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Abstract

Aim: The voltage-gated potassium channel Kv11.1 is important for repolarizing the

membrane potential in excitable cells such as myocytes, pancreatic α- and β-cells.

Moxifloxacin blocks the Kv11.1 channel and increases the risk of hypoglycaemia in

patients with diabetes. We investigated glucose regulation and secretion of glucore-

gulatory hormones in young people with and without moxifloxacin, a drug known to

block the Kv11.1 channel.

Materials and Methods: The effect of moxifloxacin (800 mg/day for 4 days) or pla-

cebo on glucose regulation was assessed in a randomized, double-blind, crossover

study of young men and women (age 20-40 years and body mass index

18.5-27.5 kg/m2) without chronic disease, using 6-h oral glucose tolerance tests and

continuous glucose monitoring.

Results: Thirty-eight participants completed the study. Moxifloxacin prolonged the

QTcF interval and increased heart rate. Hypoglycaemia was more frequently

observed with moxifloxacin, both during the 8 days of continuous glucose monitoring

and during the oral glucose tolerance tests. Hypoglycaemia questionnaire scores

were higher after intake of moxifloxacin. Moxifloxacin reduced the early plasma-

glucose response (AUC0-30 min) by 7% (95% CI: �9% to �4%, p < .01), and overall

insulin response (AUC0-360 min) decreased by 18% (95% CI: �24% to �11%, p < .01)

and plasma glucagon increased by 17% (95% CI: 4%-33%, p = .03). Insulin sensitivity

calculated as the Matsuda index increased by 11%, and MISI, an index of muscle insu-

lin sensitivity, increased by 34%.

Conclusions: In young men and women, moxifloxacin, a drug known to block the

Kv11.1 channel, increased QT interval, decreased glucose levels and was associated
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with increased muscle insulin sensitivity and more frequent episodes of

hypoglycaemia.

K E YWORD S

fluoroquinolones, hERG, hypoglycaemia, insulin sensitivity, KCNH2, Kv11.1, long QT syndrome,
moxifloxacin

1 | INTRODUCTION

The voltage-gated potassium channel Kv11.1 plays a crucial role in the

repolarization phase in the heart1,2 and is expressed in a range of elec-

trically excitable cells important for glucose homeostasis, such as pan-

creatic α- and β-cells,3-5 intestinal L-cells6 and skeletal muscle cells.7

Various pharmaceuticals have the off-target effect of blocking

Kv11.1 channels, e.g. certain antibiotics, antiarrhythmics, antidepres-

sants and antipsychotics,8,9 causing prolongation of the QT-interval,

i.e. acquired long QT syndrome (LQTS), with an increased risk of life-

threatening arrhythmias. Because of the increased risk, all new phar-

maceutical drugs are tested for their adverse effect of blocking the

Kv11.1 channel.10

Fluoroquinolones, a class of antibiotics, block Kv11.1 channels

and have been associated with episodes of severe hypoglycaemia and

hyperglycaemia in patients with diabetes mellitus.11,12 In a register-

based study of patients with diabetes (n = 78 433), the use of fluoro-

quinolones was associated with severe hypoglycaemia (causing a visit

to an emergency department or hospitalization), most commonly in

patients treated with moxifloxacin.11 In 2018, the FDA announced

that safety labels of fluoroquinolones should include a warning about

the risk of hypoglycaemia.13 Furthermore, a recent study has used the

Food and Drug Administration Adverse Event Reporting System

(FAERS) to evaluate the risk of reporting hypoglycaemia as an adverse

event with the different antibiotics.12 They found an increased risk of

reporting hypoglycaemia (n = 60) identified from preferred terms,

from patients reporting adverse events in relation to moxifloxacin

(n = 3728), although this was mainly observed in patients also treated

with a sulphonylurea or a meglitinide.12

Dysfunctional Kv11.1 channels, because of loss-of-function (LoF)

mutations in the KCNH2 (hERG) gene, cause LQTS type 2 (LQT2),

which is associated with ventricular tachycardia, syncope and sudden

death.1,14 Furthermore, patients with LQT2 have symptomatic post-

prandial hypoglycaemia compared with matched controls.15 Similar

findings have been made in patients with LQTS type 1 because of LoF

mutations in the KCNQ1 gene encoding the voltage-gated potassium

channel Kv7.1.
16

Higher 3H-deoxy-glucose uptake into skeletal muscle, liver, kid-

ney and lung tissue has been found in Kcnq1-deficient mice lacking

the Kv7.1 channel than wild-type littermates.17 Furthermore, these

mice had increased insulin sensitivity with lower glucose levels,

despite higher plasma glucagon.17 Kv11.1 has recently been hypothe-

sized to have a role in excitation-contraction coupling in skeletal mus-

cle cells.18

Thus, the Kv11.1 channel appears to be involved in glucose regu-

lation; however, exactly how the blockade of the Kv11.1 channel

affects glucose homeostasis in men and women has not been studied

in detail before. Therefore, we studied the metabolic response to glu-

cose during pharmacological blockade of Kv11.1 channels in young

men and women without chronic disease.

