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Abstract
Drug-induced long QT syndrome has resulted in many drugs being withdrawn from the market. At 
the same time, the current regulatory paradigm for screening new drugs causing long QT 
syndrome is preventing drugs from reaching the market, sometimes inappropriately. In this study, 
we report the results of a first-of-a-kind clinical trial studying late sodium (mexiletine and 
lidocaine) and calcium (diltiazem) current blocking drugs to counteract the effects of hERG 
potassium channel blocking drugs (dofetilide and moxifloxacin). We demonstrate that both 
mexiletine and lidocaine substantially reduce heart-rate corrected QT (QTc) prolongation from 
dofetilide by 20 ms. Furthermore, all QTc shortening occurs in the heart-rate corrected J-Tpeak (J-
Tpeakc) interval, the biomarker we identified as a sign of late sodium current block. This clinical 
trial demonstrates that late sodium blocking drugs can substantially reduce QTc prolongation from 
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hERG potassium channel block and assessment of J-Tpeakc may add value beyond only assessing 
QTc.

Drug-induced QT prolongation increases the risk for torsade de pointes, a potentially fatal 
ventricular arrhythmia.1 QT prolongation and increased risk for torsade de pointes have 
resulted in 14 drugs being removed from the market worldwide.2 Furthermore, many drugs 
remain on the market with a known torsade de pointes risk, including numerous antibiotics, 
antimalarial, antiviral, psychiatric, oncology, and cardiac drugs.3 At the same time, the 
current regulatory paradigm for assessing drug effects on cardiac repolarization is preventing 
potentially effective medicines from reaching the market, sometimes inappropriately.2 To 
address this, the US Food and Drug Administration (FDA) and multiple public-private 
partnerships are studying novel approaches to assess the cardiac safety of new drugs with a 
Comprehensive in vitro Proarrhythmia Assay and in Phase 1 clinical trials.4,5 Essential to 
the novel approaches is a focus on understanding mechanisms by studying the effects of 
drugs on multiple cardiac ion channels, which can be either proarrhythmic or antiarrhythmic 
depending on the combination.6

Almost all drugs on the market that can cause torsade de pointes block the hERG potassium 
channel7 and prolong the QT interval of the electrocardiogram (ECG).8 However, some 
drugs block the hERG potassium channel and prolong QT with a minimal torsade de pointes 
risk (e.g., ranolazine,9 amiodarone10), likely because of additional block of inward currents, 
such as the late sodium current or the L-type calcium current.11 Preclinical studies have 
suggested that late sodium or calcium current block can shorten hERG potassium channel 
block-induced action potential and QT prolongation and prevent torsade de pointes.12–15 

However, species differences in cardiac ion channel expression exist and these preclinical 
observations have not yet been translated to drug-induced long QT syndrome in humans.16

In a prior retrospective analysis of 34 clinical trials and a prospective clinical trial of 4 
individual drugs,17,18 we demonstrated that hERG potassium channel block prolongs both 
ECG early repolarization (J-Tpeak, or corrected J-Tpeak (J-Tpeakc) when corrected for heart 
rate) and late repolarization (Tpeak-Tend), whereas additional late sodium or calcium current 
block shortens early repolarization (J-Tpeakc; Figure 1). The prior studies were limited by 
the assessment of individual drugs in which the effects of combinations of drug-ion channel 
effects were inferred. Thus, we designed a first-of-a-kind Phase 1 clinical trial combined 
with a comprehensive preclinical assessment to assess the effects of drug combinations to 
dissect out the effects of single vs. multiple cardiac ion channel block.

