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I N T R O D U C T I O N

Bupropion is an atypical monocyclic antidepressant

(Wellbutrin�) and smoking cessation adjuvant (Zyban�),

belonging to the aminoketone class, structurally related

to amphetamines. It is a selective inhibitor of dopamine,

norepinephrine, and serotonin reuptake [1]. It also

possesses anticholinergic activity. Concerning cardiovas-

cular side effects, bupropion has always been perceived

as safer than tricyclic antidepressants.

Indeed, sinus tachycardia is the most common car-

diovascular side effect associated with bupropion, mostly

during overdosage [1–17]. Nonetheless, a number of

bupropion-related QTc interval prolongation have been

reported [1,5,6,8–13,18]. Again, most of these occurred

during overdosage, and there has been no report of
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A B S T R A C T

QRS widening and QT prolongation are associated with bupropion. The objectives

were to elucidate its cardiac electrophysiological properties. Patch-clamp technique

was used to assess the IKr-, IKs-, and INa-blocking effects of bupropion. Langendorff

retroperfusion technique on isolated guinea-pig hearts was used to evaluate the

MAPD90-, MAP amplitude-, phase 0 dV/dt-, and ECG-modulating effects of bupropion

and of two gap junction intercellular communication inhibitors: glycyrrhetinic acid

and heptanol. To evaluate their effects on cardiac intercellular communication,

fluorescence recovery after photobleaching (FRAP) technique was used. Bupropion is

an IKr blocker. IC50 was estimated at 34 lM. In contrast, bupropion had hardly any

effect on IKs and INa. Bupropion had no significant MAPD90-modulating effect.

However, as glycyrrhetinic acid and heptanol, bupropion caused important reduc-

tions in MAP amplitude and phase 0 dV/dt. A modest but significant QRS-widening

effect of bupropion was also observed. FRAP experiments confirmed that bupropion

inhibits gap junctional intercellular communication. QT prolongation during

bupropion overdosage is due to its IKr-blocking effect. QRS widening with bupropion

is not related to cardiac sodium channel block. Bupropion rather mimics the QRS-

widening, MAP amplitude- and phase 0 dV/dt -reducing effect of glycyrrhetinic acid

and heptanol. Unlike class I anti-arrhythmics, bupropion causes cardiac conduction

disturbances by reducing cardiac intercellular coupling.
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bupropion-induced torsades de pointes. Therefore, the

clinical relevance of bupropion-related QTc prolongation

has been questioned. Moreover, because Bazett’s formula

overcorrects the QT interval for faster heart rates, it has

been assumed that QTc prolongation associated with

bupropion overdoses was more likely to be due to QT

overcorrection related to drug-induced fast heart rates,

rather than any intrinsic effect of bupropion on the QT

interval [9]. Surprisingly, the effects of bupropion on the

rapid component of the delayed rectifier potassium

current (IKr), the target of nearly all QT-prolonging

drugs, have never been shown.

Interestingly, cardiac conduction abnormalities includ-

ing widening of the QRS have also been associated with

bupropion overdoses [5,6,8–12,14,18]. In the early days

of bupropion, it was shown that in guinea-pig atria,

bupropion at and above 10 lM reduces the amplitude of

the action potential, while prolonging the effective

refractory period (ERP) and action potential duration

[19]. In canine Purkinje fibers, changes in the contour

(triangulation) of the action potential and reduction in

dV/dt were induced by bupropion at and above 10 lM

[19]. In canine papillary muscle, bupropion at and above

100 lM caused a slight reduction in action potential

amplitude and dV/dt, while having little effect on action

potential duration [19].

Anti-arrhythmic agents with quinidine-like properties

are mostly characterized by local anesthetic activity and

induction of decreased automaticity and excitability,

decreased conduction velocity, and prolonged refractori-

ness in excitable tissues, such as the heart. Except for

prolonged refractoriness caused by block of potassium

channels, these actions are most often related to inhibi-

tion of fast voltage-gated cardiac sodium channels of

cardiac tissues [20]. As a result, blockade of sodium

channels causes QRS widening. Interestingly, although a

direct blocking effect of bupropion on the cardiac

voltage-gated sodium channels has been suggested for

many years [6,10,19,21,22], it has never been sup-

ported by experimental cellular data. Moreover, an

intriguing clinical observation is that although sodium

bicarbonate has been shown to be highly effective in

treating the cardiotoxicity associated with tricyclic

antidepressants, numerous reports have shown that

during bupropion-associated cardiotoxicity, sodium

bicarbonate treatment was not associated with signifi-

cant QRS narrowing [5,10,12,18,23]. This suggests that

bupropion-induced QRS widening and conduction dis-

turbance might be explained by a mechanism other than

block of the cardiac sodium channel, such as a potential

interference with cardiac intercellular coupling via gap

junctional communication alteration.

