ORIGINAL RESEARCH ARTICLE

Patients With Long-QT Syndrome Caused by
Impaired hERG-Encoded K 11.1 Potassium Channel
Have Exaggerated Endocrine Pancreatic and Incretin
Function Associated With Reactive Hypoglycemia

BACKGROUND: Loss-offunction mutations in hERG (encoding the K 11.1 voltage-

gated potassium channel) cause long-QT syndrome type 2 (LQT?2) because of
prolonged cardiac repolarization. However, K 11.1 is also present in pancreatic

o and p cells and intestinal L and K cells, secreting glucagon, insulin, and the
incretins glucagon-like peptide-1 (GLP-1) and GIP (glucose-dependent insulinotropic
polypeptide), respectively. These hormones are crucial for glucose regulation,

and long-QT syndrome may cause disturbed glucose regulation. We measured
secretion of these hormones and cardiac repolarization in response to glucose
ingestion in LQT2 patients with functional mutations in hERG and matched healthy
participants, testing the hypothesis that LQT2 patients have increased incretin and
B-cell function and decreased a-cell function, and thus lower glucose levels.

METHODS: Eleven patients with LQT2 and 22 sex-, age-, and body mass index—
matched control participants underwent a 6-hour 75-g oral glucose tolerance test
with ECG recording and blood sampling for measurements of glucose, insulin,
C-peptide, glucagon, GLP-1, and GIP.

RESULTS: In comparison with matched control participants, LQT2 patients had
56% to 78% increased serum insulin, serum C-peptide, plasma GLP-1, and plasma
GIP responses (P=0.03-0.001) and decreased plasma glucose levels after glucose
ingestion (P=0.02) with more symptoms of hypoglycemia (P=0.04). Sixty-three
percent of LQT2 patients developed hypoglycemic plasma glucose levels (<70
mg/dL) versus 36% control participants (P=0.16), and 18% patients developed
serious hypoglycemia (<50 mg/dL) versus none of the controls. LQT2 patients

had defective glucagon responses to low glucose, P=0.008. p-Cell function (Insulin
Secretion Sensitivity Index-2) was 2-fold higher in LQT2 patients than in controls
(4398 [95% confidence interval, 2259-8562] versus 2156 [1961-32011, P=0.03).
Pharmacological K 11.1 blockade (dofetilide) in rats had similar effect, and small
interfering RNA inhibition of hERG in § and L cells increased insulin and GLP-1
secretion up to 50%. Glucose ingestion caused cardiac repolarization disturbances
with increased QTc intervals in both patients and controls, but with a 122% greater
increase in QTcF interval in LQT2 patients (P=0.004).

CONCLUSIONS: Besides a prolonged cardiac repolarization phase, LQT2
patients display increased GLP-1, GIP, and insulin secretion and defective
glucagon secretion, causing decreased plasma glucose and thus increased
risk of hypoglycemia. Furthermore, glucose ingestion increased QT interval and
aggravated the cardiac repolarization disturbances in LQT2 patients.

CLINICAL TRIAL REGISTRATION: URL: http://clinicaltrials.gov. Unique identifier:

NCT02775513.
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Clinical Perspective

What Is New?

e Patients with long-QT syndrome type 2 (LQT2) with
loss-of-function mutations in hERG (Kv11.1) display
exaggerated incretin and endocrine pancreatic func-
tion with >50% increased levels of circulating insu-
lin, glucagon-ike peptide-land glucose-dependent
insulinotropic polypeptide, and defective glucagon
secretion, causing low plasma glucose levels, and
thus increased risk of symptomatic reactive hypo-
glycemia following glucose ingestion.

¢ Pharmacological Kv11.1 blockade (dofetilide) in rats
had similar effects and inhibition of hERG in § and
L cells increased insulin and glucagon-like peptide-1
secretion with up to 50%.

e Furthermore, glucose ingestion aggravated cardiac
repolarization disturbances in LQT2 patients with
a 122% greater increase in QTcF interval and pro-
longed the cardiac repolarization phase in healthy
controls.

What Are the Clinical Implications?

e Glucose ingestion (75 g, equivalent of 0.6 L soft
drink) led to symptomatic reactive hypoglycemia in
63% of LQT2 patients with 18% experiencing seri-
ous hypoglycemia (<50 mg/dL glucose).

e Serious hypoglycemia has previously been observed
in children with LQT2, long-QT syndrome type 1, and
with Kv11.1 blocking drugs.

¢ Hypoglycemia leads to increased propensity for QT
prolongation; hypoglycemia may therefore further
increase the risk of malignant arrhythmia in patients
with long-QT syndrome.

e Qur demonstration of LQT2 patients having
increased risk of hypoglycemia should lead to a
greater awareness of this risk.

¢ The risk of hypoglycemia can be lessened by reduc-
ing intake of easily digestible carbohydrates.

for their relation to malignant cardiac arrhythmias,

where blocked or nonfunctional K, channels cause
long-QT syndrome (LQTS) because of impaired cardiac
repolarization. Several inheritable mutations and many
common drugs impair the function of K  channels.'
LQTS attributable to inherited mutations affects up to
1:2000 people. It is characterized by a prolonged QT
interval and increases the risk of ventricular tachycardia
of the Torsades de Pointes type, syncope, and sudden
death.3* Mutations in KCNQI cause LQTS type 1 (LQT1)
attributable to impaired K 7.1 channel function. Muta-
tions in hERG (also known as KCNH2), cause LQTS type
2 (LQT?2) because of impaired function of the pore-form-
ing a-subunit of the voltage-gated K 11.1 channel, which
is a key player of repolarization in cardiac cells.? LQT2

Voltage-gated potassium (K) channels are known
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is the second most common type of congenital LQTS,
and is specifically characterized by notched T waves in
the ECG* and a tendency to develop arrhythmias during
sudden startling.®

Voltage-gated potassium (K ) channels also play a role
in glucagon and insulin secretion from the pancreatic
o and B cells'®° and possibly also in the secretion of
the incretin gut hormones, glucagon-like peptide (GLP-
1) and glucose-dependent insulinotropic peptide (GIP),
secreted from intestinal L and K cells, respectively.®
These hormones are crucial for glucose regulation, and
LQT1 patients have hyperinsulinemia and postprandial
hypoglycemia.” Blockade of K 11.1 channels results in
depolarization of the resting membrane potential and in-
creases action potential firing rate by 32% (investigated
by patch-clamp technique) and the release of insulin by
/7% in human pancreatic § cells.® Blocking K 11.1 chan-
nels in o cells impairs glucagon secretion.® Both condi-
tions decrease glucose levels. Hypoglycemia is associ-
ated with increased propensity for QT prolongation and
other adverse cardiovascular effects.!!-13

Therefore, we investigated whether LQT2 patients
with functional mutations in hERG and impaired K 11.1
channel function have increased glucose-stimulated in-
sulin and incretin secretion and decreased levels of glu-
cagon resulting in decreased glucose levels after oral
glucose ingestion.

METHODS
Study Participants

Eleven LQT2 patients with loss-of-function mutations in hERG
were recruited from the outpatient clinic at the Cardiology
Department at Gentofte Hospital, Denmark. Two control sub-
jects, matched to each individual patient with respect to body
mass index (BMI), age, and sex, were recruited for examina-
tion in the present study from regional population-based stud-
ies, the Inter99, Health2006,2010, or DanFund studies.*1> A
computer algorithm, developed by a data manager indepen-
dent of the research study, was applied to randomly select
the control subjects based on their match with respect to sex,
+1 BMI, and age (+3 years), inviting the closest matches first
for participation in the study. Updated BMI and age were used
for matching. Control participants were excluded if they were
diagnosed with any known chronic disease, including diabetes
mellitus, but were not screened for prediabetes because this
could induce selection bias toward a falsely healthier metabolic
phenotype given their BMI.

Before examination, all participants were fasting overnight
and were free of any medication in the morning before exami-
nation. Ten of 11 LQT2 patients were on p-blocking agents,
7 had an implantable cardioverter-defibrillator, and 1 had a
pacemaker.

