy occurs as a
somatic event during the development of the péngreas in a person with a
paternally inherited Karp channel mutation, thaf particular cell loses the
Karp channel activity. In addition, the cell loses thé:t.#mor suppressor
activity of H19and CDANICand receives a double dose of IGFZ, leading to
a growth advantage during embryogenesis that eventually results in the
formation of a focal lesion of insulin-overproducing cells.4647 The focal
lesions are usually up to 1 cm in size, although a giant focal lesion that
covers almost the whole pancreas has been reported.4® The boundaries of

the focal lesion, however, are often not very clearly demarcated because of
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the presence of numerous “tentacles” extending from the main lesion.
Unfortunately, unlike insulinomas, these lesions are usually not
identifiable by conventional imaging modalities such as computed

tomography, magnetic resonance imaging, or angiography.

3) 18F-fluoro-L-DOPA positron emission tomography

Together with the :}nolecular diagnosis of a paternally inherited mutation,
the development ,‘of“,’an imaging modality, 18F-fluoro-L-DOPA positron
emission tomograp\}’ly"i‘(:iSF-‘DOPA PET), to localize the focal lesion has
changed the managemehf 0f patients with CHIL#3¢ 18F-DOPA is
incorporated into the focal leswn by the action of DOPA decarboxylase,
which is abundant in pancreatié [ cells Although an artifact in the head of
the pancreas is caused by the large size of ‘the head and the excretion of
18F-DOPA in the common bile duct, 18F:DQPA PET has generally been

reported to be very sensitive and could detect lesions as small as 5 mm.4®

4) Other genetic causes of persistent CHI

(a) Glutamate dehydrogenase

An activating mutation in the GLUDI gene that codes for glutamate
dehydrogenase (GDH) causes a syndrome of CHI associated with
hyperammonemia (HIHA syndrome).? GDH is an enzyme that catalyzes
the conversion of glutamate to o-ketoglutarate and ammonia.

Overproduction of a-ketoglutarate, a metabolic intermediate in the Krebs
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cycle, leads to an increased ATP/ADP ratio and to Kare channel-mediated
oversecretion of insulin, while overproduction of ammonia leads to
hyperammonemia. Because GDH receives a positive allosteric activation
by leucine and ADP, the syndrome presents with classic leucine-sensitive
hypoglycemia and responds well to diazoxide. Hyperammonemia is usually
moderate (between 100 and 200 pg/dL) and is unresponsive to dietary
protein restriction or other measures to decrease the production of

ammonia in the intestines.

) L'3~hydroxyacyl'coenz§meg%;A; gehydl*ogenase

The HADH gene codes fof‘the enzyme L-3-hydroxyacyl-coenzyme A
dehydrogenase (HADH), which ywas previously known as short-chain
L-3-hydroxyacyl-CoA dehydrogenase (SCHAD). The mitochondrial enzyme
catalyzes the penultimate step in the B-oxidapion of fatty acids to its
corresponding 3-ketoacyl CoA. Unlike other enzymes in the B-oxidation
pathway, HADH is known to be abundant in pancrgatic B cells and
interacts directly with GDH to inhibit activity.®8 Therefore, recessively
inherited biallelic inactivating mutations in HADH lead to overactivity of
GDH and hyperinsulinism.?6.57 Unlike HIHA syndrome, hyperammonemia
is not a feature of HADH deficiency, probably because HADH is not
abundant in other cell types that generate ammonia. HADH deficiency is
the most common cause of recessively inherited CHI and could increase

urinary 3-hydroxyglutarate and plasma 3-hydroxybutyryl-carnitine levels.
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However, urinary organic acid analysis and serum carnitine profiles are
often normal in these patients. Therefore, molecular analysis should be
considered in patients who have diazoxide-responsive CHI and present