The primary objective was to test the hypothesis that late sodium current blocking drugs 
(mexiletine or lidocaine) can attenuate the effect of hERG potassium current blocking drugs 
(dofetilide) on ventricular repolarization (QT or QTc when corrected for heart rate) by 
shortening J-Tpeakc. The secondary objective was to assess the ability of a selective calcium 
current blocker (diltiazem) to reduce QTc prolongation associated with hERG potassium 
current block (moxifloxacin). In order to understand the mechanisms of our findings, we 
performed ion channel patch clamp experiments using overexpression cell lines and 
profiling of drug metabolites.
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Results
Clinical trial design

This Phase 1 clinical trial was designed as a pharmacokinetic-pharmacodynamic 
investigation of mexiletine combined with dofetilide, lidocaine combined with dofetilide, 
and diltiazem combined with moxifloxacin. The design was a five-period, randomized, 
crossover study with one week between treatment periods. In each treatment period, the 
subjects were dosed three times during the day (Figure 2) to allow for evaluation of the 
effects of low dose late sodium current block by itself, and of increasing levels of late 
sodium combined with hERG potassium channel block (see Figure 2 for dosing details). We 
were unable to combine diltiazem with dofetilide because of a pharmacokinetic interaction. 
Thus, we administered high-dose moxifloxacin (hERG potassium channel blocker) in the 
morning and afternoon doses and moxifloxacin combined with diltiazem in the evening 
dose.

The study included 22 healthy subjects (9 women) and their baseline characteristics are 
described in Table 1. The average age was (mean ± SD) 26.1 ± 4.9 years. The average 
weight was 69.9 ± 9.0 kg. Twenty subjects started the placebo treatment day, 20 the 
dofetilide alone day, 21 the mexiletine and dofetilide day, 19 the lidocaine and dofetilide 
day, and 20 the moxifloxacin and diltiazem day. No serious adverse events were observed, 
and the adverse events occurring at a frequency of >10% (dizziness, nausea, vomiting) are 
shown in Supplementary Table S1 by treatment day. There were three dropouts because of 
adverse events (Supplementary Figure S1).

Prolongation of QTc by dofetilide
Figure 3 shows the placebo and baseline corrected changes in the QTc interval along with 
plasma drug concentrations, whereas Figure 4 shows the concentration-dependent response. 
Dofetilide alone (Figure 3a) prolonged the QTc interval relative to placebo by 22.4 ms (P < 
0.001) after the administration of the afternoon dose. After the evening dose of dofetilide, 
the QTc interval was prolonged by 39.1 ms (P < 0.001) and the plasma concentration was 
increased. Dofetilide prolonged both J-Tpeakc and Tpeak-Tend (P < 0.001 for all; Figure 4a). 
Based on our ion channel patch clamp experiments (Figure 5a), the dofetilide plasma 
concentration after the evening dose was associated with ∼45% hERG potassium channel 
block.

Shortening of the QTc interval by mexiletine and lidocaine
The first dose of mexiletine alone shortened QTc by 10.6 ms (P < 0.001) relative to placebo 
(Figure 3b), whereas the first dose of lidocaine alone shortened QTc by 7.6 ms (P = 0.005; 
Figure 3c). Both mexiletine and lidocaine alone shortened the J-Tpeakc interval, but not 
Tpeak-Tend (Figures 3e and 3f).

The afternoon dose was either the combination of mexiletine and dofetilide, or lidocaine and 
dofetilide. When compared to the dofetilide alone day in the afternoon, both mexiletine 
(−9.8 ms; P < 0.001; Figure 3e) and lidocaine (−12.5 ms; P < 0.001; Figure 3f) shortened 
QTc when coadministered with dofetilide. This QTc shortening increased further after the 
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evening dose, which was also associated with higher concentrations of mexiletine and 
lidocaine (Figure 3e and 3f). When compared to the dofetilide alone day in the evening, both 
mexiletine (−19.8 ms; 95% confidence interval: −25.2 to −14.3; P < 0.001) and lidocaine 
(−19.7 (−25.2 to −14.1) ms; P < 0.001) significantly shortened QTc after the evening dose 
(Figures 3e and 3f), which was the prespecified primary endpoint of the study. An ECG 
example of the effects of mexiletine and lidocaine on drug-induced QTc prolongation is 
shown in Figure 3d. Our ion channel patch clamp experiments (Figures 5b and 5c) suggest 
that both mexiletine and lidocaine have ∼20% late sodium current block at the 
concentrations that caused ∼20 ms shortening of QTc.