Ethics

Before participation, informed written consent was obtained
from all participants. The project was approved by The
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Committees on Health Research Ethics in the Capital Region
of Denmark (reference number: H-4-2010-036) (institutional
review board) and was performed in accordance to the
Helsinki Declaration Il. The participants gave informed con-
sent, participation in the investigation was voluntary, and the
individuals could retract their consent to participate at any time
(ClinicalTrials.gov Identifier; NCT02775513).

Study approval for the animal study was obtained from
the Danish Animal Experiments Inspectorate (2013-15-2934-
00833) and the procedures followed were in accordance with
institutional guidelines.

Genetics

All patients were originally screened for functional mutations
known to cause LQTS.!® The LQT2 patients were all hetero-
zygous carriers from 5 different families with the following
functional missense mutations: hERG K101E (4 patients,
grandmother, mother, son, and daughter), hERG 196T (1
patient), hERG F29L (2 patients, mother and son), hERG
[400N (2 patients, mother and daughter), or hERG G572R (2
patients, aunt and niece).!”.18 The first 3 mutations mentioned
are located in the Per-Arnt-Sim (PAS) domain, which contains a
signal-sensing region and causes trafficking defects.!® 400N
is in the S1 transmembrane segment and disrupts the voltage-
sensing unit.!” G572R is in the S5 transmembrane segment
and the pore-forming unit, and causes reduced activation of the
channel or disturbs the channel’'s gating properties.'®

Oral Glucose Tolerance Test

Blood samples for measurements of plasma glucose, serum
insulin, serum C-peptide, plasma total GLP-1, plasma total
GIP, plasma glucagon, and serum potassium were taken after
an overnight fast and during a 6-hour 75-g oral glucose toler-
ance test (OGTT). Fasting blood samples were taken 15, 10,
and O minutes before glucose ingestion. Blood sampling was
repeated every 15 minutes for the first hour and every half
hour for the following 5 hours.

Blood Samples

Plasma glucose was measured by a colorimetric assay on
an automated Vitros 5.1 FS/5600 analyzer (Ortho Clinical
Diagnostics) with a lower limit of quantitation of 19.8 mg/dL
and intra- and interassay coefficients of variation of 0.025.

Hypoglycemic glucose values were defined as blood glu-
cose <70 mg/dL. The generic nondiabetic glycemic thresh-
old for impairment of cognitive function is <50 mg/dL%. This
level was defined as serious hypoglycemia based on The
International Hypoglycemia Group guidelines.?

Serum potassium was measured using Vitros 5.1 FS/5600
analyzer (Ortho Clinical Diagnostics). Intra- and interassay coef-
ficients of variation were 0.05. The analytic detection limit was
1 mmol/L.

Serum insulin and C-peptide were both measured on an
automated Cobas e411 analyzer (Roche). The analytic detec-
tion limit was 1.4 and 3 pmol/L with total intra- and interassay
coefficients of variation of <0.04 and <0.025, respectively.

Plasma levels of total GLP-1, total GIP, and glucagon were
measured with validated radioimmunoassays.?-?3 The assays
have a detection limit of <2 pmol/L (1 pmol/L for glucagon)
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and intra-assay and interassay coefficients of variation of
<0.06 and 0.15, respectively.

Electrocardiography

ECG recordings (MAC1600 ECG machine [GE Healthcare]) were
made before each blood sampling: 5 minutes before glucose
ingestion and repeated every 15 minutes for the first hour after
glucose ingestion and then every half-hour for the following 5
hours. The mean of 5 consecutive recordings at each time
point was used. QT intervals were corrected by heart rate with
the Bazett formula (QTcB= QT/(RR)'/?), and the Fridericia for-
mula (QTcF = QT/ARR)V3).

Hypoglycemia Questionnaire

An electronic questionnaire in the software SurveyXact was
completed by all participants before examination. The ques-
tionnaire included an adapted standard questionnaire for symp-
toms of hypoglycemia.’

Continuous Glucose Monitoring

Continuous blood glucose monitoring (CGM) was performed
after the baseline examination using iPro2 (Medtronic) for a
duration of between 3 and 7 days according to clinical recom-
mendations?* and following the manufacturer's manual. Only
6 of 11 LQT1 patients agreed to be investigated by CGM and
were matched with 6 control participants. Results are shown
in the online-only Data Supplement Appendix (online only Data
Supplement Table ).

Biochemical and Anthropometric Measures

Height and weight of LQT2 patients and control participants
(without shoes and wearing light indoor clothes) were mea-
sured before examination; BMI was calculated as weight in kilo-
grams divided by the square of height in meters (kg/m2). The
percentage of fat was measured with a bioimpedance analyzer,
Biodynamics BIA 310e (Biodynamics).

OGTT in Rats

Twenty-two female Wistar rats were assigned to 2 weight-
matched groups and received an intravenous injection under
isoflurane anesthesia of dofetilide (5 mg/kg) or vehicle 15
minutes before glucose gavage feeding (2 g/kg) (time, O
minutes). Further details are described in the online-only Data
Supplement Appendix.

Cell Studies

siRNAs against hERG were obtained and acute stimulation
with and without glucose (180 mg/dL) of cultured L (GLUTag)
and B (Min-6) cells (with/without siRNA hERG), using ~80%
confluent cells from different batch numbers (n=3), were per-
formed. Further details are described in the online-only Data
Supplement Appendix.

Calculations

Total AUC was calculated as the total area under the curve with
y=0 as baseline. Incremental and decremental AUC, defined as
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the AUC above or below fasting level (mean of time point —15,
-10, and 0), respectively, were calculated in GraphPad Prism
5 (GraphPad Software Inc) using the trapezoidal method with
the fasting levels as baseline for the time curve.

Responses were divided into 3 time intervals: the acute
response (0-30 minutes), the standard 2-hour response (0-
120 minutes), and the extended full 6-hour response (0-360
minutes) to 75-g glucose ingestion.

Insulinogenic index [(serum insulin at 30 minutes — fast-
ing serum insulin) / (plasma glucose at 30 minutes — fasting
plasma glucose)] was calculated as a measure of g-cell function
and describes early phase insulin secretion. Whole-body insulin
sensitivity was estimated from oral glucose tolerance data by
applying the Matsuda insulin sensitivity index: (10000/+ (fast-
ing plasma glucose x fasting serum insulin x mean plasma
glucose for the first 2 hours x mean serum insulin for the
first 2 hours). Insulin resistance was estimated with the fast-
ing homeostasis model assessment of insulin resistance index
(HOMA-IR) and calculated as follows: (fasting plasma glucose
x fasting serum insulin)/405. Disposition index was calculated
as insulinogenic index divided by HOMA-R. B-Cell function
corrected for insulin sensitivity was assessed by the Insulin
Secretion Sensitivity Index-2 (ISSI-2). ISSI-2 is a validated OGTT-
derived measure of p-cell function similar to the disposition
index. ISSI-2 has been validated against the disposition index,
calculated on the basis of a frequently sampled intravenous
glucose tolerance test, with which it exhibits a stronger cor-
relation than other OGTT-derived measures of p-cell function.
ISSI-2 is defined as the product of insulin secretion as mea-
Sured by the ratiO Of mcrementaIAUCmsulinOVIZO to incremental CglucoseO—lZO
and insulin sensitivity as measured by the Matsuda index:
Matsuda Index x (mcrementalAUC\nSO—IZO / mcrementalAUCGlucorl20)'25'26

The frequency and severity of hypoglycemia symptoms
were quantified by analyzing the adapted hypoglycemia ques-
tionnaire.” The total frequency and severity score was calcu-
lated for each participant as the sum of points for all frequency
and severity questions.

The acute cardiac responses to glucose ingestion evalu-
ated as QTcB and QTcF in the recorded ECGs were found
by analyzing the maximum A increase within the first 30
minutes of the OGTT and subtracting the fasting value to
analyze response differences between patients and healthy
controls.

