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Loss-of-function mutations of b-cell KATP channels cause
the most severe form of congenital hyperinsulinism
(KATPHI). KATPHI is characterized by fasting and protein-
induced hypoglycemia that is unresponsive to medical
therapy. For a better understanding of the pathophysiol-
ogy of KATPHI, we examined cytosolic calcium ([Ca2+] i),
insulin secretion, oxygen consumption, and [U-13C]glucose
metabolism in islets isolated from the pancreases of chil-
dren with KATPHI who required pancreatectomy. Basal
[Ca2+]i and insulin secretion were higher in KATPHI islets
compared with controls. Unlike controls, insulin secretion
in KATPHI islets increased in response to amino acids
but not to glucose. KATPHI islets have an increased basal
rate of oxygen consumption and mitochondrial mass.
[U-13C]glucose metabolism showed a twofold increase
in alanine levels and sixfold increase in 13C enrichment
of alanine in KATPHI islets, suggesting increased rates of
glycolysis. KATPHI islets also exhibited increased serine/
glycine and glutamine biosynthesis. In contrast, KATPHI
islets had low g-aminobutyric acid (GABA) levels and
lacked 13C incorporation into GABA in response to glu-
cose stimulation. The expression of key genes involved
in these metabolic pathways was significantly different
in KATPHI b-cells compared with control, providing a
mechanism for the observed changes. These findings

demonstrate that the pathophysiology of KATPHI is com-
plex, and they provide a framework for the identification
of new potential therapeutic targets for this devastating
condition.

Inactivating mutations of the two genes encoding the
subunits of KATP channels expressed in pancreatic b-cells,
KCNJ11 and ABCC8, cause the most severe form of con-
genital hyperinsulinism (KATPHI) (1). In KATPHI, dysregu-
lated insulin secretion results in a failure to suppress insulin
secretion as plasma glucose concentrations decrease during
fasting and a failure to increase insulin secretion in re-
sponse to a glucose load (2). In contrast, a protein load in-
appropriately stimulates insulin secretion and results in
protein-induced hypoglycemia (3). In most cases of KATPHI,
medical therapy is not effective and pancreatectomy is re-
quired to control the hypoglycemia. For focal cases, resec-
tion of the lesion is curative; however, children with diffuse
KATPHI may require a near-total pancreatectomy (4), which
results in diabetes later in life (5,6).

The simplistic view of the pathophysiology of KATPHI, as
understood today, is that lack of functional KATP channels
leads to depolarized b-cells and elevation of cytosolic calcium
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([Ca2+]i), which result in continuous insulin secretion, in-
dependent of plasma glucose concentration (7). While this
explains some features of the clinical phenotype, such as the
inability to turn off insulin secretion as glucose concentra-
tion decreases, it does not explain protein-induced hypogly-
cemia or impaired glucose responsiveness. We have shown
in both mouse and human islets lacking functional KATP

channels that there is a switch in fuel responsiveness from
glucose to amino acids (8,9), which correlates with the
protein-induced hypoglycemia observed clinically, but the
mechanisms involved are not well understood. Data from
studies in Sur12/2 mouse islets (8) and from a study of
human KATPHI pancreas (10) suggest that elevated [Ca2+]i is
central to the increased responsiveness to amino acids.

While studies of KATP channel inactivation in mouse
islets provide a foundation for understanding the patho-
physiology of KATPHI, the molecular mechanisms leading
to KATP channel inactivation in established mouse models
differ from those in affected humans, and the phenotype of
these mouse models is much milder than that observed in
human patients (11–14). This indicates important limita-
tions to the murine models and the importance of studying
human islets. To examine stimulus-secretion coupling
within the framework of the fuel metabolism/insulin secre-
tion relationship in KATPHI, we have undertaken a compre-
hensive evaluation of the phenotype in islets isolated from
the pancreases of children undergoing pancreatectomy for
diffuse KATPHI.

RESEARCH DESIGN AND METHODS

Case Subjects
The diagnosis of hyperinsulinism was based on previously
described criteria (15). Mutation analysis was performed by
commercial laboratories. This study was approved by the
institutional review board of The Children’s Hospital of
Philadelphia. Informed consent was obtained from all par-
ticipants prior to inclusion in the study. Control human
islets were obtained from the Integrated Islet Distribution
Program (iidp.coh.org), and for some of the experiments,
control islets isolated from the normal part of the pancreas
of infants with focal HI were included for comparison.

Islet Isolation, Perifusion, and [Ca2+]i Measurement
The procedure for islet isolation has previously been
described (9). After 2–3 days of culture, islets were peri-
fused with a ramp of amino acid mixture (AAM) (0–12
mmol/L) or with glucose (0–25 mmol/L) and exposed to
30 mmol/L KCl at the end of the perifusion. The AAM
when used at maximum concentration of 12 mmol/L (;3
times physiological concentration) had the following com-
position (in mmol/L): glutamine 2.0, alanine 1.25, arginine
0.53, aspartate 0.11, citrulline 0.27, glutamate 0.35, glycine
0.85, histidine 0.22, isoleucine 0.27, leucine 0.46, lysine
1.06, methionine 0.14, ornithine 0.20, phenylalanine 0.23,
proline 1.0, serine 1.62, threonine 0.77, tryptophan 0.21,
and valine 0.57. For some of the perifusion experiments,
0.3 mmol/L glyburide was added to the perifusate. [Ca2+]i

responses were measured by dual-wavelength fluorescence
microscopy with use of Fura-2 acetoxymethyl ester as pre-
viously described (16). Basal [Ca2+]i was defined as the av-
erage [Ca2+]i in the first 2 min of perifusion in absence of
fuel after 30 min incubation with Fura-2 acetoxymethyl
ester and 5 mmol/L glucose.