with recessive inheritance.5

(c) Glucokinase

The GCK gene cddééfor glucokinase, which phosphorylates glucose to form
glucose'G'phosphaté on entry into pancreatic B cells. Because glucokinase
serves as a glucose sensor, an activating mutation in this gene causes
overproduction of glucos‘;e’-épﬁosphate, which leads to activation of the
glucose-induced insulin secré:tidr\;pathway and oversecretion of insulin.59-66
The clinical phenotype varies from fmild, diazoxide-responsive cases to
severe, medically unresponsive cases. Glﬁébkinase could also be a cause of
adult hyperinsulinism or postprandial hyﬁé#iééulinism.sz Recently, a novel
type of focal CHI presumably caused by a somatm mutation of glucokinase

has been reported.6?

(d) Uncoupling protein 2

The UCPZ gene codes for mitochondrial uncoupling protein 2 (UCP2),
which is ubiquitously expressed in a variety of cell types, including
pancreatic B cells, and leaks protons across the inner mitochondrial
membrane, thereby uncoupling oxidative phosphorylation from ATP

generation. A monoallelic inactivating mutation therefore leads to excess
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ATP generation and oversecretion of insulin.68

(e) Monocarboxylate transporter 1

The SLCI6AI gene codes for monocarboxylate transporter 1 (MCT1),
which mediates the transport of lactate and pyruvate across cell
membranes. In patients with exercise-induced hyperinsulinemic
hypoglycemia, mui:ations in the promoter region of this gene have been
identified.89.70 Thesébfmutations have been shown to activate the promoter
in pancreatic § cells, w};ere MCTI is normally underexpressed. This leads
to the influx of lactate lntoﬁ kceHs, when serum levels of lactate are
elevated during exercise. La‘ctét’é.an‘d pyruvate are further metabolized to
generate ATP, which leads tt; kk’é;rersecrketion of insulin through the

glucose-induced insulin secretion pathway.

6. Treatment strategies for CHI

Table 3 shows the current treatment options for~;’§§ti¢nts with CHIL. In
addition to nutritional support, including continuous iﬁﬁﬁt?vemons glucose
infusion, nasogastric feeding, or gastrostomy, the following medical and

surgical treatments have been used.

a. Diazoxide
Diazoxide binds to the SUR1 subunit of the Karp channel and keeps the

channel in an open state, thereby inhibiting glucose-induced insulin
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secretion. This medication has been used extensively in patients with CHI
and is considered to be the first choice for treatment of all types of CHL"! It
is effective for a variety of subtypes of CHI; however, unfortunately, it is
usually ineffective for the most severe forms of neonatal-onset, Karp
channel hyperinsulinism.%72 Except for water retention and hypertrichosis,
diazoxide has relaﬁively few adverse effects. However, it should be used in
smaller infants Wlth caution because water retention could lead to
reopening of the ductus arteriosus or heart failure, especially when given

without diuretics.” =

b. Octreotide and other sonlﬁtbgﬁat%n analogues

1) Octreotide e

Octreotide is a long-acting somatostati’kg,ﬁanalogue that binds to the
somatostatin receptors SSTR2 and SSTRS"and inhibits secretion of a
variety of hormones, including gastrin, cholecYétokinin, glucagon, growth
hormone, secretin, pancreatic polypeptide, thyrbid%ﬁmulating hormone,
vasoactive intestinal peptide, and insulin. The use of octreotide for the
treatment of patients with CHI was first reported nearly 20 years ago.775
Octreotide has been widely used and is effective for the treatment of
patients with diazoxide-unresponsive CHI at least to some extent, and
often patients can discontinue intravenous administration of glucose. In
addition to short-term use before pancreatectomy, long-term subcutaneous

administration of octreotide often leads to spontaneous remission of Karp
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channel CHI without surgery.” Common adverse events include
gastrointestinal disturbances, especially at the initiation of treatment, and
a dilated gallbladder with or without gallstones, biliary sludge, or white
stool. In addition, rare but more serious adverse events such as necrotizing
enterocolitis?”” and hepatitis80 have been reported. Despite its usefulness,
the use of octreoti@e for the treatment of patients with CHI is not licensed
in any country, ’ including Japan. A government-funded clinical trial to
prove the efficacy angl;sgfety of octreotide is currently under way in Japan

(UMIN Clinical Trials Registry, UMIN000012620, SCORCH study).