Sample Size Calculation

Our prior data on LQT1 patients’ indicated that a difference
of 2000 pmol/Lxmin in the .. AUC, .. insulin response
between 11 matched pairs would reject the null hypothesis
that this response difference is zero with power 0.8, P<0.05.
With our present data on 11 patients and 22 matched controls
and a difference of 2471 pmol/Lxmin+489, we have a power
>0.9, P<0.05 (paired design).

Statistics
Prespecified primary variables were area under the curve
(AUC) for hormones and glucose.

Statistical analyses were made in SAS Enterprise Guide
7.11, SAS institute. Data distribution was studied before further
analyses and insulin data were consequently log-transformed.
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Mixed-model analysis of variance (ANOVA) with family muta-
tion as an additional factor was performed on patient group
data. There were no significant differences between the 5 fami-
lies. Consequently, data were analyzed by using mixed-model
ANOVA contrasting LQT?2 patients versus control participants
in matching pairs.

The Fisher exact test was used to analyze the difference in
occurrence of hypoglycemic plasma glucose values between
patients and matched control participants during the OGTT.

Differences in faSting’ decrementaIAUCOIZOmin and incrementaIAUC120-360min
glucagon responses of hypoglycemic versus nonhypoglycemic
patients, were analyzed with unpaired t tests.

Questionnaire data were quantified as numeric categorical
data, and differences in mean scores between patients and
control participants were tested with a paired t test.

Changes in QTcB, QTcF, and heart rate from baseline during
the OGTT were analyzed with a proc mixed ANOVA to study
cardiac repolarization disturbances after glucose stimulation,
and, if interaction between time and group was identified, the
groups were subsequently analyzed separately.

Data are presented as meanzstandard error of the mean
or geometric mean (95% confidence interval) for log-trans-
formed data. A P value of <0.05 was considered statistically
significant.

RESULTS

Baseline Characteristics

The patients with LQT2 and the healthy control partici-
pants were successfully matched with regard to sex,
age, BMI, and fat percentage and heart rate, as well
(Table 1). LQT2 patients had longer QTcB and QTcF inter-
vals than control participants (Table 1).

Fasting Circulating Hormone Levels

Patients with LQT2 had 32% lower fasting plasma lev-
els of glucagon in comparison with control participants

Table 1. Subject Characteristics

Long-QT

Syndrome Control
Characteristics | Type 2 Patients | Participants | P . ..
Total no. (men/ 11209 22 (4/18)
women)
Age,y 4246 42+4 1.0
Body mass index, | 534,08 24.0+0.7 0.6
kg/m?
Fat, % 26.5+1.8 26.8+1.9 0.9
Fasting QTcB, ms 4777 41946 <0.0001
Fasting QTcF, ms 485+8 423+7 <0.0001
Fasting heartrate, | 55,9 g 57.8+1.2 0.4
beats/min

Subject characteristics were analyzed with a mixed-model analysis of

variance. Data are shown as mean=standard error of the mean.
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(4.1+0.8 versus 6.0+0.7 pmol/L, P=0.02). There were
no differences between LQT2 patients and control par-
ticipants in fasting levels of plasma glucose, serum in-
sulin, serum C-peptide, plasma GLP-1, plasma GIP, or
serum potassium (Figures 1 and 2).

There were no differences in fasting hemoglobin Alc
(33.8+£1.2 [range, 28-38] versus 34.8+1.0 [range,
29-44 mmol/mol]) P=0.4, fasting hemoglobin (8.2+0.1
versus 8.4+0.1 mmol/L) P=0.1, fasting total cholesterol
(4.8+0.4 versus 4.7+0.3 mmol/L) P=0.7, or fasting cre-
atinine (64.6+3.1 versus 64.7+2.2 pmol/L) P=1.0 be-
tween groups. None of the participants had hemoglobin
Alc levels >48 mmol/mol (definition of diabetes mellitus).

Glucose-Stimulated Hormone Responses

LQT2 patients had lower glucose levels during the 6-hour
OGTT than control participants (mean glucose during
the 6 hours was 97x4 mg/dL versus 106+2 mg/dL,
P=0.02 with a 16% smaller 2-hour total AUC, P=0.03,

LQT2 (hERG) Associates With Reactive Hypoglycemia

and 6-hour total AUC, P=0.02 (Table 2, Figure 1A). A
higher proportion of patients with LQT2 developed hy-
poglycemia (plasma glucose levels <70 mg/dL) during
the OGTT than control participants (7/11=63% versus
8/22=36%, respectively), although the difference was
not significant given the sample size (P=0.16 by Fisher
exact test). During the 6-hour OGTT with 17 measure-
ments, the 11 patients had 16 hypoglycemic measure-
ments in comparison with 13 hypoglycemic measure-
ments in the 22 matched control participants. Two
patients with LQT2, but no healthy participants, devel-
oped serious hypoglycemia (plasma glucose <50 mg/
dL) at 3 time points during the OGTT (lowest registered
plasma glucose was 43 mg/dL after 150 minutes and
45 mg/dL after 180 minutes, respectively), P=0.04. Six
of 7 hypoglycemic LQT2 patients had mutations (F29L,
K101E, and 196T) in the PAS domain (including the 2
with serious hypoglycemia [I196T and K101E]) in contrast
to the 4 nonhypoglycemic LQT2 patients where 3 of 4
had mutations in the transmembrane segment S1 or S5.
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Figure 1. Plasma glucose and hormone responses to oral glucose ingestion in 11 LQT2 patients and 22 matched

healthy control participants.

Glucose (A), insulin (B), glucagon (C), and C-peptide (D) fluctuations during a 6-hour oral 75-g glucose tolerance test, shown as
mean+SEM for non-log-transformed data. LQT?2 patients, red full lines; control participants, blue broken lines. LQT2 indicates

long-QT syndrome type 2; and SEM, standard error of the mean.
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Figure 2. Incretin and potassium responses to

oral glucose ingestion in 11 LQT2 patients and 22
matched healthy control participants.

GLP-1 (A), GIP (2), and potassium (C) fluctuations during

a 6-hour oral 75-g glucose tolerance test, presented as
mean+SEM. LQT?2 patients, red full lines; control participants,

blue broken lines. GIP indicates glucose-dependent insulinotro-

pic polypeptide; GLP-1, glucagon-like peptide-1; LQT2, long-
QT syndrome type 2; and SEM, standard error of the mean.

LQT? patients had increased serum insulin and C-pep-

tide responses to oral glucose. Thus, 30-minute insulin
and C-peptide responses ( AUC, . ..) were 57% and

incremental (0-30)
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60% higher in patients with LQT2 than in matched control
participants (P=0.03 and 0.004), along with increased
C-peptide after 2 hours (... AUC P=0.03) (Ta-
ble 2, Figure 1B and 1D).

LQT2 patients had also increased incretin responses
to oral glucose. Thus, GLP-1 responses were 56% to
94% higher in patients than in controls at 30 minutes,
2 hours, and 6 hours (. AUC, P=0.01-0.003).
The 2-hour response of GIP was increased by 78% in
comparison with controls (P=0.02) (Table 2, Figure 2A
and 2B).

There was no difference in potassium responses to
glucose between the groups, P>0.1 (Figure 2C).

During the OGTT, the LQTS patients had lower glucagon
response to low glucose on oral glucose stimulation (..
rentaPUCq 360 P=0.008, Table 2) than controls (Figure 1C).
Furthermore, the 7 of 11 LQT?2 patients that developed
hypoglycemic plasma glucose levels <70 mg/dL during
the OGTT had lower glucagon response to low glucose
levels during the OGTT than the 4 patients that did not de-
velop hypoglycemia (.o AUC 50 350 28559 versus
648+28, P=0.004). Fasting and . . ...AUC 1,0 glUCa-
gon was 3.6+2.6 versus 4.9+1.7, P=0.07, and 134+89
versus 269+54, P=0.1, respectively Figure 3.