2 | METHODS

2.1 | Study design

The study was a double-blind, placebo-controlled, crossover study. Block

randomization by sex was used to assign participants to one of the two

sequences from an allocation list provided by the pharmacy formulating

the capsules and containers, but not otherwise associated with the study.

Participants and research personnel were blinded to the sequence and

study medication, and unblinding occurred after the final visit of the last

participant. Two test days were conducted, separated by a washout

period of minimum 3 weeks, sufficient to eliminate any carry-over effect

because the elimination half-life of moxifloxacin in healthy individuals

ranges from 8.2 to 15.1 h.19 The study is reported according to the CON-

SORT 2019 extension for randomized crossover trials guidelines.20

2.2 | Participants

Inclusion criteria for participants were: 20-40 years of age and body mass

index 18.5-27.5 kg/m2 to represent the general young population in

Denmark.21,22 Exclusion criteria were: chronic disease such as heart dis-

ease, diabetes and other metabolic diseases, or liver disease, a family his-

tory of congenital LQTS, QTc-interval >440 ms for men and >450 ms for

women, clinically important and/or symptomatic bradycardia, regular

medication (contraceptive pills allowed), pregnancy or breastfeeding.

Recruitment was conducted through the website “www.forsøgspersoner.

dk” and bulletin boards across the University of Copenhagen's facilities.

Participants were recruited from the Capital Region of Denmark between

December 2018 and July 2019. The study was conducted at the Depart-

ment of Biomedical Sciences, Faculty of Health and Medical Sciences,

University of Copenhagen. Before participating in the study, the partici-

pants provided written oral informed consent after receiving written and

oral information about the study. According to Danish law and The

National Committee on Health Research Ethics in Denmark consent to

participate in biomedical research must be based on an interest in

JUHL ET AL. 99
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participating in research and the possible benefit of the scientific

area moving forward. Participants received remuneration for study

participation with a maximum of 3000 DKK/�410 USD before tax,

for the time used in the trial at the test days during working hours,

which was approved by the National Committee on Health Research

Ethics in Denmark. The study was conducted in accordance with the

Declaration of Helsinki principles and approved by the Research

Ethics Committee in Denmark (H-17013807) and registered at

ClinicalTrials.gov NCT03868657.

2.3 | Interventions

The fluoroquinolone moxifloxacin (Teva Pharmaceuticals, Tel Aviv, Israel)

was used to block the Kv11.1 channel.23-25 A dose of 800 mg was admin-

istered per day, which previously has been given safely to participants.26

Placebo was 800 mg of calcium carbonate per day. Moxifloxacin and pla-

cebo were prepared by the pharmacy in identical capsules (400 mg in

each capsule). On the 3 days leading up to each test day, the participants

were instructed to take two capsules each morning. On the study day,

they were instructed to ingest the capsules 2 h before starting the test

day. Adverse events were reported to the medical personnel in the trial.

In case of significant adverse events, participants were withdrawn from

the trial. The participants were instructed to refrain from eating or drink-

ing 10 h before the test days and refrain from taking acetaminophen 24 h

previously. In addition, participants were instructed not to exercise 24 h

before the test days.

2.4 | Continuous glucose monitoring

A Dexcom G6 sensor (Dexcom Inc., San Diego, CA, USA) was placed sub-

cutaneously on the abdomen of study participants 4 days before each

test day. The sensor was pre-calibrated and connected by Bluetooth to a

monitor device handed out to participants. Monitor devices did not show

glucose readings but gave participants warnings if the connection was

lost. After recording for 8 days, the sensor was removed, and data were

extracted using Dexcom Clarity software. Data were analysed using the

R-package CGManalysis.27 Excursions were registered when a time

period of 10 min was below the thresholds (3.0, 3.3 and 3.9 mmol/L).

2.5 | Outcomes measured on each test day

First, on each test day, participants completed a hypoglycaemia ques-

tionnaire, including frequency and severity of 18 symptoms, used in

previous studies15,16 and translated into Danish. A copy of the ques-

tionnaire is included in the Supplementary appendix.