Stable Isotope Tracing, Intracellular Amino Acids,
and 13C Enrichment Assay
As previously described (16,17), 1,000 handpicked islets
were preincubated with glucose-free Krebs-Ringer bicarbon-
ate buffer (KRBB) for 30 min and then incubated with
4.0 mmol/L AAM with different concentrations of [U-13C]glu-
cose for 120 min. Insulin and glucagon concentrations in
the supernatant were measured using the HTRF assay kit
(Cisbio Bioassays, Bedford, MA). The intracellular amino
acid profile was determined by high-performance liquid
chromatography and 13C enrichments were measured by
gas chromatography–mass spectrometry as previously de-
scribed (16,18).

mRNA Sequencing
b-Cells from isolated islets from two KATPHI case subjects
(#20 and 21) and two normal infant control subjects were
collected by FACS using the HIC1-2B4, HIC3-2D12, and
HIC1-1C10 primary antibodies (a kind gift from Markus
Grompe, Oregon Health Sciences University, Portland, Ore-
gon) (19) and R-phycoerythrin–conjugated goat anti-mouse
IgM and allophycocyanin-conjugated goat anti-mouse IgG
secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA). Total RNA was collected using the Qiagen
AllPrep DNA/RNA Micro Kit (category no. 80284) or Mini Kit
(category no. 80204). RNA quality was determined using the
Agilent 2100 Bioanalyzer; RNA integrity numbers were all .8.
RNA sequencing (RNA-Seq) libraries were generated from
100 ng total RNA using the Illumina TruSeq Stranded Total
RNA LT Sample Prep Kit (category no. RS-122-2301). Librar-
ies were single-end sequenced to 100 bp on an Illumina HiSeq
2500 System. Raw sequenced reads were filtered to retain
only high-quality reads, and ribosomal reads and repeats
were eliminated. Remaining reads were processed with
RNA-Seq Unified Mapper (RUM), which aligns reads to the
set of known transcripts included in RefSeq, UCSC Genome
Browser known genes, and Vega transcripts, and the genome,
and outputs feature-level quantitation (transcript, exon, and
intron). A total of 176–193 million reads mapped to the
genome for each KATPHI case subject, while 36–48 million
reads mapped to the genome for each control subject. For
analysis of global gene expression profiles, the number of
uniquely aligning reads to mRNA transcripts in RefSeq and
UCSC genes were extracted from the RUM output. Pairwise
comparisons between groups were carried using a custom
script that implemented Bioconductor software’s package
edgeR to compute a P value and fold change for each tran-
script. The edgeR program adjusts for varying sequencing
depths among samples. The data were summarized for in-
dividual genes by selection of a “representative transcript”
with the highest read counts. The resulting P values were
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corrected for multiple testing using the Benjamini and
Hochberg mode of the R function p.adjust to compute a
false discovery rate (FDR). Transcripts were considered sig-
nificantly differentially expressed if the FDR was ,0.05.

Immunohistochemistry
Paraffin-embedded pancreatic sections were immunolabeled
as previously described (20). Primary antisera included anti-
insulin (Invitrogen, Carlsbad, CA), anti-glucagon (Abcam,
Cambridge, MA), and anti-Ki67 (BD Pharmingen, San
Jose, CA), followed by incubation with secondary antisera
conjugated to Cy2 or Cy3 (Jackson ImmunoResearch Lab-
oratories). Nuclear staining was performed with DAPI (Mo-
lecular Probes, Eugene, OR). Morphometric analysis was
performed as previously described (20). b- and a-Cell pro-
liferation rate was determined as the percentage of insulin-
or glucagon- and Ki67-positive cells over total insulin- or
glucagon-positive cells, with at least 5,000 cells counted per
case. b- and a-Cell areas were calculated as the percentage
of the total pancreatic area containing islet cells positive for
insulin and glucagon, respectively.

Oxygen Consumption, Transmission Electron
Microscopy, and Serial Block Face-Scanning Electron
Microscopy
Oxygen consumption in perifused islets was measured by a
phosphorescence quenching method, using a new oxygen-
sensitive phosphorescent porphyrin-dendrimer Oxyphor G3
(palladium-tetrabenzoporphyrin, encapsulated inside gen 2
poly-arylglycine dendrimer) as previously described (21–23).
Tissue samples from control (n = 3) and KATPHI (n = 3) after
surgery were fixed and processed for transmission electron
microscopy (TEM) and serial block face-scanning electron
microscopy using a high-contrast protocol as previously de-
scribed (24,25). Raw data files were converted to an MRC
(Medical Research Council, U.K.) file stack using IMOD soft-
ware (Boulder, CA) (http://bio3d.colorado.edu/imod/), which
was also used in three-dimensional reconstruction (24,25).