The objective of this study was therefore to elucidate

cardiac electrophysiological properties of bupropion.

M A T E R I A L S A N D M E T H O D S

Experiments were performed in accordance with our

institutional committee (Université Laval) and guidelines

on animal research. Animals were housed and main-

tained in compliance with the Guide to the Care and Use of

Experimental Animals of the Canadian Council on Animal

Care.

Experiments with buffer-perfused isolated hearts

Heart isolation, perfusion technique, and electrophysiological

measurements

Experiments with isolated male Hartley guinea-pig

hearts were performed as described previously [24].

The hearts were perfused using a custom-made Isolated

Heart IH-SR double warming coil heart perfusion

system from Hugo Sachs Elektronik-Harvard Apparatus,

(March-Hugstetten, Germany) with Krebs–Henseleit

buffer (37 �C) during a 10-min control period, followed

by 15 min with buffer containing either bupropion

10 lM, glycyrrhetinic acid 3 lM, or heptanol 700 lM

(two well-characterized gap junction intercellular com-

munication inhibitors [25,26]) dissolved in 50 lL of

dimethylsulfoxide: final DMSO in buffer: 0.01% v/v.

Perfusion with buffer containing no drug was then

restarted during a 10-min washout period. Monophasic

action potentials from the epicardium were recorded at

the end of the baseline, drug, or washout period by

pressure-maintained and securely positioned MAP-tip

recording electrodes (amplitude > 25 mV, stable phase

4) at basic pacing cycle lengths (BCL) of 250, 200, and

150 ms. The hearts were stimulated for 2 min at each

BCL before recordings.

A simultaneous set of electrogram recordings was

performed on these isolated hearts using the Einthoven

Goldberger Module (EGM) and ECG electrodes from Hugo

Sachs Elektronik. As the heart is immersed in the heart

chamber, the ECG signals (lead II) are picked up from the

heart surface using the conductivity of the perfusate.

This set of experiments was used to measure the QRS-

widening effect of either bupropion 10 lM, glycyrrhetinic

acid 3 lM, or heptanol 700 lM. Bupropion hydrochlo-

ride was obtained from MP Biomedicals, Solon, OH.

Glycyrrhetinic acid and heptanol were obtained from

Sigma, St Louis, MO, USA.
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Patch-clamp experiments

The rapid (IKr) and slow (IKs) components of the delayed

rectifier potassium current

Experiments were performed in CHO cells transfected

with 2 lg (each) of HERG or KCNQ1 + KCNE1 cDNAs,

kindly provided by Dr Dan M. Roden, Vanderbilt

University, Nashville, TN, USA. The cells were transfec-

ted using the FuGENE 6 transfection reagent (Roche

Applied Science, Indianapolis, IN, USA). Green fluores-

cent protein (GFP) was coexpressed to assess the trans-

fection efficiency and to identify expressing cells.

Currents were measured in the whole-cell configuration

of the patch-clamp technique in cells maintained at room

temperature (22–23 �C). Cells were held at )80 mV

and pulsed to )40 to +60 mV for 1 s (HERG) or 5 s

(KCNQ1 + KCNE1), and tail currents were then mea-

sured at )40 mV. The composition of superfusion and

internal pipette solutions were described previously [27].

Bupropion hydrochloride solution (10–300 lM) was

prepared daily by dissolving required amount of the drug

in a sample of the Tyrode solution perfusing the cells.

Bupropion’s IC50 on HERG current was estimated using

tail current maximal amplitude measured after a voltage

step to +20 mV (n = 29), normalized to baseline, plotted

as a function of bupropion concentration, and fitted to

the Hill equation.