B-Cell function measured by insulinogenic index
was 167% increased in LQT2 patients in compari-
son with control participants (P=0.001, Figure 4A).
There was no difference between patients and con-
trol participants regarding insulin sensitivity measured
by the Matsuda index (geometric mean values [95%
confidence intervall, 16.0 [12.6-20.3] versus 18.3
[14.1-23.7], P=0.5) or insulin resistance measured
by HOMA-R (1.3 [1.0-1.6] versus 1.2 [0.9-1.7] (mg/
dL)x(mlU/mL), P=0.9). The insulin sensitivity—ad-
justed p-cell function in LQT2 patients, measured by
ISSI-2, was 2-fold higher than in control participants
with geometric mean values [95% confidence interval]
for patients with LQT2 of 4398 [2259-8562] versus
control participants 2156 [1961-32011, P=0.03 (Fig-
ure 4B). p-Cell function measured by the disposition
index was 233% higher in hERG patients (23.5 [11.8-
46.8] versus 10.1 [5.3-17.0] in control participants,
P=0.002).

(0-120)"

Glucose-Stimulated ECG Responses

The duration of QTcB and QTcF was longer in LQT2 pa-
tients than in control participants during the 6-hour OGTT
(Figure 5), P<0.0001.

Glucose ingestion led to a biphasic QTc and heart rate
response. QTc increased in both groups after 15 to 45
minutes, and was increased again 300 minutes after glu-
cose ingestion, P<0.05 to 0.0001 (Figure 5). The maxi-
mum acute increase of QTc (0-30 minutes) was 77, ..., %
to 122, r.q% larger in patients with LQT2, in comparison
with control participants, P=0.01 to 0.004, whereas the
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Table 2. Hormone and Glucose Responses During Oral Glucose Tolerance Test

LQT2 (hERG) Associates With Reactive Hypoglycemia

Long-QT Syndrome Control
Type 2 Patients Participants PValue
Total area under the curve
0-120 min
C-peptide (pmol/Lxmin) 275973422554 233846+17 455 0.1
GIP (pmol/Lxmin) 5195+463 4376+376 0.1
GLP-1 (pmol/Lxmin) 2774250 2617+187 0.6 =
Glucagon (pmol/Lxmin) 323+53 388+41 0.3 g
Glucose (mg/dLxmin) 13242+865 15710+613 0.03* ;E,
Insulin (pmol/Lxmin) 40107+4947 32694+3498 0.2 %
0-360 min M
C-peptide (pmol/Lxmin) 509764+47780 472385+40052 0.4 §
GIP (pmol/Lxmin) 9320+772 8004+607 0.1
GLP-1 (pmol/Lxmin in) 6354458 6206+326 0.9
Glucagon (pmol/Lxmin) 1258+177 1460+142 0.3
Glucose (mg/dLxmin) 33113+1261 36590+937 0.02*
Insulin (pmol/Lxmin) 56 954+7863 52260+5600 0.6
Incremental and decremental area under the curve
0-30 min
C-peptide (pmol/Lxmin) 26613+2546 16645+1800 0.004*
GIP (pmol/Lxmin) 845+86 650+61 0.07
GLP-1 (pmol/Lxmin) 383+57 197+40 0.01*
Glucagon (pmol/Lxmin) —21.2+7.9 -38.2+7.2 0.02*
Glucose (mg/dLxmin) 712+85 778+106 0.6
Insulin (pmol/Lxmin) 6786+843 4315596 0.03*
0-120 min
C-peptide (pmol/Lxmin) 210371173888 160148+13085 0.03*
GIP (pmol/Lxmin) 4437+394 3451+328 0.02*
GLP-1 (pmol/Lxmin) 1521+199 851+161 0.003*
Glucagon (pmol/Lxmin) —183+62 —340+55 0.01*
Glucose (mg/dLxmin) 3027+829 4630+595 0.1
Insulin (pmol/Lxmin) 35707+4263 27182+3015 0.1
0-360 min
C-peptide (pmol/Lxmin) 30407330777 264009+25202 0.2
GIP (pmol/Lxmin) 6567+729 5418+576 0.2
GLP-1 (pmol/Lxmin) 2284+324 1334+258 0.01*
Glucagon (pmol/Lxmin) -334+160 -761+142 0.008*
Glucose (mg/dLxmin) 3549+1009 5729+721 0.09
Insulin (pmol/Lxmin) 44250+6175 38658+4466 0.5

Two-hour and 6-h total area under the curve and incremental and decremental acute (0—30 min), 2 h
(0—120 min), and full (0—360 min) area under the curve hormone response during OGTT in 11 LQT2 patients
and 22 matched control participants analyzed with a mixed-model analysis of variance. Data are shown as
meanzstandard error of the mean. GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like
peptide-1; LQT2, long-QT syndrome type 2; and OGTT, oral glucose tolerance test.

*P<0.05.
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Plasma glucagon (pmol/l)
S

-# LQT2 with hypoglycemia
-0- LQT2 with no hypoglycemia

Figure 3. Plasma glucagon
response to oral glucose among
LQT2 patients with (n=7) and
without (n=4) hypoglycemia.
The 7 of 11 LQT2 patients that devel-
oped hypoglycemic plasma glucose
levels <70 mg/dL during the OGTT
had lower glucagon response to low
glucose levels during the OGTT than
the 4 patients that did not develop
hypoglycemia (incremental AUC, ...
285+59 versus 648+28, P=0.004)
analyzed with an independent t test.
LQT2 patients with hypoglycemia,

full lines; LQT2 patients without
hypoglycemia, broken lines. Data are
shown as mean+SEM. AUC indicates
area under the curve; LQT2, long-QT
syndrome type 2; OGTT, oral glucose
tolerance test; and SEM, standard
error of the mean.

Time (min)

heart rate increase was similar between groups (Figure 5
and online-only Data Supplement Table 1I).

Questionnaire

LQT2 patients reported more symptoms of hypoglyce-
mia (23.8+2.2 versus 19.3+1.5 points, P=0.04; Fig-
ure 6) and experienced more severe symptoms, if a
meal was missed, and more often reported feeling un-
comfortable a couple of hours after a meal (online-only
Data Supplement Table Ill). Furthermore, patients with
LQT2 experienced more frequent and severe symptoms
if they suddenly stood up from a sitting position, and
reported increased frequency of heart palpitations, and
occasional fainting, as well.

Pharmacological Blockage of Kv11.1 During
OGTT in Rats

Rats receiving the selective Kvll.1 channel blocker
dofetilide (antiarrhythmic drug)?”:2¢ had increased insulin
secretion, and corresponding reduced blood glucose lev-
els after glucose intake in comparison with rats receiving
vehicle, P<0.01 (Figure 4C and 4D). Sixty-three percent
of rats receiving dofetilide developed glucose values
lower than their fasting levels during the 1-hour OGTT in
comparison with 25% of rats in the vehicle group.
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hERG Blockage in Cultured L and B-Cells

Glucose-induced GLP-1 secretion was significantly
higher (24%, P=0.009) in cultured L cells with knock-
down of hERG expression (siRNA,_..) in comparison
with control cells (siRNA_ ). Glucose-induced insulin
secretion was significantly higher (54%, P=0.001) in
cultured g cells with knockdown of hERG expression
(SiRNA, ;) in comparison with control cells (siRNA__ )
(Figure 4E and 4F).

mock

DISCUSSION

Here, we show that besides a prolonged cardiac repo-
larization phase, patients with LQT2 caused by hERG
mutations display exaggerated incretin and endocrine
pancreatic function with >50% increases in GLP-1, GIP,
and insulin secretion, and defective glucagon secre-
tion, causing low plasma glucose levels and increased
risk of symptomatic hypoglycemia following glucose in-
gestion. Pharmacological Kv11.1 blockade (dofetilide)
in rats had similar effects and inhibition of hERG in f
and L cells directly increased insulin and GLP-1 secre-
tion up to 50%. Furthermore, glucose ingestion aggra-
vated cardiac repolarization disturbances in LQT2 pa-
tients and prolonged the cardiac repolarization phase
in healthy controls.
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Figure 4. Inhibition of hERG in humans, rats, and cells.