Calculations and Statistical Analyses
Glucose-derived 13C enrichment of amino acids was
expressed as molar percent enrichment, which is the molar
fraction percent of analyte containing 13C atoms above nat-
ural abundance, as previously described (17,26). All data are
presented as means 6 SE. Student t tests were used when
two groups were compared. One-way ANOVA (GraphPad
Prism) was used, followed by the Bonferroni test, when
more than two groups were compared. Differences were
considered significant when P , 0.05. For the RNA-Seq
data, an FDR of ,0.05 was considered significant.

RESULTS

Clinical and Genotype Information
We studied 21 case subjects with diazoxide-unresponsive
congenital HI due to inactivating KATP channel mutations
(KATPHI) who had diffuse disease suggested by genetic mu-
tation analysis, preoperative 18-fluoro-L-3,4-dihydroxyphe-
nylalanine positron emission tomography scan (1,27), and

confirmed by histology. As shown in Table 1, 19 of 21 chil-
dren had biallelic recessive mutations in the KATP channel
genes (17 in ABCC8 and 2 in KCNJ11), 1 of 21 had a mono-
allelic dominant ABCC8 mutation (1,28), and 1 of 21 had a
single monoallelic intronic variant in ABCC8 of uncertain
significance.

Alterations in Basal and Fuel-Stimulated
Insulin Secretion
We examined fuel-stimulated insulin secretion in islets
isolated from surgical pancreatic specimens and cultured for
2–3 days prior to perifusion. Control islets for the perifu-
sion studies were obtained from cadaveric organ donors.
Insulin content was significantly lower in KATPHI islets com-
pared with control islets (P , 0.001), while glucagon con-
tent was not different (Fig. 1A). Basal insulin release was
significantly higher in KATPHI islets compared with control
islets (P , 0.001) (Fig. 1B). Glucose-stimulated insulin se-
cretion (GSIS) was impaired in KATPHI islets, which were
also not able to shut off insulin secretion when glucose was
removed from the perifusate (Fig. 1C and D), while amino
acid–stimulated insulin secretion (AASIS) was increased
(Fig. 1E and F). This is in marked contrast to control islets
that respond to stimulation with glucose (Fig. 1C) but had
little or no response to stimulation with amino acids (Fig.
1E). Five additional cases showed a similar pattern of in-
sulin secretion in perifusion protocol of AAM ramp followed
by glucose ramp stimulation (Supplementary Fig. 1A and B).
As expected, the KATP channel inhibitor glyburide stimulates
insulin secretion in control islets but not in KATPHI islets
(Fig. 1G). KATP channel inhibition with glyburide in control
islets replicates the pattern of insulin secretion seen in
KATPHI islets—higher basal insulin secretion, impaired
GSIS, and enhanced AASIS (Fig. 1H and I)—demonstrating
that the changes in basal and fuel-stimulated insulin secre-
tion observed in KATPHI islets result from inactivation of
the KATP channels. This pattern of fuel-stimulated insulin
secretion is concordant with what we have previously re-
ported in islets isolated from Sur12/2 mice (8) and explains
the clinical observations from individuals with KATPHI, who
have fasting hypoglycemia, impaired glucose tolerance, and
protein-induced hypoglycemia (2,3). Surprisingly, islets
from some case subjects (cases #13–16) showed a pattern
of autonomous oscillatory insulin secretion regardless of
secretagogue stimulation (Supplementary Fig. 1C). This
phenomenon has not been described before in islets from
Sur12/2 mice or from patients with KATPHI (8,10) but was
previously seen in transgenic mouse islets expressing a con-
stitutively active mutant version of glutamate dehydroge-
nase at very high levels (26).

Alterations in Basal and Stimulated [Ca2+]i
in KATPHI Islets
[Ca2+]i in KATPHI and control islets was measured by dual-
wavelength fluorescence microscopy using Fura-2 as a cal-
cium indicator. Basal [Ca2+]i was compared among islets
from infants with diffuse KATPHI, control islets isolated
from pancreatic tissue from the normal region of pancreas
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from age-matched infants with focal HI, and control islets
isolated from adult cadaveric organ donors. Basal [Ca2+]i
was similar in the adult control islets and the islets from
the normal region of pancreas from infants with focal HI. In
contrast, basal [Ca2+]i was significantly elevated in diffuse
KATPHI islets compared with both the normal adult control
islets and the age-matched control islets (P , 0.01) (Fig.
2A). Control islets, either from adult organ donors or from
regions of normal pancreatic tissue from focal HI cases,
showed calcium responses to both AAM and glucose (Fig.
2B and C). However, in KATPHI islets [Ca2+]i increased
slightly after AAM stimulation but did not change after
glucose stimulation (Fig. 2D), in alignment with the ob-
served insulin responses. We have previously shown that
the [Ca2+]i response to AAM in normal human islets corre-
lated with release of glucagon but not insulin and therefore
is likely to be from a-cells (16).