Next, an intravenous catheter was inserted into a cubital vein,

and baseline electrocardiograms and blood samples were collected

10 min, 5 min and immediately before the oral glucose tolerance test

(OGTT) began. One gram of ground acetaminophen was added to

75 g of glucose dissolved in 250 ml of water and consumed evenly

over 3 min. Acetaminophen was added to later measure the serum

levels, as an indirect measure of gastric emptying.28 Within the next

6 h, samples were collected as follows: 8, 15, 30, 45, 60, 90, 120, 150,

180, 210, 240, 270, 300, 330 and 360 min.

Before collecting blood samples, electrocardiograms were col-

lected from participants resting in a supine position. The 12-lead elec-

trocardiograms were recorded in triplicates (MAC VU360, GE

Healthcare).

Blood samples were drawn from an intravenous catheter at each

time point. EDTA tubes were immediately centrifuged, and plasma

was assayed for plasma glucose during test days using enzyme elec-

trode technology (YSI model 2300 STAT plus; YSI Inc., Yellow Springs,

OH, USA) and an aliquot was stored at �20�C for glucagon-like

peptide-1 (GLP-1) and glucagon measurements. Serum tubes were

centrifuged after 30 min. Serum insulin and C-peptide were measured

using electro-chemiluminescence-immunoassay technology (Cobas

8000 e801; Roche Diagnostics, Rotkreuz, Switzerland). Plasma GLP-1

and glucagon were analysed using in-house radioimmunoassays tar-

geting the C-terminals of the hormones (antiserum code no. 89390

and 4305, respectively).29,30 Serum acetaminophen was measured

using enzymatic spectrophotometry (Acetaminophen L3K® kit; SEKI-

SUI Diagnostic, Burlington, MA, USA).

2.6 | Calculations

Fridericia formula (QTcF = QT/[RR]1/3) was used to correct QT inter-

val for heart rate.31 Fasting hormone and substrate levels were calcu-

lated as an average of samples taken 10 min, 5 min and immediately

before the OGTT. The trapezoidal rule was used to calculate total and

incremental/decremental area under the curve (AUC) of hormone and

substrate levels. If values were missing for single time points, substi-

tute values were calculated using linear interpolation. Homeostatic

model assessment of insulin resistance (HOMA-IR) was calculated

using fasting glucose (mmol/L) multiplied by fasting insulin (μU/ml)

divided by 22.5.32 The Matsuda index was assessed by dividing

10 000 by the square root of the product of fasting glucose, fasting

insulin, and mean glucose and mean insulin from time 0 to 120 min.33

ISEC software was used to calculate the pre-hepatic insulin secretion

rates (ISR) expressed in pmol/kg � min for each test day based on the

C-peptide levels and the participants' sex, age, height and weight.34

The insulinogenic index, an index of the early insulin response, was

calculated as ΔISR from baseline until 30 min divided by the corre-

sponding Δ glucose (ΔISR0-30 min/Δglucose0-30 min). Muscle insulin sen-

sitivity index (MISI) was calculated using the MISI calculator.35 The

insulin conversion factor was 1 μU/ml = 6.00 pmol/L and glucose

conversion factor was 1 mg/dl = 0.05551 mmol/L.

2.7 | Statistical analysis

We estimated a required sample size of 34 participants provide 80%

power, with an alpha level = 0.05, to detect a change of one-third

100 JUHL ET AL.
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(823 pmol/L � min) in postprandial insulin (AUC0-30 min) and postpran-

dial glucose AUC0-30 min (10 mmol/L � min) based on the observa-

tions seen in patients with LQT2 compared with matched control

subjects.15 Values for p were adjusted for multiple testing according

to Benjamini and Hochberg36 and denoted p-adj. Values p-adj < 0.05

were considered statistically significant. Changes in metabolic

responses evaluated as the AUC were analysed using linear mixed

models, each with an unstructured covariance pattern and with treat-

ment, period and gender as fixed effects. Changes in normally distrib-

uted variables were reported as the estimated mean difference with

95% confidence intervals (CIs). Non-normally distributed variables

were logarithmically transformed before analysing, and estimates

were back-transformed and reported as ratios with 95% CI. Statistical

analyses and figures were conducted using SAS Enterprise Guide ver-

sion 7.15 (SAS Institute Inc., Cary, NC, USA) and R version 4.1.2.