The cardiac sodium channel (INa)

The tsA201 cells were grown on 100-mm plates and

transfected with WT hNav1.5 (SCN5A) cDNA (5 lg)

along with human b1-subunit and pCD8-IRES-b1 (5 lg)

(kindly provided by Dr Mohamed Chahine, Université

Laval, Québec, QC, Canada) using the calcium–phos-

phate method. The human b1-subunit and CD8 were

constructed in pIRES bicistronic vector (pCD8-IRES-b1).

Using this strategy, transfected cells that bind beads will

also express the human b1-subunit protein. For patch-

clamp experiments, 2–3 days post-transfection cells were

incubated for 2 min in a medium containing anti-CD8-a-

coated beads (Dynabeads M-450 CD8-a) [28]. The

unattached beads were removed by washing with

extracellular solution. Beads were prepared according

to the manufacturer’s instructions (Dynal A.S., Oslo,

Norway). Cells expressing CD8-a on their surface fixed

the beads and were distinguished from nontransfected

cells by light microscopy.

Macroscopic sodium currents were recorded at room

temperature (22–23 �C) using the whole-cell configura-

tion of the patch-clamp technique, as described previ-

ously [29]. Both midpoints of activation (V1/2act) and

inactivation (V1/2inact) were determined by fitting to the

Boltzmann equation as described previously [29].

Fluorescence recovery after photobleaching (FRAP)

experiments

Preparation of cultured neonatal rat cardiomyocytes

Neonatal rat ventricular cardiomyocytes were obtained

and cultured as described by Schanne et al. [30].

Imaging of cultured neonatal rat cardiomyocytes

Cultured myocytes (1–5 days in vitro) were loaded with

6-carboxyfluorescein diacetate (6-CFDA, 6 lg/mL, in

Tyrode’s solution) for 5 min at room temperature. Once

inside the cells, the tracer (6-CFDA) is hydrolyzed and

the hydrophilic fluorescent derivative formed is described

as being retained by the cells. After the loading period,

the extracellular solution was washed and replaced with

Tyrode’s solution for the acquisition of control FRAP

curves. Except for paired control traces, the extracellular

solution was then replaced with Tyrode containing

either 10 lM bupropion, 3 lM glycyrrhetinic acid, or

700 lM heptanol.

Changes in 6-CFDA fluorescence were monitored with

a Zeiss LSM 510 confocal microscope, using the 488 line

of an argon ion laser as the excitation source. Resulting

fluorescence emission was detected by a photomultiplier

tube through a long-pass filter at 505 nm.

Photobleaching protocol

Cells selected for bleaching were adjacent to at least three

other cells to provide for unbleached 6-CFDA molecules.

During bleaching, the total area of the selected cell (as

observed with both the fluorescence and the transmitted

light image) was scanned 60 times at 80% of the laser

output power. Images of the 6-CFDA fluorescence

changes before (control) and after photobleaching

(recovery) were acquired at low laser output power

(2%) to minimize acquisition bleaching. Fluorescence

recovery is attributed to dye transport across gap

junctions. Indeed, unbleached dye molecules from adja-

cent cells are redistributed to the target (bleached) cell

from contacting cell gap junctions, and fluorescence

intensity according to time is represented for a charac-

teristic recording of the intercellular communication

between cells.

We used the Zeiss LSM software to measure the mean

fluorescence intensity of two regions of interest (ROI) to

prepare the FRAP curves: (i) the total area of the

bleached cell and (ii) the mean intensity of another cell

(away from the bleached cell) to measure the acquisition
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bleaching. Subsequent normalizations and fittings were

performed using the IgorPro V6.0.3.1 software (Wave-

metrics) and a procedure developed by Dr. K. Miura

(CMCI, EMBL, Heidelberg; K_FRAPcalcV9).

Analysis of FRAP curves

Briefly, as described by Abbaci et al. [31], the bleaching

curve is first corrected for acquisition bleaching, nor-

malized to the full range with pre-bleach fluorescence set

to 1 and bleach intensity (at the end of bleaching

routine) set to 0. The estimated FRAP curve is then

expressed as IFRAP-est(t) = A(1 ) e)st). As t approaches

infinity, IFRAP-est will converge towards A, which will be

taken as the mobile fraction value (% recuperation of the

FRAP curve).