Increased Oxygen Consumption and Mitochondrial
Mass in KATPHI Islets
In order to investigate the metabolic consequences of dys-
functional KATP channels, we measured oxygen consump-
tion in KATPHI islets. As showed in Fig. 3, basal oxygen
consumption rate (OCRs) in KATPHI islets was threefold
higher than in control islets (0.74 6 0.06 vs. 0.25 6 0.01
nmol/min/100 islets; P , 0.01) (Fig. 3A), likely close to the
maximum OCR, since neither AAM nor glucose further
increased it (21) (Fig. 3B and C). The response to carbon-
ilcyanide p-triflouromethoxyphenylhydrazone (FCCP) in
KATPHI islets was normal, indicating that mitochondrial
function is normal. Figure 3D–F shows a typical TEM plate
of an HI b-cell and the localization of mitochondria within a
secretory granule-rich region of the cell. For determination
of the relative density of mitochondria within the control and
HI b-cells, serial block face-scanning electron microscopy

Figure 1—Insulin secretion in perifused islets isolated from KATPHI and control pancreas. After 2–3 days of culture, 200 islets were perifused with
either an AAM or glucose and then exposed to 30 mmol/L potassium chloride. A: Insulin and glucagon content in control (n = 12) and KATPHI (n =
19) islets. B: Basal insulin release from control (n = 12) and KATPHI (n = 12) islets. C: GSIS (0–25 mmol/L with 0.625 mmol/L/min increment) in
control (n = 3) and representative KATPHI (case #1) islets. D: GSIS (% from basal) in KATPHI islets (n = 5) (cases #1–5). E: AASIS (0–12 mmol/L with
0.3 mmol/L/min increment) in control (△) (n = 3) and representative KATPHI (●) (case #6) islets. F: AASIS (% from basal) in KATPHI islets (n = 6)
(cases #1–6). G: Insulin secretion in response to glyburide (0.3 mmol/L) in control (△) (n = 3) and representative KATPHI (●) (case #1) islets. H:
GSIS in the presence (half-filled circles) or absence (△) of glyburide (0.1 mmol/L) in control islets (n = 3 for each experimental condition). I: AASIS
in the presence (half-filled circles) or absence (△) of glyburide (0.1 mmol/L) in control islets (n = 3 for each experimental condition). Data are
mean 6 SEM.

diabetes.diabetesjournals.org Li and Associates 1905



was used to digitally reconstruct cells and their intracel-
lular structures for volume measurements. This is made
possible because high-resolution TEM images were gen-
erated in series from tissue samples of 100 nm thick-
ness. In normal b-cells (n = 3), we found that the relative
density of mitochondria was on average 2.88 6 0.02% of
the total cell volume (range 2.44–3.14) compared with
7.26 6 0.03% in HI b-cells (n = 3) (range 6.70–8.32)
(P , 0.01).

Alterations in Metabolism of [U-13C]glucose
in KATPHI Islets
We examined fuel metabolism in KATPHI islets (cases #7,
#9, and #15–19) using a protocol to trace 13C flux from
[U-13C]glucose in the presence of 4 mmol/L AAM as pre-
viously described (17). Control islets were cultured with 0.1
mmol/L glyburide for 3 days and during the experimen-
tal incubations to mimic KATPHI conditions. After 2 h

incubation with different concentrations of [U-13C]glucose
(0, 5, and 25 mmol/L) and 4 mmol/L AAM, insulin and
glucagon secretion and the concentrations and 13C enrich-
ments of intracellular amino acids were measured.

KATP HI Islets Have High Basal Insulin Secretion, Are
Unresponsive to Glucose Stimulation, and Have Impaired
Glucagon Secretion
Control islets without glyburide treatment showed robust
insulin responses to 25 mmol/L glucose, with little response
to 5 mmol/L glucose (Table 2). In contrast, control islets
treated with glyburide responded similarly to KATPHI islets,
with increased basal insulin secretion in the presence of
AAM and impaired GSIS. KATPHI islets also had dramati-
cally suppressed a-cell function: glucagon secretion was
only 10% that of control islets, and glucose-mediated sup-
pression of glucagon secretion was lost (Table 2). In con-
trast, 5 mmol/L glucose suppressed glucagon secretion by

Figure 2—[Ca2+]i dynamics in KATPHI and control islets. [Ca2+]i dynamics were measured in isolated cultured islets using Fura-2 as calcium
indicator. A: Basal [Ca2+]i in control infant islets isolated from the normal pancreas region of focal cases (n = 6), control adult islets (n = 7), and
KATPHI islets (n = 19). (Note: the circled cases were used for 13C tracing experiments). B–D: [Ca2+]i in adult control islets (B), age-matched infant
control islets from normal pancreas region of focal HI (C), and KATPHI islets (D) in response to 4 mmol/L AAM and 10 mmol/L glucose stimulation,
followed by 30 mmol/L KCl stimulation (representative cases are shown). sec, seconds.
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70% in control islets (Table 2). Control islets exposed to
glyburide for 3 days showed normal basal glucagon secre-
tion but had impaired glucose suppression of glucagon:

5 mmol/L glucose only suppressed glucagon secretion by
45%, partially reproducing the abnormal glucagon secretion
in KATPHI islets.