For both mexiletine and lidocaine, the shortening of the QTc interval was entirely of the J-
Tpeakc interval (Figure 3e and 3f). Specifically, after the evening dose of mexiletine and 
dofetilide, the J-Tpeakc interval was shortened (−23.2 ms; P < 0.001), whereas no change in 
the Tpeak-Tend interval was observed (P = 0.56; Figure 3e). Similarly, lidocaine shortened the 
J-Tpeakc interval (−20.5 ms; P < 0.001) without changing the Tpeak-Tend interval (P = 0.13; 
Figure 3f). Of note, the measured dofetilide concentrations were higher in the mexiletine-
dofetilide arm compared to dofetilide alone (1.8 ± 0.3 vs. 1.5 ± 0.3 ng/mL; P < 0.001), 
whereas the dofetilide concentrations in the lidocaine-dofetilide arm trended toward greater 
dofetilide concentrations (1.8 ± 0.4 vs. 1.5 ± 0.3 ng/mL; P = 0.068). The findings of the 
time-dependent analysis are consistent with the concentration-dependent analysis shown in 
Figure 4, where each panel shows the effect of increasing dofetilide concentration on QTc, 
J-Tpeakc, and Tpeak-Tend alone, compared to the changes when dofetilide was coadministered 
with mexiletine or lidocaine. This is similar to the exposure-response relationship for 
ranolazine, a drug that blocks the hERG potassium channel and the late sodium current. In 
our prior study, ranolazine caused concentration-dependent prolongation of QTc and Tpeak-
Tend, but not J-Tpeakc.17 Thus, prolongation of QTc and Tpeak-Tend without prolongation of 
J-Tpeakc suggests the presence of multichannel block, where the J-Tpeakc interval is a 
balance of inward and outward current.

Effects of dofetilide, mexiletine, and lidocaine on heart rate and other ECG intervals are 
shown in Supplementary Figure S2. There were no changes in PR, QRS, or heart rate after 
administration of dofetilide alone (Supplementary Figure S2). Mexiletine and lidocaine were 
associated with small increases in heart rate (4.4 bpm; P = 0.002 and 3.1 bpm; P = 0.033, 
respectively). Notably, there was no effect of either drug on QRS duration, suggesting a lack 
of significant peak sodium current effects at resting heart rates.

Combined effects of moxifloxacin and diltiazem
The morning dose of moxifloxacin prolonged the QTc interval relative to placebo (20.2 ms; 
P < 0.001; Supplementary Figure S3). The afternoon dose further prolonged QTc relative to 
placebo (29.9 ms; P < 0.001) and was associated with a higher moxifloxacin plasma 
concentration, which exhibits ∼20% hERG potassium channel block (Figure 5d). However, 
after the evening dose, QTc remained prolonged (31.3 ms; P < 0.001) despite a slightly 
lower plasma concentration of moxifloxacin and coadministration of diltiazem 
(Supplementary Figure S3), which was associated with ∼35% calcium channel block (Figure 
5e). Comparing the evening to the afternoon dose, QTc and Tpeak-Tend were prolonged, 
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whereas J-Tpeakc was shortened (Supplementary Figure S3). To account for the higher 
moxifloxacin plasma concentration in the afternoon compared to the evening (9.5 ± 1.7 
µg/mL vs. 8.0 ± 1.7 µg/mL; P = 0.008), we conducted a concentration-dependent analysis 
(Figure 4b). However, this analysis did not support diltiazem shortening moxifloxacin-
induced QTc prolongation. Of note, diltiazem was associated with a ∼20 ms PR 
prolongation (Supplementary Figure S2), suggesting that the plasma concentration of 
diltiazem was associated with sufficient calcium channel block to cause slowed conduction 
through the atrioventricular node. Interestingly, the results of our patch clamp analysis also 
suggest that moxifloxacin blocks the KvLQT1/minK potassium channel (IKs current; Figure 
5d), the effect of which could be enhanced by the autonomic response resulting from the 
blood pressure drop associated with diltiazem administration.19,20 It is possible that this 
contributed to the lack of QTc shortening when diltiazem was added to moxifloxacin.