Statistical analyses

Data on the magnitude of drug effect on monophasic

action potential duration and amplitude and electrogram

QRS duration were analyzed with a Student’s paired

t-test using the ISOHEART (Hugo Sachs Elektronik,

Germany), Axoscope 9.0, and pCLAMP 9.0 (Molecular

Devices-Axon Instruments, Union City, CA, USA) soft-

ware packages. All values are expressed as mean ± SEM.

Statistical significance was set at P < 0.05.

Student’s paired t-test was performed on the magni-

tude of bupropion effect on the maximal tail current

amplitude of HERG or KCNQ1 + KCNE1 currents using

statistical tools in SigmaPlot (Jandel Scientific Software,

San Rafael, CA, USA). Differences were considered

significant at a P value < 0.05.

Student’s paired t-test was performed on the magni-

tude of bupropion effect on the sodium current amplitude

using a combination of pCLAMP 9.0, Microsoft Excel,

and SigmaPlot 2001 for Windows version 7.0 (SPSS

Inc., Chicago, IL, USA). Differences were considered

significant at a P value < 0.05.

R E S U L T S

Upper panel of Figure 1 shows typical recordings of

ventricular epicardial monophasic action potentials of

Langendorff-retroperfused isolated guinea-pig hearts

paced at a BCL of 250 ms (4 Hz), at baseline (dotted

tracing), after a 15-min exposure to bupropion 10 lM

(solid tracing), and after a 15-min washout (dashed

tracing). The effects of bupropion on monophasic action

potential duration measured at 90% repolarization

(MAPD90), on action potential amplitude and on phase 0

dV/dt, are shown in lower panel of Figure 1. Bupropion

10 lM had no significant effect on action potential

duration (1.95 ± 2.71% reduction in MAPD90;

P > 0.05 vs. baseline), a 55.06 ± 7.89% reduction in

action potential amplitude (P < 0.05 vs. baseline), and a

59.25 ± 9.22% reduction in phase 0 dV/dt (P < 0.05 vs.

baseline). Table I summarizes the rate-dependent effects of

bupropion 10 lM, when the hearts were paced at BCL250,

BCL200, and BCL150. There are no rate-dependent

effects. Left upper panels of Figure 2 show typical currents

elicited in a HERG-transfected CHO cell under baseline

conditions and after a 20-min exposure to bupropion

30 lM. In this cell, bupropion 30 lM caused a �50%

reduction in tail currents. Lower panel of Figure 2 shows

concentration dependence of the effect of bupropion on

Figure 1 Upper panel shows typical recordings of ventricular

epicardial monophasic action potentials of Langendorff-retroper-

fused isolated guinea-pig hearts at baseline (dotted tracing), after

a 15-min exposure to bupropion 10 lM (solid tracing), and after a

15-min washout (dashed tracing). Lower panel shows the effects of

bupropion 10 lM on monophasic action potential duration mea-

sured at 90% repolarization (MAPD90), on monophasic action

potential amplitude, and on phase 0 dV/dt.
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HERG tail current. The estimated IC50 for bupropion on

HERG tail current was 34.04 ± 3.22 lM. Right upper

panels of Figure 2 show typical currents elicited in a

KCNQ1 + KCNE1-transfected CHO cell under baseline

conditions and after a 20-min exposure to bupropion

10 lM. There are no significant effects of bupropion 10 lM

on KCNQ1 + KCNE1 tail currents. The average reduction

in KCNQ1 + KCNE1 tail currents under bupropion 10 lM

(n = 4 cells) was 11.0 ± 4.8% (P > 0.05 vs. baseline).

Left panels of Figure 3 show typical family of macro-

scopic whole-cell sodium currents recorded from a

tsA201 cell expressing WT Nav1.5 (SCN5A) channels

cotransfected with the human b1-subunit, in baseline

conditions. Right panels of Figure 3 show similar current

traces after a 15-min exposure to bupropion 10 or

100 lM. Insets show the current–voltage relationship,

where the maximum sodium current is plotted versus

the applied voltage corresponding to each current trace,

either in baseline conditions, or under bupropion 10 or

100 lM. Even at a concentration as high as 100 lM,

bupropion had no significant inhibitory effect (7 ± 6%,

n = 4, P > 0.05) on the cardiac sodium current. No

significant shift in neither steady-state activation nor

inactivation was observed upon exposure to bupropion.