Figure 3—OCR and mitochondrial density in KATPHI and control islets. KATPHI and control islets were placed in respiratory chamber, and OCR
was measured using phosphorescence quenching method as previously described (21). A: Basal OCR in control (n = 6) and KATPHI (n = 7) islets.
B: OCR in KATPHI islets (n = 6) perifused with glucose-free KRBB and then exposed to 4.0 mmol/L AAM, 10 mmol/L glucose, 1 mmol/L FCCP,
and 1 mmol/L NaN3. C: OCR in control islets (n = 6) perifused with glucose-free KRBB and then exposed to 4.0 mmol/L AAM, 3 and 16.7 mmol/L
glucose, and FCCP and then NaN3. Note: B and C showed representative data, the signals were collected every 10 s, and for clarity we
present typical experiments. D–F: Enhanced mitochondrial density in KATPHI b-cells. D shows the colocalization of mitochondria with secretory
granules in a KATPHI b-cell, which are clearly identified by the presence of dense core/mature secretory granules and immature granular
contents. Serial block face-scanning electron microscopy–derived digital reconstructions of b-cells from control and KATPHI tissue showing
nuclear (N) and mitochondrial (arrow) structures (E) were used to determine relative mitochondrial densities evaluated (F) (n = 3 for control and
KATPHI b-cells).
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KATPHI Islets Have High Rates of Glycolysis and Increased
Serine/Glycine Biosynthesis
Compared with control islets and control islets treated with
glyburide, total intracellular amino acid pools were not
altered in KATPHI islets (Supplementary Table 1). However,
glutamine and glycine concentrations were both signifi-
cantly increased in KATPHI islets in glucose-free and 5 and
25 mmol/L glucose conditions. In addition, alanine concen-
tration was more than twofold higher in KATPHI islets at
5 mmol/L glucose. In contrast, aspartate, g-aminobutyric acid
(GABA), and arginine were significantly lower in KATPHI
islets. Arginine and isoleucine concentrations were reduced
by 50% in KATPHI islets, but leucine levels were unchanged.
Based on the intracellular amino acid concentrations and
their 13C enrichments (Supplementary Tables 1 and 2), we
calculated the metabolic flux of 13C from glucose to amino
acids during the 2-h incubation period. The production of
13C-alanine from [U-13C]glucose was six times higher in
KATPHI islets than in controls (Table 3). Thus, KATPHI islets
have increased rates of glycolysis, since 13C-alanine is pro-
duced via transamination from 13C-pyruvate, which is de-
rived from [U-13C]glucose. This effect was not reproduced
by 3 days’ inhibition of KATP channel activity with glyburide
treatment in control islets. In KATPHI islets, the M+2 13C
labeling of alanine was twofold higher than M+3 labeling,
whereas in control islets M+2 labeling was fourfold higher
than M+3 labeling (Supplementary Table 2). A higher ratio
of M+2 to M+3 alanine 13C labeling in normal islets indi-
cates a high rate of pyruvate cycling (17). The combination
of high 13C labeling of alanine and the reduced ratio of M+2
to M+3 in KATPHI islets indicates reduced rate of pyruvate

cycling in KATPHI islets. KATPHI islets had markedly in-
creased labeling of 13C-serine and 13C-glycine, while control
islets or control islets pretreated with glyburide showed no
13C flux into serine and glycine (Table 3), indicating that
activation of the pathway for serine/glycine biosynthesis is
unique to KATPHI islets.

KATPHI Islets Have Impaired GABA Shunt and Increased
Glutamine Biosynthesis Activity
Compared with control islets and control islets treated with
glyburide, intracellular aspartate was significantly lower in
KATPHI islets (Supplementary Table 1), causing a 60% re-
duction in the production of 13C-aspartate (Table 3). Be-
cause 13C-asparate is produced from 13C-oxaloacetate via
transamination, the reduced 13C-aspartate levels suggest
that 13C pool from glucose was diluted by unlabeled carbon
sources in KATPHI islets. 13C-glutamate production in
KATPHI islets was slightly lower than in controls (both gly-
buride treated and untreated), but 13C-GABA production was
reduced by 90% in KATPHI islets (Table 3). This is consistent
with our prior observations in Sur12/2 mouse islets, show-
ing that inactivation of the KATP channels markedly impairs
the activity of the GABA shunt (17). In contrast to impaired
GABA shunt activity, KATPHI islets showed markedly in-
creased production of 13C-glutamine in comparison with
control islets and control islets treated with glyburide.

Alterations in Gene Expression in KATPHI Islets
To investigate the molecular basis for the altered metabo-
lism in KATPHI islets, we examined gene expression changes
specifically in b-cells. We performed RNA-Seq on b-cells
purified by FACS from two cases of KATPHI (cases #20

Table 2—Insulin and glucagon secretion in KATPHI and normal human islets treated with glyburide

Insulin secretion (mg/mg protein/2 h) Glucagon secretion (pg/mg protein/2 h)

KATPHI (n = 7) Normal + glyburide (n = 4) Normal (n = 4) KATPHI (n = 7) Normal + glyburide (n = 4) Normal (n = 4)

AAM 4.0/G 0 3.0 6 1.0 4.3 6 0.6 0.5 6 0.1 11 6 7 159 6 34A 111 6 34

AAM 4.0/G 5 3.2 6 0.6 4.8 6 0.7 0.8 6 0.1 13 6 8 89 6 25A 31 6 11C

AAM 4.0/G 25 2.6 6 0.7 4.1 6 0.9 3.4 6 1.0 10 6 6 61 6 9BC 27 6 9C

AAM 4.0, 4.0 mmol/L AAM; G 0, 0 mmol/L glucose; G 5, 5 mmol/L glucose; G 25, 25 mmol/L glucose. Versus KATPHI,
AP, 0.05, BP, 0.01;

vs. AAM 4.0/G 0, CP , 0.05.