Differences in p-cell function in response to oral glucose ingestion in 11 LQT2 patients and 22 matched healthy control partici-
pants. B-Cell function measured by insulinogenic index (A) and Insulin Secretion-Sensitivity Index-2 (ISSI-2), which is a validated
OGTT-derived measure of insulin sensitivity-adjusted p-cell function (B) analyzed with a mixed-model ANOVA. Insulinogenic index
and ISSI-2 are shown as geometric means [95% CI]. C and D, Oral glucose tolerance test in rats. Rats receiving the selective
Kv11.1 channel blocker dofetilide (antiarrhythmic drug) (n=8) had increased insulin secretion and reduced blood glucose (...
AUC,, 439+182 versus 1218+175) after glucose intake in comparison with rats receiving vehicle (n=14), P<0.01. (Continued)
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Functional Role of K 11.1 Channels in Human
Glucose Regulation

Until now, the functional role of K 11.1 channels in hu-
man glucose regulation has been unknown, although
several endocrine cell studies have shown that K 11.1
is expressed in a (glucagon), B (insulin),}8° L (GLP-1),%0
and likely K cells (GIP) (identified by microarray, personal
communication, Fiona Gribble, Cambridge University, UK,
2016) in the pancreas and intestines, respectively. Our re-
sults show that reduced function of K 11.1 is associated
with acute hyperinsulinemia, >50% increased GLP-1 and
GIP levels, and correspondingly lower plasma glucose lev-
els after a standard oral 75-g glucose load. The LQT2 pa-
tients had 2-fold higher p-cell function, ie, the ability to se-
crete more insulin on glucose ingestion, also when taking
the insulin sensitivity status into account. We also show
that inhibition of hERG directly increases secretion of both
insulin and GLP-1 from cultured g and L cells, respectively.
These results combined with previously published electro-
physiology studies of hERG blockade in human f cells®?
support that blocking Kvl1.1 has a direct effect on both
insulin- and GLP-1-producing cells. Thus, although a
nonincretin-dependent test of p-cell function (eg, an intra-
venous glucose tolerance test) was not performed, the
hyperinsulinemia in hERG mutation carriers seems to be
attributable to a dual effect: a direct stimulatory effect on
B cells causing increased insulin secretion, and an indirect
effect attributable to increased secretion of GLP-1 (and
GIP) from L (- and K) cells, which in turn also stimulates
insulin secretion and thereby lowers blood glucose.

The glucagon levels were lower in LQT2 patients than
in matched control participants, even though they had
lower glucose levels, which is an indication of distorted a-
cell function, because, under normal physiological circum-
stances, hypoglycemia would be expected to increase
glucagon levels to counteract the hypoglycemia. Indeed,
the hypoglycemic LQT?2 patients had an inappropriately
low increase in glucagon during low glucose levels in
comparison with the nonhypoglycemic LQT2 patients.
Furthermore, inhibition of K 11.1 channels in o cells leads
to an inhibition of glucagon secretion.® Exocytosis in o
cells is caused by membrane potential-dependent open-
ing of the Ca, channels mediating the calcium entry. With
inhibition of the K, current, there is no reactivation of the
Na, channels and Ca, channels leading to a marked reduc-
tion of the action potential amplitude, thereby inhibiting
glucagon release. As a consequence, glucagon secretion

is decreased when K, channels are blocked®2%* or dys-
functional as in LQT?2 patients. Therefore, LQT2 patients
have impaired counterregulatory defense against hypogly-
cemia. Glucagon was measured with a method recently
validated versus mass spectrometry and has a detection
limit of 1 pmol/L. We therefore consider the measured
plasma levels of glucagon to be accurate.?!

Clinical Implications of Higher Risk of
Hypoglycemia

During the 6-hour OGTT, 63% of LQT?2 patients became
hypoglycemic, including 18% with serious hypoglycemia
(<50 mg/dL glucose) versus 36% control participants
among whom none became seriously hypoglycemic.
Patients with LQT2 reported more symptoms of hypo-
glycemia in dalily life, such as discomfort if a meal was
missed, and discomfort some hours after meal intake,
as well, in comparison with control participants. Some
symptoms of hypoglycemia, like palpitations, are over-
lapping with symptoms of LQTS.

Hypoglycemia is associated with increased propen-
sity for QT prolongation and other adverse cardiovascu-
lar effects.!-13 Furthermore, a high-baseline QTc interval
seems to be an important predictor for hypoglycemia-
induced QTc prolongation.®? The combination of symp-
tomatic reactive hypoglycemia with LQT2 may therefore
further increase the propensity for cardiac events in pa-
tients with LQT2. In line with these observations, children
with LQT2 were found to have higher risk of developing
severe hypoglycemia in a large retrospective study that
called for awareness of this.3® Because the study was
retrospective, analyzing historical hospital data,® oral
glucose tolerance tests were not performed. Thus, it is
unknown whether the children also experienced reactive
hypoglycemia.

Our findings further suggest that, similar to functional
KCNQ1 mutations,’ functional hERG mutations may un-
derlie some cases of essential postprandial hypoglyce-
mia. This syndrome is characterized by appearance of
reactive hypoglycemia after food intake without conspic-
uous cause. Thus, ECG monitoring and genetic testing
could be considered when other causes of reactive hy-
poglycemia (eg, gastrointestinal surgery or medications)
have been excluded.

An additional important finding in our study is that
an increase of plasma glucose by only 54 to 72 mg/

Figure 4 Continued. Analyzed by an independent t test. E and F, Cultured p- and L-cell insulin and GLP-1 responses to glu-
cose on hERG inhibition with siRNA. Glucose-induced GLP-1 secretion was significantly higher (24%, P=0.009) in cultured L cells

with knockdown of hERG expression (SiRNA,

hERG

) in comparison with control (siRNA__,) (SIRNA knockdown efficiency=70+12%).

Glucose-induced insulin secretion was significantly higher (54%, P=0.001) in cultured B cells with knockdown of hERG expression

(siRNA

hERG:

) in comparison with control (siRNA__,) (SIRNA knockdown efficiency=75+8%). Analyzed with 1-way ANOVA with Sidak

correction. Data are shown as mean+SEM. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. ANOVA indicates analysis of vari-
ance; AUC, area under the curve; Cl, confidence interval; GLP-1, glucagon-ike peptide-1; LQT2, long-QT syndrome type 2; OGTT,
oral glucose tolerance test; PBS, phosphate —buffered saline; SEM, standard error of the mean; and siRNA, small interfering RNA.
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Figure 5. QTc and heart rate changes during a 75-g oral glucose challenge in 11 LQT2 patients and 22 matched

control participants.

Changes in QTcB (asterisks indicate significant change from baseline and are shown for groups separated because of interac-
tion between time and group) (A) and A QTcB changes from baseline shown for both groups QTcB (asterisks indicate interaction
between groups) (B). Changes in QTcF and heart rate (asterisks indicate significant change from baseline for groups analyzed
together because there were no interactions between groups) (C and D) analyzed with a mixed-model ANOVA. LQT2 patients,
red full lines; control participants, blue broken lines. Data are shown as means=SEM. *P<0.05. **P<0.01. ***P<0.001.
****P<(0.0001. LQT2 indicates long-QT syndrome type 2; and SEM, standard error of the mean.

dL during the OGTT affected heart rate and cardiac re-
polarization in both LQT2 patients and healthy control
participants. However, the disturbances were more pro-
nounced in patients with LQT2. Because LQT?2 patients
have a prolonged QT interval, they are more vulnerable
to further increases in their QT interval than healthy in-
dividuals.3* Interestingly, patients with both type 1 and
type 2 diabetes mellitus experience prolonged QT inter-
val because of a downregulation of K 11.1 channels®>3¢
and because plasma glucose levels influence the normal
K,11.1 channel function via ATP.%! During hyperglyce-
mia, increased cell metabolism will increase ATP produc-
tion and thereby close the K,;, channels. In cardiomyo-
cytes, this may prolong the repolarization phase and thus
increase QT interval, also in healthy individuals. Howev-
er, patients with LQT2 seem to be even more vulnerable
to cardiac events in response to glycemic excursions,
which, by disturbing repolarization further, increase the

Circulation. 2017;135:1705-1719. DOI: 10.1161/CIRCULATIONAHA.116.024279

risk of QT dispersion and possible malignant arrhyth-
mias. During the prolonged OGTT, a biphasic QTc curve
was observed, high during peak glucose, lowest at 180
minutes, but then rising again. The lowest glucose levels
were observed at 200 minutes, but thereafter remained
low. Thus, the net result of glucose ingestion seems to
be QT prolongation both during hyperglycemia, but also
during the prolonged, relatively hypoglycemic state 5
hours after glucose ingestion.