hERG potassium channel blocking effects of moxifloxacin metabolite
An alternative for the unexpected results from moxifloxacin-diltiazem could be due to the 
accumulation of a moxifloxacin metabolite that exhibits hERG potassium channel block. 
The moxifloxacin glucuronide metabolite (M2) has been reported to reach plasma 
concentrations 40% of moxifloxacin and is only 5% protein bound, as opposed to 39% 
protein binding of moxifloxacin.21 We assessed the relative potency of the hERG potassium 
channel block of this metabolite and observed that the metabolite blocks hERG to a degree 
similar to that of the parent drug (Figure 5d). We profiled metabolites from five subjects and 
determined that the relative percentage of the M2 metabolite tended to increase during 
subsequent dosing (median: 14.1% vs. 20.9%; n = 5; P = 0.06). This suggests that the repeat 
intravenous moxifloxacin administration throughout the day led to an accumulation of an 
hERG potassium channel blocking moxifloxacin metabolite, thus confounding the diltiazem 
analysis.

Discussion
This study highlights how a comprehensive assessment of drug effects on multiple cardiac 
ion channels through translational mechanistic-based approaches has the potential to 
improve the cardiac safety assessment of new drugs. In addition, this study provides an 
assessment in healthy volunteers of a therapy for drug-induced long QT syndrome and 
demonstrates that block of the late sodium current by mexiletine and lidocaine can have a 
substantial effect on cardiac repolarization in humans. Furthermore, this study provides 
substantial evidence that the J-Tpeakc interval is a biomarker of the balance between hERG 
potassium channel block (prolongs J-Tpeakc) and late sodium current block (shortens J-
Tpeakc). The combinations of dofetilide with mexiletine and dofetilide with lidocaine 
reproduced the ECG signature of ranolazine: QTc and Tpeak-Tend prolongation with no net 
effect on the J-Tpeakc interval. Thus, we hypothesize that this is a sign of “benign” QTc 
prolongation because of a balance of hERG and late sodium current block.

Interest in the late sodium current increased in the 1990s when it was discovered that 
patients with congenital long QT type 3 (LQT3) had prolonged QTc because of increased 
late sodium current.22 Two of the drugs initially tested were the Vaughan-Williams class Ib 
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antiarrhythmics lidocaine and mexiletine.23,24 Although mexiletine and lidocaine block the 
peak sodium current at very high concentrations, at clinical concentrations, they 
preferentially block the late sodium current.25,26 This is consistent with the observations in 
this study where they produced 20 ms of QTc shortening (evidence for late sodium current 
block) while having no effect on QRS duration (evidence for absence of significant peak 
sodium current block).

In addition to showing antiarrhythmic efficacy in preclinical models of congenital 
LQT3,15,22 mexiletine was also shown to have antiarrhythmic efficacy in models of LQT2 
(decreased hERG potassium current),27 which is most relevant to drug-induced long QT 
syndrome. A clinical study of mexiletine found a statistically significant decrease in QTc in 
patients with LQT3 but not in patients with LQT2; however, only six patients with LQT2 
were studied.24 The present study demonstrates that both mexiletine and lidocaine can 
shorten QTc prolongation because of dofetilide, which is widely accepted to be a selective 
hERG potassium channel blocker.

A recent preclinical study found that chronic exposure to dofetilide for five or more hours 
may increase late sodium current.28 In the present study, the primary ECG analysis was 
performed eight hours after the first dofetilide dose. It is therefore possible that part of the 
QTc shortening by mexiletine and lidocaine was from blocking an increase in the late 
sodium current induced by dofetilide. However, even before dofetilide administration, late 
sodium current block alone caused QTc shortening.