Table 3—Intracellular 13C amino acid concentrations in KATPHI islets and normal islets with or without glyburide treatment

AAM 4.0/G 5 AAM 4.0/G 25

KATPHI (n = 7) Normal + glyburide (n = 4) Normal (n = 4) KATPHI (n = 7) Normal + glyburide (n = 4) Normal (n = 4)
13C-alanine 20.5 6 5.7 2.4 6 1.2A 2.6 6 1.8A 22.0 6 8.0 3.6 6 1.5A 4.1 6 1.8A

13C-aspartate 3.5 6 1.9 15.5 6 2.7A 11.7 6 2.9A 3.1 6 1.3 15.4 6 2.2A 16.4 6 5.2B

13C-GABA 0.6 6 0.2 8.9 6 1.7B 9.6 6 2.0A 0.4 6 0.2 9.9 6 1.1B 10.5 6 1.7B

13C-glutamate 41 6 12 49 6 11 67 6 20 42 6 15 72 6 12 62 6 13
13C-glutamine 3.7 6 1.0 0.8 6 0.3A 1.0 6 0.6A 4.8 6 2.0 1.5 6 0.7 1.2 6 0.6
13C-glycine/serine 3.2 6 1.4 0 0 3.1 6 1.6 0 0

AAM 4.0, 4.0 mmol/L AAM; G 5, 5 mmol/L glucose; G 25, 25 mmol/L glucose. Versus KATPHI,
AP , 0.05, BP , 0.01.
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and 21) and two sets of control islets from infants (3 and
6 months old). There were 3,890 genes upregulated and
3,022 genes downregulated in KATPHI b-cells compared
with control b-cells (FDR ,0.05). Expression of genes in-
volved in the glycolysis, tricarboxylic acid cycle, and serine/

glycine biosynthesis pathways in sorted b-cells are shown
in Fig. 4A. Glycolytic pathway genes were significantly in-
creased, consistent with the fuel metabolism findings reported
above. The expression of hexokinase (HK1) was 16-fold
higher in KATPHI b-cells, whereas glucokinase (GCK)

Figure 4—Gene expression in KATPHI and control b-cells. A: Relative expression of genes involved in glycolysis, tricarboxylic acid (TCA) cycle,
and serine/glycine biosynthesis. B: Relative expression of genes involved in amino acid and GABA metabolism, as well as amino acid
transporters. C: Relative expression of genes involved in ATP synthase and ATPase. Solid black bars represent genes expressed significantly
different in KATPHI b-cells (FDR <0.001); open bars represent genes that were not expressed significantly different in KATPHI b-cells.
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expression was dramatically reduced compared with control
b-cells. The expression of other key glycolytic enzymes,
phosphoglyceromutase 1 (PGAM1) and enolase (ENO1),
was significantly increased as well. Expression of two key
enzymes for serine/glycine biosynthesis, 3-phosphoglycerate
dehydrogenase (PHGDH) and phosphoserine amino-
transferase 1 (PSAT1), was increased by 38- and 10-fold,
respectively, consistent with the isotopic labeling evidence
of increased flux through this pathway (Fig. 4A). GAD2 gene
expression was significantly reduced along with GABA
transaminase gene (ABAT) and succinate semialdehyde de-
hydrogenase gene (ALDH5A1), key steps of the GABA shunt,
consistent with isotopic labeling evidence of decreased flux
into GABA (Fig. 4B). In addition, there were also significant
changes in the expression of amino acid transporters, as
shown in Fig. 4B. In agreement with the observed high
basal OCR and increased mitochondrial density in KATPHI
islets, expression of ATP synthase and ATPase was signifi-
cantly increased (Fig. 4C). These gene expression data sug-
gest that KATPHI b-cells have a high rate of ATP production
and consumption.

We also examined the RNA-Seq data for evidence of
activation of the insulin or AMPK pathway. There is signif-
icant upregulation of IRS1 transcript in the KATPHI b-cells
compared with control b-cells, which may indicate that in-
sulin signaling is elevated in KATPHI versus control b-cells.
Similarly, the AMPK-a2 (PRKAA2), AMPK-g2 (PRKAG2),
and AMPK-g3 (PRKAG3) subunit transcripts are downregu-
lated in the KATPHI b-cells compared with control b-cells,
which also suggest that insulin signaling is elevated in KATPHI
versus control b-cells (data not shown).

Alterations in b-Cell Proliferation and b-Cell Area
in KATPHI
To examine the effect of KATP channel inactivation on
b- and a-cell proliferation andb- and a-cell areas, we counted
the frequency of Ki67-positive nuclei among insulin- or
glucagon-positive cells and measured b-cell and a-cell areas
(as the percentage of the total pancreatic area containing
islet cells positive for insulin and glucagon, respectively) in
paraffin-embedded pancreatic tissue obtained from 40 case
subjects with diffuse KATPHI (including the 21 described in
Table 1) and 29 age-matched autopsy or surgical control
subjects. The mean ages of KATPHI patients and of the
age-matched control subjects were similar (6.0 6 0.6 weeks,
n = 40, vs. 7 6 0.7 weeks, n = 29). We also obtained five
autopsy or surgical control pancreatic tissue slides from
older children (median age 4 years [range 10 months to
9 years]). b-Cell area in KATPHI subjects was significantly
increased compared with that in age-matched control subjects
(P , 0.05) (Fig. 5A). In contrast, a-cell area was slightly
decreased in KATPHI pancreas (Fig. 5B), resulting in a 40%
higher ratio of b-cell area versus a-cell area in KATPHI (P ,
0.01) (Fig. 5C). The percentage of Ki67-positive cells among
insulin-positive cells was significantly higher in KATPHI pan-
creas compared with that in pancreas of either age-matched
or older control subjects (P , 0.05) (Fig. 5D). b-Cell

proliferation rate was lower in older control subjects com-
pared with 7-weeks-old control subjects, consistent with
previous reports that b-cell proliferation normally declines
with age (29,30).