2) Other somatostatin analogue$,~ .

On the basis of the same trea’cinent strategy, successful use of other
somatostatin  analogues for the ti‘egtment of patients with
hyperinsulinemic hypoglycemia has been’krepgrted, including long-acting
octreotide,’! lanreotide,32:83 and pasireotide.®! T]yaes‘e’medications have the
advantages of a longer duration of activity (loﬂg’acting analogues) or
activities for a broader range of somatostatin recépfors, (pasireotide).
However, because of limited experiences, their efficacy and adverse event

profiles are not currently clear.

c. Glucagon
Glucagon is a 29-amino acid peptide that is produced by the a cells of the

islets. It is one of the counterregulatory hormones and acts by stimulating
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glycogenolysis and gluconeogenesis from the liver. Although it can be
administered by subcutaneous or intramuscular injection, continuous
intravenous administration is the most frequent route for patients with
CHI who do not respond to treatment with diazoxide or octreotide.
Traditionally, the use of glucagon for CHI has been limited to preoperative
short-term use bgcause of frequent crystallization within the route of
administration. ﬁécenﬂy, however, successful long-term subcutaneous use

has been reported.?586

d. Pancreatectomy
Decades ago, before the identiﬁégtiqn of the focal form of CHI, subtotal or
near-total pancreatectomy was the treatment of choice for medically

unresponsive patients with CHIL . T ",consequences were often

unsatisfactory, with many patients exper;izenci:kx‘i‘gi residual hypoglycemia or
frequent oeccurrence of postoperative ins{ﬁiﬁ ‘dependent diabetes
mellitus.%10 Currently, however, when we identify a fecal form of CHI
preoperatively by 18F-DOPA PET scan, the patient’ég;lfpotentially be
cured by partial pancreatectomy without developing postoperative diabetes.
However, there are several difficulties with this approach. First, even if we
could identify the localization of the lesion by PET scan, the lesion is not
always visible or palpable. Intracperative ultrasonography sometimes
helps to identify the lesion,3” but extensive intraoperative biopsies are

usually needed to identify the lesion and determine the extent of
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pancreatectomy.4® Second, the localization of the focal lesion often poses
surgical problems. When the lesion is in the tail or body of the pancreas,
the surgery is straightforward. The patient could be cured by either
enucleation of the lesion or distal pancreatectomy without developing
postoperative diabetes. However, if the lesion is in the head of the pancreas
and close to other structures such as the main pancreatic duct or the
common bile duct, damage to those structures must be avoided. When the
lesion cannot be Vsafely enucleated, pancreatic head resection and
Roux-en-Y pancreatiébjejunpstomy is the proposed procedure of choice888?
but is a major operatior'l‘ and :not without postoperative complications.90
When the patient’s condition ‘could be maintained without intravenous
administration of glucose, long-term medical treatment with octreotide or

glucagon appears to be an alternative approach worth considering.76:85

7. Global and Japanese perspectives on CHI

a. Global trends in the management of CHI

1) Focal CHI

Identification and localization of focal CHI using 18F-DOPA PET and
subsequent partial pancreatectomy appear to be the global standard, but
this multidisciplinary approach is possible only where the medical

resources are available.9

2) Diffuse CHI
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Even today, the management of diazoxide-unresponsive diffuse CHI is not
straightforward. The global trend is to avoid near-total pancreatectomy as
much as possible because the incidence of postsurgical diabetes is high%10
and the outcome is unpredictable.?0.92 Fewer patients are undergoing
near-total pancreatectomy than before,® and even when pancreatectomy is
necessary, often the goal is to make medical treatment easier by reducing

the mass of abriormal B cells.

b. Japanese perspectives
Although the established global standard for the management of CHI
basically holds true for JapanQSe patients, there are several important

disparities from both medical and ‘gqciél standpoints.