Although this is the first known clinical trial combining a late sodium current blocker with a 
selective hERG potassium channel blocker, small patient studies were performed in the 
1980s combining mexiletine (Vaughan-Williams class Ib antiarrhythmic) with quinidine 
(Vaughan-Williams class Ia antiarrhythmic).27,29,30 Quinidine is a strong hERG potassium 
channel blocker, and with chronic therapy it was observed that mexiletine shortened the 
quinidine-induced QTc prolongation.27 In addition, an in vivo study of chronic 
atrioventricular-blocked dogs demonstrated that mexiletine reduced sotalol-induced QTc 
prolongation and the number of torsade de pointes events.13 Specifically, torsade de pointes 
occurred in six of eight dogs receiving sotalol alone, but in only one of eight dogs receiving 
the combination of mexiletine and sotalol. Other preclinical studies have demonstrated that 
late sodium current block can prevent dispersion of repolarization (a substrate for torsade de 
pointes) and prevent early after depolarizations (a trigger for torsade de pointes) that is 
caused by drug-induced hERG potassium channel block.10,15 Although these data suggest 
that Vaughan-Williams class Ib antiarrhythmics, such as mexiletine or lidocaine, may reduce 
the risk for torsade de pointes associated with hERG potassium channel block, it should be 
noted that some preclinical studies suggest that lidocaine may increase conduction delay and 
heterogeneity in ischemic tissue.31–33

Despite no known interaction between the pharmacokinetics of dofetilide and mexiletine, an 
increase in the observed maximum concentration of dofetilide after coadministration with 
mexiletine was observed. It is not known if this is a chance finding, as the study was not 
designed to evaluate this, but it highlights the importance of evaluating pharmacokinetic 
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interactions when using a late sodium current blocker like mexiletine to counter drug-
induced QTc prolongation.

We did not observe a reduction in QTc prolongation when diltiazem was administered with 
moxifloxacin. The addition of diltiazem was associated with a small shortening of J-Tpeakc; 
however, there was also a small prolongation of Tpeak-Tend and QTc. This finding was, in 
part, confounded by a decrease in the moxifloxacin concentration in the evening, but the 
concentration-dependent analysis showed a similar pattern. The lack of shortening of the J-
Tpeakc interval could potentially be due to the hERG potassium channel blocking 
moxifloxacin metabolite M2 accumulating during the day and reaching higher plasma levels 
when diltiazem was coadministered. Another possible explanation for the lack of QTc 
shortening with diltiazem is moxifloxacin-induced block of the IKs current. Although the 
effect of the IKs current is minimal in the absence of autonomic stimulation,20 an autonomic 
response triggered by diltiazem reducing the blood pressure could increase the effect of IKs 
current block.19

Recently, there have been two efforts aimed at improving assessment of drug-induced 
proarrhythmic risk. A preclinical effort, the Comprehensive in vitro Proarrhythmia Assay, 
combines assessment of multiple cardiac ion channel currents using patch clamp studies 
integrated into in silico models and confirmed with experiments in induced pluripotent stem 
cell derived cardiomyocytes.4 The other effort focuses on assessment of QTc prolongation 
using pharmacokinetic-pharmacodynamic modeling in Phase I clinical studies.5 The 
findings of this clinical study, and our previous study,17,18 show that electrocardiographic 
biomarkers J-Tpeakc and Tpeak-Tend could be used to confirm multichannel effects, for 
example, prolongation of the QTc interval with minimal or no prolongation of J-Tpeakc is 
likely an indicator of the presence of a multichannel block.

Limitations
Reducing drug-induced QTc prolongation does not necessarily equate to preventing drug-
induced torsade de pointes. However, the combination of dofetilide and mexiletine or 
lidocaine recreates the ECG signature we observed in our prior clinical trial with 
ranolazine,17 a QTc prolonging drug with a low torsade de pointes risk. Future studies will 
be required to assess whether coadministration of a late sodium blocking drug with an hERG 
potassium channel blocker can reduce arrhythmic events, such as torsade de pointes without 
affecting therapeutic efficacy. The similar pharmacokinetic profiles among oral mexiletine, 
dofetilide, and sotalol suggest that this could be tested. In addition, new late sodium current 
blockers are in development.14