DISCUSSION

Our studies of islets isolated from the pancreases of children
undergoing pancreatectomy for KATPHI demonstrate cardi-
nal features associated with loss of b-cell KATP channel
activity that can partially explain the clinical phenotype.
However, our data also reveal significant quantitative dif-
ferences in b-cell gene expression and fuel metabolism in
human KATPHI islets that are not replicated in normal hu-
man islets by acute blockade of KATP channels with glybur-
ide and that are likely to play important roles in the
pathophysiology of the disorder. KATPHI islets have elevated
[Ca2+]i, leading to impaired insulin responses to glucose

Figure 5—b/a-Cell mass and b-cell proliferation in pancreas from
KATPHI and control infants. Pancreatic tissue slides were obtained
from KATPHI, age-matched autopsy or surgical control subjects and
older control subjects and immunolabeled for insulin, glucagon, and
Ki67. A: b-Cell area as the percentage of the total pancreatic area
containing islet cells positive for insulin among all cells in the slide in
KATPHI (n = 40) and age-matched control (n = 29) subjects. B: a-Cell
area as the percentage of the total pancreatic area containing islet
cells positive for glucagon among all cells in the slide in KATPHI (n = 40)
and age-matched control (n = 29) subjects. C: Ratio of b-cell to a-cell
area in KATPHI (n = 40) and age-matched control (n = 29) subjects.
D: Percentage of Ki67-positive cells among insulin-positive cells in
KATPHI (n = 40), older control pancreata (n = 5), and age-matched
control pancreata (n = 29).
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stimulation and increased responses to amino acid stimu-
lation, which are consistent with the effects of acute in-
hibition of b-cell KATP channels by glyburide in normal
human islets. In addition, islets from KATPHI children also
show altered glucose and amino acid metabolism, which are
not replicated in glyburide-treated normal islets. The major
features are as follows: increased glucose oxidation via gly-
colysis, increased glucose flux into the pathway for serine/
glycine biosynthesis, and impaired oxidation of glutamate
via the GABA shunt. These alterations in islet fuel metab-
olism correlate with changes in b-cell gene expression, in-
cluding increased expression of HK1 relative to GCK,
increased expression of enzymes in the serine/glycine bio-
synthesis pathway, and decreased expression of GAD2,
which mediates GABA production from glutamate.

Our islet studies demonstrate that the protein-induced
hypoglycemia seen in children with KATPHI (3) is due to in-
creased b-cell responsiveness to amino acids, explained, at
least in part, by the elevated basal [Ca2+]i levels (8,10). This
fuel-sensing switch from glucose to amino acids in KATPHI
islets may also reflect the alterations in amino acid metab-
olism demonstrated by our studies. Glutamine biosynthesis
is increased in KATPHI islets, which may lead to downstream
accentuation of an amplifying pathway, through glutamine
signaling to induce amino acid–stimulated insulin release
(8). In contrast to the increased 13C flux to glutamine,
GABA shunt activity is severely reduced in KATPHI islets.
This decreased GABA shunt activity, which also occurs in
human islets from individuals with type 2 diabetes (16,17),
is explained by reduction of glutamate decarboxylase (GAD)
gene expression, the key enzyme for GABA production.

An important feature of the phenotype of children with
KATPHI is the observation that GSIS is impaired (2), which
is clearly demonstrated in our experiments with isolated
patient islets. This inappropriate b-cell response to glucose
stimulation can be, at least in part, explained by alterations
in the triggering pathway resulting from absence of KATP

channel activity. However, additional mechanisms may also
be involved in the altered responses to glucose, since the
stable isotope 13C tracer studies in KATPHI islets dem-
onstrated marked increases in glycolysis. Upregulation of
expression of HK1 relative to GCK, which lowers the
threshold for b-cell glucose metabolism and increases gly-
colytic flux, may explain this increased rate of glycolysis.
Expression of the HK1 gene, a low Km hexokinase for glu-
cose phosphorylation, is normally turned off after birth
(31,32). Indeed, mutations in regulatory elements that
cause increased HK1 expression in b-cells have been linked
to a novel form of hyperinsulinism (33). Along with in-
creased glycolysis, serine/glycine biosynthesis was also en-
hanced in KATPHI islets. Increased expression of two key
enzymes involved in serine/glycine biosynthesis, PHGDH
and phosphoserine aminotransferase 1 (PSAT1), provides
a mechanism for the enhanced serine/glycine biosynthesis.
The serine/glycine biosynthesis pathway has been shown to
be essential for the growth of certain cancer cells by pro-
viding material for nucleotide biosynthesis (34–36), and

blocking this pathway limits cell division in cancer cells
(35,37,38). Based on our immunohistochemistry studies,
and as shown by others (39), b-cell proliferation is increased
in KATPHI compared with age-matched control subjects.
Previous studies have suggested that increased glycolysis
due to glucokinase activation leads to increased b-cell pro-
liferation in mice and humans (40,41). Thus, the activation
of a serine/glycine biosynthesis pathway may play a key role
in the linkage between glucose metabolism and b-cell pro-
liferation in KATPHI.