3 | RESULTS

3.1 | Study flow and participant characteristics

Forty-four participants were included in the trial and randomized. Four

participants dropped out: two because of gastrointestinal adverse events

(moxifloxacin), one because of influenza-like symptoms (placebo) and one

before treatment. In addition, two participants were excluded from ana-

lyses because of incorrect intake of study medication. Thirty-eight partici-

pants, including women (n = 19) and men (n = 19), completed the two

test days per protocol and were analysed (Figure 1). At inclusion, the

mean ± SD age was 25.7 ± 4.7 years, body mass index was 23.6

± 2.4 kg/m2 and baseline QTcF of 405 ± 19 ms (Table S1). None of the

participants had impaired fasting glucose (>5.6 mmol/L). One participant

had impaired glucose tolerance, with a 2-h glucose value of 8.2 mmol/L,

Randomised to sequence 
(n = 44)

Allocated to sequence: 
Placebo / Moxifloxacin 

(n = 22)

Allocated to sequence: 
Moxifloxacin / Placebo 

(n = 22)

Received Placebo 
(n = 22)

Received Moxifloxacin 
(n = 22)

A�ended and completed first test day
(n = 22)

A�ended and completed first test day
(n = 21)

Lost to follow-up due to 
gastrointes�nal side-effects 

(n = 1)

Three week washout period

Received Placebo
(n = 21)

Received Moxifloxacin 
(n = 21)

A�ended and completed 
second test day

(n = 20)

A�ended and completed 
second test day

(n = 20)

Lost to follow-up due to 
gastrointes�nal side-effects 

(n = 1)

Lost to follow-up due to 
influenza symptoms 

(n = 1)

Analysed (n = 38)
Study medica�on not per protocol (n =2) 

Drop out due to personal 
circumstances 

(n = 1)  

F IGURE 1 Flow chart
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above the 7.8 mmol/L threshold, on the placebo test day, but not after

the intake of moxifloxacin.

3.2 | Continuous glucose monitoring reveals more
frequent episodes of hypoglycaemia during intake
of moxifloxacin

Continuous glucose monitoring was performed on all participants for

8 days during moxifloxacin and placebo treatment. During moxifloxa-

cin treatment the mean difference in plasma glucose excursions per

day below 3.3 mmol/L (0.09 n/day, 95% CI: 0.01-0.17) and

3.0 mmol/L (0.05 n/day, 95% CI: 0.02-0.08) were more frequent com-

pared with placebo (Table 1). All measurements from the 8 days of

recording during moxifloxacin and placebo treatment are shown in

Figure S1.

3.3 | Hypoglycaemia questionnaire scores are
higher during intake of moxifloxacin

In the hypoglycaemia questionnaire, the participants reported a

higher frequency (14.4 ± 6.7 points vs. 11.3 ± 5.4 points, p < .01)

and severity (11.3 ± 5.4 points vs. 9.6 ± 5.3 points, p = .02) of

TABLE 1 CGM during moxifloxacin or placebo treatment

Moxifloxacin (n = 37) Placebo (n = 37) Difference

Average glucose mmol/L 6.0 ± 0.5 6.1 ± 0.5 �0.1 (�0.3; 0.1)

Maximum glucose mmol/L 10.6 ± 1.2 10.9 ± 1.4 �0.3 (�0.7; 0.2)

Minimum glucose mmol/L 3.4 ± 0.7 3.6 ± 0.5 �0.2 (�0.4; 0.0)

Total min spent

>10 mmol/L 50 ± 62 46 ± 56 3.9 (�15.7; 23.6)

7.9-10 mmol/L 457 ± 505 510 ± 388 �54 (�253.2; 145.3)

3.9-7.8 mmol/L 8285 ± 1458 8317 ± 899 �31.4 (�623.4; 560.6)

3.0-3.8 mmol/L 70 ± 110 48 ± 89 20.9 (�24.1; 65.8)

<3.0 mmol/L 12 ± 23 1 ± 5 10.9 (3.5; 18.2)

Percentage of time spent

>10 mmol/L 0.6 ± 0.7 0.5 ± 0.6 0.1 (�0.2; 0.3)

7.9-10 mmol/L 5.2 ± 5.3 5.7 ± 4.3 �0.5 (�2.6; 1.6)

3.9-7.8 mmol/L 93.4 ± 5.4 93.2 ± 4.4 0.2 (�2; 2.3)

3.0-3.8 mmol/L 0.8 ± 1.2 0.5 ± 1 0.2 (�0.3; 0.7)

<3.0 mmol/L 0.1 ± 0.3 0 ± 0.1 0.1 (0; 0.2)

Number of excursions

<3.9 mmol/L 111 75 -

<3.3 mmol/L 33 7 -

<3.0 mmol/L 14 1 -

Mean excursions

<3.9 mmol/L 3 ± 4.3 2 ± 2.9 0.9 (�0.6; 2.5)

<3.3 mmol/L 0.9 ± 1.8 0.2 ± 0.6 0.7 (0.1; 1.3)

<3.0 mmol/L 0.4 ± 0.7 0 ± 0.2 0.3 (0.1; 0.6)