1) Different molecular background of CHI : :

Previous reports from Israel and France shé@é@ ﬁhat approximately 40% of
patients with surgically treated CHI had focai f’f’lé’sions.%y“ However,
according to recent molecular analyses of patients véith‘ KATP channel CHI,
there appears to be racial disparity in the molecular”;ackground. For
example, reports from a German registry showed that 38% of patients with
Karp channel CHI had paternally inherited monoallelic mutations, thus
suggesting the presence of a focal lesion.% Similar studies from other
countries have reported different figures; in the United Kingdom,2® Italy,%

and China,% paternal monoallelic mutations were found in 25%, 54%, and
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58% of patients with Karp channel CHI, respectively. We previously
reported that 84.2% of Japanese patients with Karp channel CHI had
paternal monoallelic mutations®; at the time of this writing, we have
completed molecular analyses on 130 Japanese patients with CHI and
found that 80.4% of patients with Karp channel CHI had paternal
mutations. It is known that not all patients with a paternal mutation have
a focal lesion,~99~1°°: but it appears that identification of focal CHI is even

more important for Japanese patients.

2) Different accuracy of 18F*ISOPA PET

Previous reports have repeate&ly,shown the efficacy of 18F-DOPA PET in
localizing focal CHI.4954 OQur exbefﬁenees in Japan have demonstrated that
the procedure is also useful for localizaﬁibg of the lesions. However, in
Japanese patients, the interpretation of the results is often difficult
because a focal lesion may resemble a diffuée lesion or a multifocal
lesion.10! The reason for this discrepancy is not knpwn currently. Our
impression is that the symptoms of patients with focal 1esmns often appear
to be milder compared with previously reported clinical scenarios in white
patients, which might be reflected by the lower uptake of 18F-DOPA in
Japanese patients. In fact, in our experiences with 18F-DOPA PET
imaging in white patients, most of these patients had greater uptake in

terms of standardized uptake value compared with Japanese patients.
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3) Different management strategy for focal CHI in the head of the
pancreas

As described previously, focal lesions in the head of the pancreas are not
easy to enucleate. The proposed treatment strategy for those lesions is
pancreatic head resection and Roux-en-Y pancreaticojejunostomy.88.89
Because this is major surgery with possible postoperative complications,
pediatric surgéégg and caregivers are not always enthusiastic about
performing this p}é;édure. Combined with the fact that focal lesions in
Japanese patients éﬁpéar tyoybe less aggressive and could be relatively
easily controlled by conﬁihudﬁg subcutaneous infusion of octreotide, when
we cannot safely enucleate the e'sjons in the head of the pancreas, we often
choose to continue medical treatlyyr'xéﬁffiivithqut pursuing the instant cure of
the disease.”™ Many of these patients cnui’c’l!‘lfater be weaned off treatment

with spontaneous remission of the disease. -

4) Resources to achieve optimal multidisciplinarj;yt]g‘:kea}ftment

For state-of-the-art treatment of CHI, a team conéis gg",:qf experienced
pediatric endocrinologists, radiologists, pathologists, ‘and surgeons is
necessary. In addition, 18F-DOPA PET and a molecular diagnostic
laboratory must be available. It is not easy to fulfill these requirements,
especially in developing countries. In Japan, the authors’ facilities are
virtually the only ones to currently offer molecular diagnostic services and

18F-DOPA PET scans. Surgical and medical treatment is often performed
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at regional centers with advice from the staff at our facilities. As a result,
the surgeons and pathologists at the regional centers do not have sufficient
experience in the treatment of this disorder.

Because only 10-20 cases of diazoxide-unresponsive severe CHI are
expected to arise in Japan each year,20 1 or 2 facilities dedicated to CHI is
sufficient to care for all patients with CHI in Japan and possibly in the
entire region of E‘é;St Asia. Domestic and international collaboration is

necessary for better outcomes of patients with this disorder.