Conclusion
This study demonstrates that late sodium current block can reduce QTc prolongation 
associated with hERG potassium channel block. These findings suggest that 
coadministration of a late sodium current blocker can reduce drug-induced QTc 
prolongation in patients. Whether the reduction of drug-induced QTc prolongation in 
patients results in a lowered risk for torsade de pointes remains to be studied, but the 
minimal-to-no risk for torsade de pointes with ranolazine suggests that it might. This study 
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also demonstrates that shortening of the J-Tpeakc interval is an ECG sign of late sodium 
current block. J-Tpeakc is the only biomarker that represents a balance of inward and 
outward ion channel currents.34 Additional biomarkers beyond QTc (e.g., J-Tpeakc) could be 
applied in Phase 1 clinical trials using concentration-response modeling in lieu of dedicated 
thorough QT studies.

Methods
This study was approved by the FDA Research Involving Human Subjects Committee and 
the local institutional review board. All subjects gave written informed consent and the study 
was performed at a Phase 1 clinic (Spaulding Clinical, West Bend, WI).

Clinical trial design
The design was a prospective randomized crossover study with one week between treatment 
periods. It included typical inclusion and exclusion criteria for dedicated QT studies.35 

Healthy subjects between 18 and 35 years of age, weighing between 50 and 85 kg, and 
without any family history of cardiovascular disease or unexplained sudden cardiac death 
were eligible for participation in the study. In addition, the subjects had to have <12 
ventricular ectopic beats during a three hour continuous recording at screening, as well as a 
baseline QTc of <430 ms, using Fridericia correction.36

In each of the five treatment periods, the subjects were dosed three times during the day 
(Figure 2). Dofetilide (Tikosyn, Pfizer, New York, NY) and mexiletine (Teva 
Pharmaceuticals USA, North Wales, PA) were administered orally immediately after meals, 
whereas lidocaine (B. Braun Medical, Bethlehem, PA) was administered intravenously (see 
Figure 2 for dosing details). The doses of mexiletine and lidocaine were chosen to target 
plasma levels from prior studies.23,27 Similarly, the dofetilide dose was chosen based on 
prior experience.17 Moxifloxacin doses were chosen to achieve QTc prolongation of at least 
20 ms, while maintaining a total daily dose within what has been studied previously. Last, 
the diltiazem dose was chosen to target the highest dose in the FDA label.

Intravenous infusions were split into a 60-minute loading dose followed by a 30-minute 
maintenance dose. The primary pharmacokinetic samples were taken at the start and end of 
each of the three maintenance doses during the day, as these were expected to be associated 
with highest plasma concentrations of both the oral and intravenously administered drugs. 
Additional pharmacokinetic samples were taken at 30 and 120 minutes poststart of 
intravenous dosing during each of the three dosing periods during the day.

ECG measurement methodology
Continuous ECG recordings were performed using the Mortara Surveyor system (Mortara, 
Milwaukee, WI) sampled at 500 Hz with an amplitude resolution of 2.5 µV. From the 
continuous recording, three ECGs were extracted before the draw of each pharmacokinetic 
sample, based on heart rate stability and signal quality.37

Semi-automated measurements of the QRS, J-Tpeak, Tpeak-Tend, and QT interval were 
performed using the derived vector magnitude lead, as previously described (see 
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Supplementary Methods).17 The QT interval was corrected for heart rate using Fridericia's 
correction (QTc = QT/(RR/1,000 ms)1/3, with RR in ms).36 Similarly, the J-Tpeak interval 
was corrected for heart rate (J-Tpeakc = J-Tpeak/(RR/1000 ms)0.58, with RR in ms).18 No 
correction was performed for the Tpeak-Tend interval, as prior studies have shown a lack of 
rate dependence at resting heart rates.18,38 Additionally, the global PR interval was measured 
automatically (AMPS LLC, New York, NY).

Pharmacokinetic sample analysis
Quantification of drug concentration in plasma was performed using a validated liquid 
chromatography with tandem mass spectroscopy method by Frontage Laboratories (Exton, 
PA). In addition, the relative abundance of parent moxifloxacin to the M2 metabolite was 
determined for five subjects. The pharmacokinetic sample analysis is described in further 
detail in the Supplementary Methods.