Number of excursions per day

<3.9 mmol/L 14.90 10.31 -

<3.3 mmol/L 4.39 0.98 -

<3.0 mmol/L 1.93 0.14 -

Mean excursions per day

<3.9 mmol/L 0.40 ± 0.57 0.28 ± 0.40 0.11 (�0.09; 0.33)

<3.3 mmol/L 0.12 ± 0.24 0.03 ± 0.08 0.09 (0.01; 0.17)

<3.0 mmol/L 0.05 ± 0.10 0.00 ± 0.02 0.05 (0.02; 0.08)

Study participants wore the CGM for 4 days before each test day and glucose recording was performed for 8 days. The results listed are for the

approximate 8 days, if not otherwise specified. values are shown as means ± SD. Differences are presented as estimated mean differences (95% CI).

Excursions are registered when a time period of at least 10 min is below the threshold. Abbreviation: CGM, continuous glucose monitoring.
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hypoglycaemia-related symptoms during the 4 days of moxifloxacin

intake compared with placebo (Table S2).

3.4 | Increased QTcF interval after intake
of moxifloxacin

QTcF interval increased by 28 ms (95% CI: 24-31) with moxifloxa-

cin compared with placebo, and the difference persisted through-

out the 6-h OGTT (Figure 2 and Table S3), confirming the Kv11.1

block.

3.5 | Fasting glucose, insulin, glucagon-like
peptide-1 and glucagon levels are unchanged after
intake of moxifloxacin

Fasting glucose, insulin, GLP-1 and glucagon levels were not different

between the two test days (Table 2). The fasting C-peptide level was

14% higher (95% CI: 8%-21%, p < .001) on the moxifloxacin test day

than on the placebo test day (Table 2).

3.6 | Decreased early phase (AUC0-30 min) glucose,
insulin, C-peptide and glucagon-like peptide-1
responses to an oral glucose tolerance test after intake
of moxifloxacin

In the early phase response (AUC0-30 min) to an OGTT, moxifloxacin

induced a decreased glucose (�12 mmol/L � min, 95% CI: �17 to �8,

p < .0001), insulin secretion (�29%, 95% CI: �38% to �20%, p < .001),

C-peptide secretion (�13%, 95% CI: �20% to �6%, p < .001) and GLP-1

secretion (�15%, 95% CI: �24%: �5%, p < .01) compared with placebo.

The early phase response of glucagon was not different between moxa-

floxacin and placebo (Table 2 and Figure 3).

3.7 | Decreased 2-h (AUC0-120 min) insulin,
C-peptide and glucagon-like peptide-1 responses to an
oral glucose tolerance test after intake of moxifloxacin

Moxifloxacin decreased the 2-h responses (AUC0-120 min) to an

OGTT of insulin secretion (�23%, 95% CI: �29% to �16%,

p < .001), C-peptide secretion (�13%, 95% CI: �20% to �6%,

p < .001) and GLP-1 secretion (�12%, 95% CI: �18%: �5%,

p < .01) compared with placebo control. The 2-h responses of glu-

cose and glucagon were similar on moxifloxacin and placebo days

(Table 2 and Figure 3).

3.8 | Decreased 6-h (AUC0-360 min) insulin and
C-peptide responses, but increased glucagon
responses to oral glucose tolerance test after intake
of moxifloxacin

In the full 6 h after the oral glucose load (AUC0-360 min) moxifloxacin

induced a decreased insulin secretion (�18%, 95% CI: �24% to

�11%, p < .001), a decreased C-peptide secretion (�9%, 95% CI:

�13% to �4%, p < .001), whereas glucagon secretion increased mark-

edly (17%, 95% CI: 4% to 33%, p = .01) compared with placebo con-

trol. The total 6-h responses of glucose and GLP-1 were not different

between moxifloxacin and placebo (Table 2 and Figure 3).

3.9 | Increased HOMA-IR, Matsuda index and
muscle insulin sensitivity index, and lowered
insulinogenic index after intake of moxifloxacin

HOMA-IR, an estimation of hepatic insulin resistance, increased by 11%

(95% CI: 0%-23%, p = .045) compared with placebo. The Matsuda index,

an index of whole-body insulin sensitivity, increased by 11% (95% CI:

3%-21%, p < .01) and MISI, an index of muscle insulin sensitivity,

F IGURE 2 Heart rate and QTcF interval in ms during the 6 h oral glucose tolerance test divided into moxifloxacin (red circles) and placebo (grey
triangles) test day. Means ± the standard error of the means are shown. QTcF is the QT corrected interval according to Fridericia's formula: QT/RR 1/3
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increased by 34% (95% CI: 3%-75%, p = .03) compared with placebo.