8. Future perspectives

There are several unansweredf’questions and unmet needs in regard to CHI
that should be addressed in the 'héé,r future. Some of the answers to these
questions are on the horizon but are incdm‘plete. Finding the answers to
these questions is the responsibility of the“cufrent and future investigators
in this field.

Questions

1) What are the genetic causes of the remaining 50% of 'casjes of persistent
CHI? |

2) What are the causes of transient CHI?

3) What are the causes of so-called “adult nesidioblastosis”?

4) What would be the safe threshold of blood glucose to avoid neurological
sequelae?

5) What is the mechanism of spontaneous remission of CHI?
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6) How can we explain the dominance of paternal mutation in patients
with diffuse CHI on 18F-DOPA PET?

7) Which type of CHI evolves into diabetes later in life?

8) Which novel diagnostic imaging modality is superior to 18F-DOPA
PET?

9) How can we surgically manage diffuse, diazoxide-unresponsive CHI?
10)What novel ‘rﬁ%;lications could be used for diazoxide-unresponsive CHI?
1DHow we can esy’icayblisﬁh international collaborations so that all infants

born with CHI will equally benefit from the current standard of care?
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Legends for figures

Figure 1 Glucose-induced insulin secretion pathway. The glucose-induced
insulin secretion pathway is shown together with molecules relevant to
congenital hyperinsulinism. ADP, adenosine diphosphate; ATP, adenosine
triphosphate; GDH, glucose dehydrogenase; HADH,

L'3'hydroxyacyl;cpenzyme A dehydrogenase; HNF4q, hepatocyte nuclear

factor 4a; Karp :éhaﬁnel, adenosine triphosphate-sensitive potassium

channel; MCT1, mohocarboxylate transporter 1; UCP2, uncoupling protein

2; VDCC, voltage*dependenty éalcium channel.
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4
5
w Table 2. Known etiologies of congenital hyperinsulinism.
8 Persistent | Nonsyndromic | Kare channel genes AR, AD, focal (monoallelic paternal + paternal uniparental disomy)
% ABCCS(SURY)
11 KCNJ11 (Kir6.2)
“w GLUD1 A%z"miam dehydrogenase) AD, hyperammonemia
14 GCK (glucokinase) AD, focal?
“M HADH F.w.ww%owwwo,ﬁdcmaﬁ%gm A AR
17 dehydrogenase) : &
“M UCP2 (uncoupling protein 2) AD
20 INSR (insulin receptor) ) AD
21 SLC16A1 (monocarboxylate transporter 1) AD
wm Syndromic ABCC8, KCNJ11, USHIC: Usher-CHI syndrome | AR
24 Beckwith-Wiedemann syndrome
WM Congenital deficiency of glycosylation la, 1b, 1¢ AR
27 Kabuki syndrome AD
WM Mosaic Turner syndrome
30 Other
wm Transient Infant of diabetic mother
33 Small for gestational age
wm Stress induced
26 Maternal medication (e.g., ritodrine
37 hydrochloride)
ww HNF4A AD
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Table 3. Current treatment modalities for congenital hyperinsulinism.

Nutritional | Hypertonic intravenous glucose infusion

OONOOHWN -

Cornstarch, frequent feeding, nasogastric tube feeding, gastrostomy

10 Medications | Diazoxide

" 5-20 mg/kg/day oral

Nifedipine

14 0.25-2.5 mglkg/day oral

16 Octreotide

17 5-25 uglkg/day subcutaneous

19 Glucagon

20 1-20 pg/kg/h  subcutaneous, intravenous

*DAISS000I [FUIOSOINE Y GURULWIOP [RWIOSOINE ‘([
VIANH |
N
w

29 Surgery Pancreatectomy (partial, subtotal, near total)

av |
|euoieUIBIU| SOLTRIPOY
«X

Ly Jo 9y obed