Oxygen consumption showed greatly abnormal charac-
teristics in KATPHI islets. Basal respiration was increased
approximately threefold. Neither amino acids nor glucose
stimulated the OCR, contrary to what is seen in perifused
control islets. In addition, mitochondrial density was signif-
icantly increased in KATPHI islets in agreement with in-
creased basal OCR. Two main questions require answers:
what are the energy-consuming processes that drive the
high rate of oxygen consumption, and what is (are) the
endogenous fuel(s) that support(s) this high metabolic
rate? It is probable that increased ion transport associated
with the persistent membrane depolarization characteristic
of b-cells of these case subjects augments ATP consump-
tion, which cause the extreme OCR observed here, and that
endogenous amino acids are the most likely substrate sus-
taining this high rate of oxidative metabolism, as suggested
by the data of Supplementary Table 1. A low phosphate
potential (ATP/ADP + Pi) would be the critical regulatory
factor, resulting in the activation of glutamate dehydroge-
nase, which is involved in amino acid catabolism. In the
presence of glucose, amino acid metabolism is reduced;
yet, the total OCR does not change because energy demands
of massively enhanced ion fluxes are not altered.

Intensive studies of the biochemical basis of glucose
stimulation of insulin biosynthesis and secretion from the
pancreatic b-cells have culminated in the widely accepted
concept that increased metabolism of the stimulus and the
ensuing alteration of metabolic coupling factor profiles (e.g.,
as most significant an increase of the ATP-to-ADP ratio) is
the crucial event. This is possible only because the plasma
glucose concentration determines the rate of glycolysis and
oxidation in the b-cell by a “push mechanism” governed by
the b-cell glucose sensor glucokinase, the hexose-phosphor-
ylating enzyme with a substrate affinity constant in the
range of basal glucose and lacking control by feedback.
Availability of the nutrient thus drives intermediary metab-
olism including respiration and secretory function of the
b-cell. This control of metabolism by push is the exception
rather than the rule. In most other tissues, regulation of
fuel metabolism is controlled by “pull mechanisms” gov-
erned by the energy requirements of the tissue. Isolated
KATPHI islets have an abnormal, extremely high basal met-
abolic rate (e.g., ;3 times the control rate), which is not at
all influenced by external fuel stimulants (e.g., amino acids
or glucose). The most plausible explanation is that the con-
stant membrane depolarization of KATPHI islets associated
with increased ion influx and pumping (manifest by the
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more than twofold elevation of intracellular calcium) aug-
ments ATP use greatly, which then initiates the use of
endogenous fuel (most likely amino acids) through activat-
ing metabolic pathways controlled by the energy potential
of the cell (ATP/ADP 3 Pi), characteristic for regulation by
“pull mechanisms.” The RNA-Seq data from sorted b-cells
showing high HEKs1–3 and low GCK expression and the
augmented mitochondrial mass per cell support this expla-
nation. It seems that a persistently high calcium load and
associated hypermetabolism results in a profound change of
gene expression required to maintain the hypermetabolic
state of KATPHI b-cells.

Certain methodological aspects of this study deserve con-
sideration in interpreting the present results. Since islets
were acquired from surgical specimens over several years,
variations in the quality of the preparations may have affected
results in individual case subjects. We assume that the case
subjects selected for study all shared the same pathophysiol-
ogy, since they had confirmed inactivating mutations of the
KATP channel subunits. We did not detect any genotype-
phenotype differences, but effects of differences in degree
of channel defect or differences in genetic backgrounds remain
possible. In addition, developmental changes might influence
islet function in the patients, although experiments with “con-
trol” islets (normal tissue from focal HI) in a few cases did

not show great differences between infants and adults with
regard to intracellular calcium levels. The relative propor-
tions of b-cell versus a-cell area were ;20% higher in
KATPHI pancreas compared with controls; however, because
the changes in the glucose tracer studies were .20%, the
differences observed between patient, control, and glybur-
ide-treated control islets are assumed to primarily reflect
differences in b-cell metabolism, although this has not been
confirmed by studies of individual types of islet cell.

In summary, our data provide novel insights into the
pathophysiology of KATPHI in which chronic b-cell depolar-
ization and elevation of [Ca2+]i resulting from nonfunc-
tional KATP channels lead to changes in gene expression
and altered pathways of fuel metabolism and fuel respon-
siveness (Fig. 6). These secondary consequences of chronic
plasma membrane depolarization may not be limited to
KATPHI islets, since islets from individuals with type 2 di-
abetes share some characteristics of KATPHI islets, including
increased expression of HK1 and decreased expression of
GCK, and impaired GABA shunt activity (16). We speculate
that these patterns of gene expression and metabolic
changes are largely the consequences of chronic or frequent
depolarization and the accompanying persistent elevation
of intracellular calcium. Our findings provide unique in-
sights into the pathophysiology of KATPHI and shift the
current paradigm that explains the pathophysiology of
this devastating disease from an electrophysiological defect
resulting solely in dysregulation of the triggering pathway
of insulin secretion to a more complex picture, in which the
primary KATP channel defect leads to secondary conse-
quences affecting fuel metabolism and both the triggering
and amplifying pathways of insulin secretion.
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