Patch clamp experiments
Stably transfected hERG, Nav1.5, KvLQT1/minK (HEK-293) or Cav1.2 cells (CHO) from 
Cytocentrics Biosciences (Rostock, Germany) were used for whole-cell patch-clamp 
measurements to determine reduction in hERG, late sodium, L-type calcium, and IKs 
currents for all five drugs (dofetilide, lidocaine, mexiletine, moxifloxacin, and diltiazem); 
see Supplementary Methods for a more detailed description and Supplementary Figure S4 
for examples of current traces.39 In addition, the effect of the moxifloxacin M2 metabolite 
on hERG was assessed. All currents were elicited using a ventricular action potential 
waveform (pacing rate = 0.1 Hz) at physiologic temperature (36 ± 1°C).

Statistical methods
The primary endpoint of the clinical trial was the reduction of dofetilide-induced prolonged 
QTc by either mexiletine or lidocaine using a linear mixed-effects model with time, 
treatment, sequence, and period as fixed effects, as well as an interaction between treatment 
and time, and a random intercept per subject. The analysis was performed using SAS 9.3 
(SAS Institute, Cary, NC). The prespecified analysis only included the two center time 
points (60 and 90 minutes poststart of infusion) for the evening dose (highest expected 
plasma concentration of all drugs). All data before withdrawals was included in the analysis. 
For the secondary endpoint of diltiazem combined with moxifloxacin, a similar analysis was 
performed, except it involved comparing the evening timepoints (moxifloxacin and 
diltiazem) compared to the afternoon timepoints (moxifloxacin alone). Adjustment for 
multiple comparisons was performed according to the Bonferroni method (i.e., a 
significance level of 0.025 for the primary analysis). All other by-time analyses were carried 
out using a similar approach, but were not further adjusted for multiplicity, and should be 
interpreted with an appropriate level of caution.

In addition, a linear mixed-effects model was used to explore the concentration dependency 
of change in QTc, J-Tpeakc, and Tpeak-Tend with concentration as a fixed effect and subject 
as a random effect on intercept and concentration. Differences in maximum concentrations 
were evaluated using an independent t test with equal variance. Wilcoxon sign test was used 
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to evaluate the difference between relative abundance of moxifloxacin M2 metabolite 
relative to the parent between the morning and evening dose.

Ion channel patch clamp results are presented as percentage of reduction of current 
amplitude, which was measured as current reduction after a steady-state effect had been 
reached in the presence of drug relative to current amplitude before drug was introduced 
(control). Each cell served as its own control.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Study Highlights

What is the Current Knowledge on the Topic?

☑ hERG potassium channel blocking drugs that also block the late sodium current (e.g., 
ranolazine) have a low risk of torsade de pointes. A prior clinical trial demonstrated that 
ranolazine prolongs QTc and Tpeak-Tend intervals, without J-Tpeakc interval prolongation.

What Question Does This Study Address ?

☑ This study tested the hypothesis that two late sodium current blocking drugs 
(mexiletine and lidocaine) can shorten drug-induced QTc prolongation from dofetilide by 
shortening the J-Tpeakc interval.

What This Study Adds to Our Knowledge

☑ This prospective clinical trial demonstrated that late sodium current block can 
substantially shorten drug-induced QTc prolongation. Furthermore, this study supports 
that the J-Tpeakc interval is a biomarker of the balance between hERG potassium channel 
block (prolongs J-Tpeakc) and late sodium current block (shortens J-Tpeakc).