The insulinogenic index, an index of early-phase insulin response

(0-30 min), decreased by 15% (95% CI: �23% to �6%, p < .01).

3.10 | Delayed gastric emptying for the first 2 h
of the oral glucose tolerance test after intake
of moxifloxacin

Acetaminophen levels, an indirect measure of gastric emptying, were

lower with moxifloxacin for the first 2 h of the OGTT (AUC0-30 min:

�21%, 95% CI: �35% to �4%, and AUC0-120 min: �16%, 95% CI:

�22% to �9%). Over the whole 6-h OGTT, the uptake of acetamino-

phen (AUC0-360 min) was unchanged (Figure 3 and Table S4).

4 | DISCUSSION

In this crossover study, we showed that in young men and women with-

out chronic disease, moxifloxacin, a drug known to block the Kv11.1 chan-

nel, is associated with decreased plasma glucose, increased insulin

sensitivity and more frequent episodes of hypoglycaemia.

Moxifloxacin is a known blocker of the Kv11.1 channel,37 causing

prolongation of the QTcF interval, which was verified in this study

where participants had marked prolongation of the QTcF interval with

moxifloxacin treatment.

Episodes of hypoglycaemia in patients with type 2 diabetes

have been reported more frequently after intake of fluoroquino-

lones.11,12 The participants in the present study were young, did

not have diabetes or other chronic conditions and did not take any

TABLE 2 Fasting and postprandial responses and indices during moxifloxacin or placebo treatment

Moxifloxacin Placebo Difference or ratio p-unadj (p-adj)

Fasting

Glucose (mmol/L) 4.8 ± 0.4 4.9 ± 0.3 �0.1 (�0.2; 0.0) .07 (.09)

Insulin (pmol/L)a 43 ± 19 39 ± 16 1.09 (0.95; 1.26) .22 (.26)

C-peptide (pmol/L)a 630 ± 158 567 ± 166 1.14 (1.08; 1.21) <.001 (<.01)

GLP-1 (pmol/L)a 11 ± 4 11 ± 5 0.97 (0.84; 1.13) .72 (.72)

Glucagon (pmol/L)a 11 ± 4 10 ± 4 1.04 (0.93: 1.16) .54 (.59)

Total area under the curve

0-30 min

Glucose (mmol/L � min) 172 ± 21 184 ± 19 �12 (�17; �8) <.001 (<.01)

Insulin (pmol/L � min)a 4532 ± 2679 6200 ± 3021 0.71 (0.62; 0.8) <.001 (<.01)

C-peptide (pmol/L � min)a 32 070 ± 10 881 36 976 ± 11 016 0.87 (0.8; 0.94) <.001 (<.01)

GLP-1 (pmol/L � min)a 440 ± 130 541 ± 235 0.85 (0.76; 0.95) <.01 (.02)

Glucagon (pmol/L � min) 282 ± 95 260 ± 102 1.12 (0.99; 1.27) .07 (.09)

0-120 min

Glucose (mmol/L � min) 729 ± 126 758 ± 126 �28 (�60; 3) .08 (.10)

Insulin (pmol/L � min)a 25 266 ± 11 495 32 051 ± 12 949 0.77 (0.71; 0.84) <.001 (<.01)

C-peptide (pmol/L � min)a 206 430 ± 48 092 240 039 ± 57 489 0.86 (0.81; 0.91) <.001 (<.01)

GLP-1 (pmol/L � min)a 2371 ± 454 2751 ± 803 0.88 (0.82; 0.95) <.01 (.02)

Glucagon (pmol/L � min) 757 ± 251 687 ± 246 1.13 (1.00; 1.29) .05 (.08)

0-360 min

Glucose (mmol/L � min) 1841 ± 168 1863 ± 185 �22 (�64; 20) .29 (.33)

Insulin (pmol/L � min)a 37 636 ± 15 188 45 491 ± 18 671 0.82 (0.76; 0.89) <.001 (<.01)

C-peptide (pmol/L � min)a 399 434 ± 83 430 439 635 ± 111 694 0.91 (0.87; 0.96) <.001 (<.01)

GLP-1 (pmol/L � min)a 5624 ± 978 5782 ± 1317 0.98 (0.93; 1.04) .58 (.61)

Glucagon (pmol/L � min) 2905 ± 985 2522 ± 894 1.17 (1.04; 1.33) .01 (.03)

Indices

HOMA IRa 1.48 ± 0.61 1.38 ± 0.60 1.11 (1.00; 1.23) .045 (.07)

Matsuda indexa 7.85 ± 3.74 6.84 ± 2.57 1.11 (1.03; 1.21) <.01 (.02)