There were no differences in fasting hemoglobin Alc
or CGM between groups (CGM was only performed in half
of the patients and not in any of the seriously hypoglyce-
mic patients). This likely reflects that the fasting glucose
levels were similar between the groups and that only a
small fraction of the day is spent in a postprandial state
where the differences between groups were pronounced.
Furthermore, because patients with LQT2 reported more
symptoms of hypoglycemia in daily life (discomfort if a
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Figure 6. Symptoms of hypoglycemia frequency

and severity total score in 11 LQT2 patients and 22
matched control participants.

Data were analyzed with a paired t test and shown as
mean+=SEM. *P=0.04. See analysis of all questions in
online-only Data Supplement Table Ill. LQT2 indicates long-QT
syndrome type 2; and SEM, standard error of the mean.

meal was missed and discomfort some hours after meal
intake), some LQT2 patients may unwittingly regulate
their eating habits to avoid serious hypoglycemia. Also, a
known bias when monitoring glucose levels with a CGM is
that study participants may adjust behavior toward less
glucose intake and thereby reduce the risk of reactive
hypoglycemia during the CGM test days.

Nonetheless, the glucose ingested, equivalent of
a medium-size sugar-containing soft drink, did lead to
reactive hypoglycemia in the majority of LQT2 patients
with 18% experiencing serious hypoglycemia (<50 mg/
dL glucose). The hypoglycemia seemed to be coupled
especially to mutations in the PAS domain. Severity anal-
ysis has identified the PAS domain of hERG as a region
where mutations increase susceptibility to disease dra-
matically®” by causing severe trafficking defects.!® Seri-
ous incidences of hypoglycemia have previously been
observed both in children with LQT233 and in LQT1.7 Our
demonstration that LQT2 patients, also in the absence
of p-blockers, have increased risk of reactive hypogly-
cemia should lead to a greater awareness of the risk
of glucose-induced hypoglycemia in LQTS. The risk of
reactive hypoglycemia can be lessened by reducing the
intake of easily digestible carbohydrates. Thus, overall,
among patients with congenital LQTS, hypoglycemia
may prove to be more clinically relevant than currently
appreciated; however, the association with QT-related ar-
rhythmias remains to be demonstrated.

Medications That Affect Kvi1.1 Channels and
Risk of Hypoglycemia

We here show that the selective Kvl1.1 channel blocker
dofetilide,?728 which is used as an antiarrhythmic drug, in-

creases insulin secretion and lowers blood glucose after
glucose intake in rats. Similarly, the widely used fluoroqui-
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nolone antibiotics that also block the K 11.1' have been
associated with hypoglycemia both in patients with and
without diabetes mellitus, and with fatal hypoglycemia, as
well, when used together with sulfonylurea.!*83 Indeed,
several widely used pharmaceutical agents are known
to block the Kv11.1 channel,}?” and may, therefore, on
the background of the present observations, also be sus-
pected to increase the risk of reactive hypoglycemia.

GLP-1 and Hypoglycemia

In glucose-tolerant individuals, elevated postprandial
GLP-1 responses are associated with reactive hypogly-
cemia, which can be pronounced*®#!; for instance, after
gastric bypass surgery.*? Furthermore, GLP-1-induced
inhibition of glucagon secretion may aggravate hypogly-
cemia in such cases.*® Thus, the increased secretion of
GLP-1 in LQT2 patients is likely to contribute to the in-
creased risk of hypoglycemia.

B-Blockers and Hypoglycemia

Ten of 11 LQT2 patients were on p-blocking agents, but
were free of medication in the morning before examina-
tion. Thus, with 24 hours since the last dose and with a
half-ife of 3 hours, the concentration during the OGTT was
minimal. In addition, previous human studies have shown
that B-blocking agents have either no effect or a slightly in-
creasing effect on blood glucose,”*344 contrasting to the
decreased glucose levels observed in the patients with
LQT2, thus ruling out that the lower glucose levels among
LQT2 in comparison with control participants could be at-
tributable to p-blocking agents. Actually, prior use may
even have positive effects on recovery from hypoglyce-
mia,'? and a recent study of diabetic patients showed that
prior use of B-blockers led to lower incidence of severe
hypertension and hypokalemia during hypoglycemia and
recommended incorporation of p-blockers for diabetes
mellitus to reduce dangers associated with severe hypo-
glycemia.*®

CONCLUSIONS

In conclusion, besides prolonged cardiac repolarization,
LQT2 patients display exaggerated incretin and endo-
crine pancreatic function with increased GLP-1, GIP, and
insulin secretion and defective glucagon levels, causing
lower plasma glucose levels and thus an increased risk
of hypoglycemia. Pharmacological Kvl1l.1 blockade
(dofetilide) in rats had similar effects and inhibition of
hERG in g and L cells directly increased insulin and GLP-
1 secretion by up to 50%. Because both postprandial
hypo- and hyperglycemia influenced the QT interval in
LQT2 patients, the risk of cardiac events may be further
increased during glycemic excursions in LQT2. It may
therefore be relevant to advice LQT2 patients to avoid
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high sugar intake, which would limit both postprandial
hyper- and hypoglycemia, to reduce this risk.

ACKNOWLEDGMENTS

The authors thank the study participants and the technicians
Annemette Forman and Lene Albzk. Drs Torekov, Kanters,
Holst, and Hansen designed the study. Drs Hyltén-Cavallius,
lepsen, Svendstrup, Lubberding, Hartmann, and Albrechtsen
conducted the study and collected data. Drs Hyltén-Cavallius,
Lubberding, Albrechtsen, Torekov, and Kanters analyzed data.
Drs Hyltén-Cavallius and Torekov wrote the manuscript. Drs lep-
sen, Svendstrup, Kanters, Linneberg, Albrechtsen, Lubberding,
Hartmann, Jespersen, Christiansen, Vestergaard, Pedersen,
Holst, and Hansen contributed to discussion, reviewed/edited
the manuscript, and approved the final version. The corre-
sponding author, Dr Torekov, confirms full access to data and
final responsibility for the decision to submit for publication.

SOURCES OF FUNDING

The study was supported by the Novo Nordisk Foundation Cen-
ter for Basic Metabolic Synergy Grant and The Danish Heart
Association (to Dr Torekov) and the Lundbeck Foundation (to
Dr Hyltén-Cavallius).

DISCLOSURES

None.

AFFILIATIONS

From Department of Biomedical Sciences, Faculty of Health
and Medical Sciences, University of Copenhagen, Denmark
(L.H-C., EWI, NJWA. AFL., BH., TJ., M.C., JJH.,
J.KK., S.S.T.); Novo Nordisk Foundation Center for Basic
Metabolic Research, Faculty of Health and Medical Sciences,
University of Copenhagen, Denmark (L.H.-C., EW.I.,, N.JJW.A,,
M.S., B.H., H.V,, O.P.,, J.JH., T.H., S.S.T.); Research Centre
for Prevention and Health, the Capital Region of Denmark,
Copenhagen (A.L.); Gentofte, Aalborg and Herlev University
Hospitals, Denmark (J.K.K.); Faculty of Health Sciences, Uni-
versity of Southern Denmark, Odense (T.H.); Department of
Clinical Experimental Research, Rigshospitalet, Denmark
(A.L.); Department of Clinical Medicine, Faculty of Health and
Medical Sciences, University of Copenhagen, Denmark (A.L.);
Danish Diabetes Academy, Odense, Denmark (E.W.l.,, M.S.);
Department of Clinical Biochemistry, Statens Serum Institut,
Copenhagen, Denmark (M.C.); and Steno Diabetes Center Co-
penhagen, Gentofte, Denmark (H.V.).

FOOTNOTES

Received July 1, 2016; accepted February 14, 2017.