How This Might Change Clinical Pharmacology and Therapeutics

☑ Coadministration of late sodium current blocker can mitigate dofetilide-induced QTc 
prolongation and deserves further study in patients. In addition, the absence of J-Tpeakc 
prolongation may be a sign of “benign” QTc prolongation.
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Figure 1. 
Late sodium current (shaded) correlates with the plateau of the action potential and early 
part of repolarization on the ECG, from J-point to peak of the T-wave.
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Figure 2. 
Morning, afternoon, and evening doses for each of the five treatment periods. Below the 
table, an illustration of the plasma drug level is shown to indicate when oral and intravenous 
dosing took place as well as when ECGs and plasma samples were taken (in hours after first 
oral dose). Dof, dofetilide; mex, mexiletine; lido, lidocaine; mox, moxifloxacin; dil, 
diltiazem.
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Figure 3. 
Changes shown in QTc for dofetilide alone (a), mexiletine combined with dofetilide (b), and 
lidocaine combined with dofetilide (c), while the lower part of the panels show the 
concentration of dofetilide (green) and mexiletine or lidocaine (blue) in their respective 
panels. The error bars represent 95% confidence intervals (CI). (d) Example ECGs from a 
subject during the evening dose of placebo, dofetilide, mexiletine combined with dofetilide, 
and lidocaine combined with dofetilide. The remaining bottom panels (e and f) show relative 
change compared to dofetilide alone for mexiletine combined with dofetilide (e) and 
lidocaine combined with dofetilide (f), where only the timepoint at the end of the loading 
dose is shown and points are shifted slightly for each interval to avoid overlap. Dof, 
dofetilide; mex, mexiletine; lido, lidocaine. [Color figure can be viewed in the online issue, 
which is available at wileyonlinelibrary.com.]
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Figure 4. 
(a) The plasma drug concentration-dependent analysis for QTc, J-Tpeakc, and Tpeak-Tend, 
from left to right for dofetilide combined with mexiletine (red) or lidocaine (blue), and (b) 
for moxifloxacin and diltiazem. The solid line and shaded area reflects the fit of a linear 
model between drug concentration (dofetilide in panel a and moxifloxacin in panel b) and 
change in placebo and baseline-corrected change in each ECG interval. The points with error 
bars (95% confidence intervals (CIs)) reflect the maximum change when mexiletine is 
combined with dofetilide (red) or lidocaine is combined with dofetilide (blue) for panel a 
and moxifloxacin combined with diltiazem (red) in panel b. Dof, dofetilide; mex, 
mexiletine; lido, lidocaine; mox, moxifloxacin; dil, diltiazem. [Color figure can be viewed in 
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. 
The results of the patch clamp experiments for dofetilide (a), mexiletine (b), lidocaine (c), 
moxifloxacin and M2 metabolite (d), and diltiazem (e) for hERG (red), late sodium (green), 
calcium (blue), and IKs (purple). The lines in each plot correspond to a fit between the 
measured relative reduction in current and drug concentration. The error bars denote ± SE. 
The vertical dashed lines in each panel correspond to the range of observed clinical plasma 
concentrations, corrected for protein binding, and the solid line is the population average 
maximum plasma concentration in the clinical trial. [Color figure can be viewed in the 
online issue, which is available at wileyonlinelibrary.com.]

Johannesen et al. Page 18

Clin Pharmacol Ther. Author manuscript; available in PMC 2017 May 08.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

http://wileyonlinelibrary.com


Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Johannesen et al. Page 19

Table 1
Demographics

Demographics All subjects (N = 22)

Age, yearsa 26.1 ± 4.9

Female 9 (41%)

Race

 White 10 (45%)

 Black or African American 10 (45%)

 American Indian/Alaska Native 1 (4.5%)

 Asian 1 (4.5%)

 Hispanic or Latino 2 (9%)

Weight, kg 69.9 ± 9.0

Vital signs

 Systolic blood pressure, mm Hg 109.5 ± 5.5

 Diastolic blood pressure, mm Hg 60.2 ± 3.5

 Heart rate, bpm 61.3 ± 6.7

ECG

 PR, ms 160.8 ± 19.1

 QRS, ms 86.7 ± 8.5

 J-Tpeakc, ms 229.5 ± 19.0

 Tpeak-Tend, ms 81.9 ± 6.4

 QTc, ms 397.8 ± 14.2

ECG, electrocardiogram; J-Tpeakc, heart-rate corrected J-Tpeak; QTc, heart-rate corrected QT.

a
Continuous variables are listed as mean ± SD.
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