MISI index 0.32 ± 0.05 0.22 ± 0.02 1.34 (1.03; 1.75) .03 (.05)

Insulinogenic indexa 2.91 ± 1.38 3.39 ± 1.7 0.85 (0.77; 0.94) <.01 (.02)

Values are shown as means ± SD. Differences are presented as estimated mean differences (95% CI). Abbreviation: GLP-1, glucagon-like peptide-1.
aEstimated geometric mean ratio. Adjusted p-value by Benjamini-Hochberg correction.
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medication. Nevertheless, continuous glucose monitoring revealed

that during treatment with moxifloxacin more time was spent with

a glucose level <3.0 mmol/L and with more frequent excursions

<3.3 mmol/L. Moreover, glucose levels <3.9 mmol/L were more

frequent during the OGTT (Table 1 and Figure S2). Hypoglycaemia

questionnaires revealed a higher overall score, with higher fre-

quency and severity.

During the first 2 h of the OGTT, plasma glucose levels and insu-

lin, C-peptide and GLP-1 secretion, measured as postprandial AUCs,

were lower after intake of moxifloxacin compared with placebo. As

F IGURE 3 (A) Plasma glucose, (B). serum insulin, (C) serum C-peptide, (D) plasma glucagon-like peptide-1 (GLP-1), (E) plasma glucagon and
(F) serum acetaminophen concentration during the 6-h oral glucose tolerance test divided by moxifloxacin (red) and placebo (grey) test day.
Means ± SEM
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the ratio between plasma glucose levels and serum insulin changed,

the Matsuda index, an index of whole-body insulin sensitivity,

increased and the MISI also increased. Kv11.1 channels have recently

been found expressed in human skeletal muscle.18 The Kv11.1 chan-

nel is more abundant in atrophied skeletal muscle of patients with

cancer and in immobilization- and denervation-induced atrophied

skeletal muscle in mice.7,38,39 In mice, immobilization-induced atrophy

is prevented by astemizole, an antihistamine that also blocks Kv11.1

channels.7 Kv11.1 seems to be involved in proteolytic activity of skel-

etal muscles and is hypothesized to have a role in excitation-

contraction coupling.18 Higher 3H-deoxy-glucose uptake into skeletal

muscle, liver, kidney and lung tissue has been found in Kcnq1-deficient

mice (lacking the Kv7.1 channel) than wild-type littermates.17 The

insulin sensitivity was increased in the Kcnq1-deficient mice, and the

shaker phenotype may also increase muscle activity.17 Furthermore,

these mice had increased insulin sensitivity with lower glucose levels,

despite higher plasma glucagon.17 Interestingly, we also observed

increased insulin sensitivity and higher plasma glucagon levels during

the OGTT with moxifloxacin blockade of the Kv11 channel. The

observed increased insulin sensitivity may be connected to the

hypothesized role in excitation-contraction coupling.18 HOMA-IR, an

indirect measure of hepatic insulin resistance, increased, although not

significantly, after intake of moxifloxacin, possibly because of the off-

target drug effect of moxifloxacin on the liver, reflected by mild

increases in alanine aminotransferase levels previously found during

treatment.40

Glucagon levels increased significantly from 120 to 360 min dur-

ing the OGTT after intake of moxifloxacin, despite similar glucose

levels, as also observed in the Kcnq1-deficient mouse.17 The increased

glucagon during the OGTT may be a counter-regulatory response to

the more frequent episodes of low glucose observed both during

OGTT monitoring and continuous glucose monitoring to avoid severe

hypoglycaemia.