The online-only Data Supplement is available with this arti-
cle at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/
CIRCULATIONAHA.116.024279/-/DC1.

Circulation is available at http://circ.ahajournals.org.

Circulation. 2017;135:1705-1719. DOI: 10.1161/CIRCULATIONAHA.116.024279

LQT2 (hERG) Associates With Reactive Hypoglycemia

REFERENCES

1. Qiu HY, Yuan SS, Yang FY, Shi TT, Yang JK. HERG Protein Plays
a Role in Moxifloxacininduced Hypoglycemia. J Diabetes Res.
2016;2016:6741745. doi: 10.1155/2016/6741745.

2. Moss AJ, Shimizu W, Wilde AA, Towbin JA, Zareba W, Robinson JL,
Qi M, Vincent GM, Ackerman MJ, Kaufman ES, Hofman N, Seth R,
Kamakura S, Miyamoto Y, Goldenberg |, Andrews ML, McNitt S.
Clinical aspects of type-1 long-QT syndrome by location, coding
type, and biophysical function of mutations involving the KCNQ1
gene. Circulation. 2007;115:2481-2489. doi: 10.1161/CIRCU-
LATIONAHA.106.665406.

3. Hedley PL, Jgrgensen P, Schlamowitz S, Wangari R, Moolman-
Smook J, Brink PA, Kanters JK, Corfield VA, Christiansen M.
The genetic basis of long QT and short QT syndromes: a mu-
tation update. Hum Mutat. 2009;30:1486-1511. doi: 10.1002/
humu.21106.

4. Zhang L, Timothy KW, Vincent GM, Lehmann MH, Fox J, Giuli LC,
Shen J, Splawski |, Priori SG, Compton SJ, Yanowitz F, Benho-
rin J, Moss AJ, Schwartz PJ, Robinson JL, Wang Q, Zareba W,
Keating MT, Towbin JA, Napolitano C, Medina A. Spectrum of
ST-T-wave patterns and repolarization parameters in congenital
long-QT syndrome: ECG findings identify genotypes. Circulation.
2000;102:2849-2855.

5. Schwartz PJ, Priori SG, Spazzolini C, Moss AJ, Vincent GM, Napol-
itano C, Denjoy |, Guicheney P, Breithardt G, Keating MT, Towbin
JA, Beggs AH, Brink P, Wilde AA, Toivonen L, Zareba W, Robinson
JL, Timothy KW, Corfield V, Wattanasirichaigoon D, Corbett C,
Haverkamp W, Schulze-Bahr E, Lehmann MH, Schwartz K, Cou-
mel P, Bloise R. Genotype-phenotype correlation in the long-QT
syndrome: gene-specific triggers for life-threatening arrhythmias.
Circulation. 2001;103:89-95.

6. Miihlbauer E, Bazwinsky |, Wolgast S, Klemenz A, Peschke E.
Circadian changes of ether-a-go-go-related-gene (Erg) potas-
sium channel transcripts in the rat pancreas and beta-cell. Cell
Mol Life Sci. 2007;64:768-780. doi: 10.1007/s00018-007-
6478-3.

7. Torekov SS, lepsen E, Christiansen M, Linneberg A, Pedersen
0, Holst JJ, Kanters JK, Hansen T. KCNQ1 long QT syndrome
patients have hyperinsulinemia and symptomatic hypoglyce-
mia. Diabetes. 2014;63:1315-1325. doi: 10.2337/db13-
1454,

8. Hardy AB, Fox JE, Giglou PR, Wijesekara N, Bhattacharjee A, Sul-
tan S, Gyulkhandanyan AV, Gaisano HY, MacDonald PE, Wheeler
MB. Characterization of Erg K+ channels in alpha- and beta-cells of
mouse and human islets. J Biol Chem. 2009;284:30441-30452.
doi: 10.1074/jbc.M109.040659.

9. Rosati B, Marchetti P, Crociani O, Lecchi M, Lupi R, Arcangeli A,
Olivotto M, Wanke E. Glucose- and arginine-induced insulin secre-
tion by human pancreatic beta-cells: the role of HERG K(+) chan-
nels in firing and release. FASEB J. 2000;14:2601-2610. doi:
10.1096/1].00-0077com.

10. Rogers GJ, Tolhurst G, Ramzan A, Habib AM, Parker HE,
Gribble FM, Reimann F. Electrical activity-triggered gluca-
gon-like peptide-1 secretion from primary murine L-cells. J
Physiol. 2011;589(pt 5):1081-1093. doi: 10.1113/jphysi-
01.2010.198069.

11. Robinson RT, Harris ND, Ireland RH, Lee S, Newman C, Heller
SR. Mechanisms of abnormal cardiac repolarization during insulin-
induced hypoglycemia. Diabetes. 2003;52:1469-1474.

12. Reno CM, Daphna-lken D, Chen YS, VanderWeele J, Jethi K,
Fisher SJ. Severe hypoglycemia-induced lethal cardiac arrhyth-
mias are mediated by sympathoadrenal activation. Diabetes.
2013;62:3570-3581. doi: 10.2337/db13-0216.

13. Gogitidze Joy N, Hedrington MS, Briscoe VJ, Tate DB, Ertl AC,
Davis SN. Effects of acute hypoglycemia on inflammatory and pro-
atherothrombotic biomarkers in individuals with type 1 diabetes

May 2,2017 1717

(=)
=
=
=
>
=
=
m
(7]
m
=
)
o
=




Hyltén-Cavallius et al

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

and healthy individuals. Diabetes Care. 2010;33:1529-1535.
doi: 10.2337/dc09-0354.

Jargensen T, Borch-Johnsen K, Thomsen TF, Ibsen H, Glimer C,
Pisinger C. A randomized non-pharmacological intervention study
for prevention of ischaemic heart disease: baseline results In-
ter99. Eur J Cardiovasc Prev Rehabil. 2003;10:377-386. doi:
10.1097/01.hjr.0000096541.30533.82.

Thuesen BH, Cerqueira C, Aadahl M, Ebstrup JF, Toft U, Thys-
sen JP, Fenger RV, Hersoug LG, Elberling J, Pedersen O, Han-
sen T, Johansen JD, Jargensen T, Linneberg A. Cohort Profile:
the Health2006 cohort, research centre for prevention and
health. Int J Epidemiol. 2014;43:568-575. doi: 10.1093/
ije/dyt009.

Hofman-Bang J, Behr ER, Hedley P, Tfelt-Hansen J, Kanters
JK, Haunsge S, McKenna WJ, Christiansen M. High-efficiency
multiplex capillary electrophoresis single strand conforma-
tion polymorphism (multi-CE-SSCP) mutation screening of
SCNb5A: a rapid genetic approach to cardiac arrhythmia.
Clin Genet. 2006;69:504-511. doi: 10.1111/j.1399-0004.
2006.00621 .x.

Larsen LA, Andersen PS, Kanters J, Svendsen IH, Jacobsen JR,
Vuust J, Wettrell G, Tranebjaerg L, Bathen J, Christiansen M.
Screening for mutations and polymorphisms in the genes KCNH2
and KCNE2 encoding the cardiac HERG/MIRP1 ion channel: im-
plications for acquired and congenital long Q-T syndrome. Clin
Chem. 2001:;47:1390-1395.

Larsen LA, Svendsen IH, Jensen AM, Kanters JK, Andersen PS,
Mgller M, Sgrensen SA, Sandge E, Jacobsen JR, Vuust J, Chris-
tiansen M. Long QT syndrome with a high mortality rate caused
by a novel G572R missense mutation in KCNH2. Clin Genet.
2000;57:125-130.

Ke Y, Ng CA, Hunter MJ, Mann SA, Heide J, Hill AP, Vandenberg
JI. Trafficking defects in PAS domain mutant Kvl1.1 channels:
roles of reduced domain stability and altered domain-domain
interactions. Biochem J. 2013;454:69-77. doi: 10.1042/
BJ20130328.

International Hypoglycaemia Study Group. Glucose concentra-
tions of less than 3.0 mmol/L (54 mg/dL) should be reported in
clinical trials: a joint position statement of the American Diabetes
Association and the European Association for the Study of Diabe-
tes. Diabetes Care. 2017;40:155-157.