The acetaminophen AUC was reduced during the first 2 h of the

OGTT after intake of moxifloxacin. Acetaminophen is absorbed in the

proximal small intestine, and lower postprandial values (AUC) indicate

slower gastric emptying or decreased absorption from the small

intestine,28 which also may explain the lower GLP-1 levels during the

first 2 h of the OGTT. These effects may represent general antibiotic/

fluoroquinolone off-target effects or specific Kv11.1 blockade via

Kv11.1 channels expressed in the jejunum.41 Kv11.1 blockade induced

by the agents E-4031 or MK-499 changed human jejunal smooth

muscle electrical activity.41 At low concentrations, E-4031 or MK-499

increased this electrical activity, but at higher concentrations, reduc-

tions in both contractile amplitude and frequency were found until, at

the highest concentration, no contraction occurred.41 The participants

in our study had a decreased glucose-stimulated insulin secretion and

increased glucagon response compared with the insulin hypersecre-

tion and glucagon hyposecretion seen in patients with LoF mutations

in KCNH2 encoding Kv11.1, particularly in those with a mutation in

the PAS domain of the channel.15

Fluoroquinolones/quinolones have previously been shown

in vitro to enhance glucose-stimulated insulin secretion in mouse and

rat islets because of blockade of the KATP channels.42-44 However,

these studies report substantial variability in the observed effect,

depending on which specific drug was investigated.42-44 Thus, for

moxifloxacin, in an in vitro study of mouse pancreatic islets, glucose-

stimulated insulin secretion was only enhanced at glucose levels of

5 mM with a very high concentration of moxifloxacin (500 μM) or at

glucose 10 mM with a high concentration of moxifloxacin (100 μM).44

In a clinical study in humans, a single dose of 250 mg moxifloxacin

gave a peak concentration of 2.2 μg/ml = 5.5 μM,45 thus much lower

concentrations than those reported in vitro (5.5 μM in humans

vs. 100-500 μM in vitro). Thus, the lower in vivo concentration in

humans of moxifloxacin may explain why our findings do not mimic

the very high in vitro concentration-induced findings. Furthermore,

interestingly moxifloxacin compared with other fluoroquinolones, has

been shown to influence mitochondrial function in mouse beta cells

that could oppose any stimulatory effects on insulin secretion.46 Thus

moxifloxacin decreased the ATP/ADP ratio in response to 20 mM glu-

cose in murine beta-cells, thereby reducing the signal for closing the

KATP channels and possibly lowering insulin secretion.46 Our data sup-

port this notion and indicate that hypoglycaemia during moxifloxacin

is because of increased peripheral insulin sensitivity, not increased

insulin secretion.

Thus, we speculate that moxifloxacin induces a primary increase

in insulin sensitivity because of KCNH2 blockade in skeletal muscle,

probably leading to increased tonus because of delayed repolarization,

and thereby insulin-independent contraction-mediated GLUT4 trans-

location to the membrane and enhanced insulin-independent glucose

transport.

In combination with the effect of moxifloxacin on the K-ATP

channel, perturbing the glucose stimulus-secretion coupling that

masks the effect of Kv11.1 blockade on delayed repolarization and

hypersecretion in the beta-cell, this may lead to a reduction in insulin

secretion, which however is insufficient to compensate fully for the

increase in peripheral insulin sensitivity, thereby leading to hypogly-

caemia and a counter-regulatory glucagon response to maintain

0-120 min glucose normal, while the lower GLP1 response is mostly

an effect of delayed gastric emptying.

Moxifloxacin-induced impaired beta-cell mitochondrial function

could also be the reason for increased episodes of hypoglycaemia in

patients with type 2 diabetes.46 The more frequent, longer and symp-

tomatic episodes of hypoglycaemia during moxifloxacin treatment

reported here in young men and women, not on any other medication

certainly warrant cautious use of fluoroquinolones in individuals with

a risk of hypoglycaemia.

Strengths of the present study include the novelty of investigat-

ing the role of Kv11.1 in glucose regulation in young men and women

and the discovery of moxifloxacin-induced hypoglycaemia even in

young men and women without chronic disease. Hypoglycaemia is a

serious side effect, which can be life threatening in patients with dia-

betes. The deleterious effect is exaggerated by affecting the electrical

activity of the heart in the form of a prolonged QT interval. Thus,

studying effects of a commonly used antibiotic is of great clinical

value. Furthermore, strengths include the crossover design, which
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reduces confounding covariates as each participant is his/her own

control. Participants received a minor remuneration for their study

participation, which was approved by the National Committee on

Health Research Ethics in Denmark. Compliance to the study protocol

was high, and increased QTcF (with a mean of 28 ms) in all partici-

pants, during active medication, strongly supported the intake of

active medication for all participants.

Limitations of the study include the potential off-target drug

effects of the study drug. We used OGTTs to investigate glucose reg-

ulation, as it stimulates the release of incretins and therefore mimics

better an everyday setting than a standard clamp experiment, there-

fore calculated values from OGTTs were used to assess insulin sensi-

tivity. However, using calculated values of insulin sensitivity from an

OGTT is an estimation and not as precise as euglycaemic-

hyperinsulinaemic clamp (golden standard). Continuous glucose moni-

tors were used to evaluate glucose regulation over a longer period in

everyday living. The monitors have been improved regarding accuracy,

also in the lower glucose ranges; however, potential accuracy limita-

tions, particularly within the lower ranges may still exist.47 Acetamino-

phen absorption was used as a surrogate marker for gastric emptying,

not as precise as scintigraphy but more durable and has proven to be

reliable.48

5 | CONCLUSION

In young men and women without chronic disease, moxifloxacin, a

drug known to block the Kv11.1 channel, increased the QT interval,

decreased glucose levels and increase insulin sensitivity, associated

with an increased risk of hypoglycaemia.
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