Orskov C, Jeppesen J, Madsbad S, Holst JJ. Proglucagon prod-
ucts in plasma of noninsulin-dependent diabetics and nondiabetic
controls in the fasting state and after oral glucose and intrave-
nous arginine. J Clin Invest. 1991;87:415-423. doi: 10.1172/
JCI115012.

Orskov C, Rabenhgj L, Wettergren A, Kofod H, Holst JJ. Tis-
sue and plasma concentrations of amidated and glycine-ex-
tended glucagon-like peptide | in humans. Diabetes. 1994;43:
535-539.

Deacon CF, Nauck MA, Meier J, Hicking K, Holst JJ. Deg-
radation of endogenous and exogenous gastric inhibitory
polypeptide in healthy and in type 2 diabetic subjects as re-
vealed using a new assay for the intact peptide. J Clin Endo-
crinol Metab. 2000;85:3575-3581. doi: 10.1210/jcem.85.
10.6855.

Blevins TC. Professional continuous glucose monitoring in clinical
practice 2010. J Diabetes Sci Technol. 2010;4:440-456. doi:
10.1177/193229681000400226.

Retnakaran R, Qi 'Y, Goran MI, Hamilton JK. Evaluation of proposed
oral disposition index measures in relation to the actual disposition
index. Diabet Med. 2009;26:1198-1203. doi: 10.1111/].1464-
5491.2009.02841 .x.

Retnakaran R, Kramer CK, Choi H, Swaminathan B, Zinman B. Li-
raglutide and the preservation of pancreatic g-cell function in early
type 2 diabetes: the LIBRA trial. Diabetes Care. 2014;37:3270-
3278. doi: 10.2337/dc14-0893.

1718 May 2, 2017

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Roukoz H, Saliba W. Dofetilide: a new class Il antiarrhyth-

mic agent. Expert Rev Cardiovasc Ther. 2007;5:9-19. doi:
10.1586,/14779072.5.1.9.

Jurkiewicz NK, Sanguinetti MC. Rate-dependent prolongation
of cardiac action potentials by a methanesulfonanilide class
[l antiarrhythmic agent. Specific block of rapidly activating
delayed rectifier K+ current by dofetilide. Circ Res. 1993;72:
75-83.

MacDonald PE, De Marinis YZ, Ramracheya R, Salehi A, Ma X,
Johnson PR, Cox R, Eliasson L, Rorsman P. A K ATP channel-de-
pendent pathway within alpha cells regulates glucagon release
from both rodent and human islets of Langerhans. PLoS Biol.
2007;5:e143. doi: 10.1371/journal.pbio.0050143.

Braun M, Rorsman P. The glucagon-producing alpha cell: an elec-
trophysiologically exceptional cell. Diabetologia. 2010;53:1827-
1830. doi: 10.1007/500125-010-1823-8.

Lund A, Bagger JI, Wewer Albrechtsen NJ, Christensen M, Grgn-
dahl M, Hartmann B, Mathiesen ER, Hansen CP, Storkholm JH,
van Hall G, Rehfeld JF, Hornburg D, Meissner F, Mann M, Lars-
en S, Holst JJ, Vilsbgll T, Knop FK. Evidence of extrapancreatic
glucagon secretion in man. Diabetes. 2016;65:585-597. doi:
10.2337/db15-1541.

Kacheva S, Karges B, Goller K, Marx N, Mischke K, Karges
W. QT prolongation caused by insulin-induced hypoglycaemia:
an interventional study in 119 individuals. Diabetes Res Clin
Pract. 2017;123:165-172. doi: 10.1016/].diabres.2016.
11.021.

Poterucha JT, Bos JM, Cannon BC, Ackerman MJ. Frequency and
severity of hypoglycemia in children with beta-blocker-treated
long QT syndrome. Heart Rhythm. 2015;12:1815-1819. doi:
10.1016/j.hrthm.2015.04.034.

Elming H, Brendorp B, Kagber L, Sahebzadah N, Torp-Petersen C.
QTc interval in the assessment of cardiac risk. Card Electrophysiol
Rev. 2002;6:289-294.

Zhang Y, Xiao J, Wang H, Luo X, Wang J, Villeneuve LR, Zhang
H, Bai Y, Yang B, Wang Z. Restoring depressed HERG K+ chan-
nel function as a mechanism for insulin treatment of abnormal
QT prolongation and associated arrhythmias in diabetic rabbits.
Am J Physiol Heart Circ Physiol. 2006;291:H1446-H1455. doi:
10.1152/ajpheart.01356.2005.

Shi YQ, Yan M, Liu LR, Zhang X, Wang X, Geng HZ, Zhao X, Li BX.
High glucose represses hERG K+ channel expression through traf-
ficking inhibition. Cell Physiol Biochem. 2015;37:284-296. doi:
10.1159/000430353.

Jackson HA, Accili EA. Evolutionary analyses of KCNQ1 and
HERG voltage-gated potassium channel sequences reveal loca-
tion-specific susceptibility and augmented chemical severities
of arrhythmogenic mutations. BMC Evol Biol. 2008;8:188. doi:
10.1186/1471-2148-8-188.

Lodise T, Graves J, Miller C, Mohr JF, Lomaestro B, Smith RP.
Effects of gatifloxacin and levofloxacin on rates of hypoglyce-
mia and hyperglycemia among elderly hospitalized patients.
Pharmacotherapy. 2007;27:1498-1505. doi: 10.1592/phco.
27.11.1498.

Friedrich LV, Dougherty R. Fatal hypoglycemia associated with levo-
floxacin. Pharmacotherapy. 2004;24:1807-1812. doi: 10.1592/
phco.24.17.1807.52348.

Toft-Nielsen M, Madsbad S, Holst JJ. Exaggerated secretion of
glucagon-iike peptide-1 (GLP-1) could cause reactive hypogly-
caemia. Diabetologia. 1998;41:1180-1186. doi: 10.1007/
s001250051049.

Vilsbgll T, Krarup T, Madsbad S, Holst JJ. No reactive hypoglycae-
mia in Type 2 diabetic patients after subcutaneous administration
of GLP-1 and intravenous glucose. Diabet Med. 2001;18:144-
149,

Goldfine AB, Mun EC, Devine E, Bernier R, Baz-Hecht M, Jones
DB, Schneider BE, Holst JJ, Patti ME. Patients with neurogly-

Circulation. 2017;135:1705-1719. DOI: 10.1161/CIRCULATIONAHA.116.024279



43.

copenia after gastric bypass surgery have exaggerated incre-
tin and insulin secretory responses to a mixed meal. J Clin
Endocrinol Metab. 2007;92:4678-4685. doi: 10.1210/jc.
2007-0918.

Toft-Nielsen M, Hvidberg A, Hilsted J, Dige-Petersen H, Holst
JJ. No effect of beta-adrenergic blockade on hypoglycaemic
effect of glucagon-like peptide-1 (GLP-1) in normal subjects.
Diabet Med. 1996;13:544-548. doi: 10.1002/(SICI)1096-
9136(199606)13:6<544::AID-DIA129>3.0.CO;2-X.

Circulation. 2017;135:1705-1719. DOI: 10.1161/CIRCULATIONAHA.116.024279

44,

45,

LQT2 (hERG) Associates With Reactive Hypoglycemia

Barzilay JI, Davis BR, Whelton PK. The glycemic effects of antihy-
pertensive medications. Curr Hypertens Rep. 2014;16:410. doi:
10.1007/s11906-013-0410-z.

Tsujimoto T, Yamamoto-Honda R, Kajio H, Kishimoto M, Noto H,
Hachiya R, Kimura A, Kakei M, Noda M. Effectiveness of prior
use of beta-blockers for preventing adverse influences of se-
vere hypoglycemia in patients with diabetes: an observational
study. Medicine (Baltimore). 2015;94:€1629. doi: 10.1097/
MD.0000000000001629.

May 2,2017 1719

(=]
=
=
=
=
=
=)
m
(7]
m
=
>
o
=