Indeed, V1/2act went from )59.33 ± 1.67 mV at base-

line (n = 15 cells) to )60.86 ± 1.85 mV after a 15-min

exposure to bupropion 100 lM (n = 10 cells, P > 0.05

vs. baseline). Kvact went from )5.07 ± 0.27 at baseline

(n = 15 cells) to )4.26 ± 0.33 after a 15-min exposure

to bupropion 100 lM (n = 10 cells, P > 0.05 vs. base-

line). Moreover, V1/2inact went from )102.06 ±

0.87 mV at baseline (n = 15 cells) to )101.53 ±

0.90 mV after a 15-min exposure to bupropion

100 lM (n = 10 cells, P > 0.05 vs. baseline). Kvinact

Table I Rate-dependent effects of bupropion 10 lM on MAPD90.

Basic pacing

cycle length (ms)

MAPD90 (ms)

Baseline

MAPD90 (ms)

Bupropion 10 lM

MAPD90 (ms)

Washout

250 131.17 ± 2.95 130.67 ± 4.56 133.04 ± 5.04

200 118.76 ± 2.77 116.44 ± 3.79 116.25 ± 4.24

150 100.03 ± 2.85 101.33 ± 2.52 95.88 ± 3.54

Effects of a 15-min perfusion of bupropion 10 lM on MAPD90 at basic pacing

cycle lengths (BCL) of 250, 200, and 150 ms (n = 5 hearts, all P > 0.05).

Figure 2 Left upper panels show typical

currents elicited in a HERG-transfected

CHO cell under baseline conditions and

after a 20-min exposure to bupropion

30 lM. Right upper panels show typical

currents elicited in a KCNQ1 + KCNE1-

transfected CHO cell under baseline

conditions and after a 20-min exposure

to bupropion 10 lM. Lower panel shows

HERG tail current amplitude, measured

at +20 mV (n = 29 cells), normalized to

baseline, plotted as a function of bupro-

pion concentration, and fitted to the

Hill equation.
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went from 4.53 ± 0.07 at baseline (n = 15 cells) to

4.81 ± 0.12 after a 15-min exposure to bupropion

100 lM (n = 10 cells, P > 0.05 vs. baseline).

Left upper panel of Figure 4 shows typical recordings

of ventricular epicardial monophasic action potentials of

Langendorff-retroperfused isolated guinea-pig hearts at

Figure 3 Left panels show typical family

of macroscopic whole-cell sodium cur-

rents recorded from a tsA201 cell

expressing WT Nav1.5 (SCN5A) chan-

nels cotransfected with the human

b1-subunit, in baseline conditions. Right

panels show similar current traces after

a 15-min exposure to bupropion 10 or

100 lM. Insets show the current–voltage

relationship, where the maximum

sodium current is plotted versus the

applied voltage corresponding to each

current trace, either in baseline condi-

tions, or under bupropion 10 or 100 lM.

Figure 4 Left upper panel shows typical recordings of ventricular epicardial monophasic action potentials of Langendorff-retroperfused

isolated guinea-pig hearts at baseline (dotted tracing) and after a 15-min exposure to glycyrrhetinic acid 3 lM (solid tracing). Left lower panel

shows the effects of glycyrrhetinic acid 3 lM on monophasic action potential duration measured at 90% repolarization (MAPD90), on

monophasic action potential amplitude, and on phase 0 dV/dt. Right upper panel shows typical recordings of ventricular epicardial

monophasic action potentials of Langendorff-retroperfused isolated guinea-pig hearts at baseline (dotted tracing) and after a 15-min exposure

to heptanol 700 lM (solid tracing). Right lower panel shows the effects of heptanol 700 lM on monophasic action potential duration

measured at 90% repolarization (MAPD90), on monophasic action potential amplitude, and on phase 0 dV/dt.
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baseline (dotted tracing) and after a 15-min exposure to

glycyrrhetinic acid 3 lM (solid tracing). The effects of

glycyrrhetinic acid on monophasic action potential

duration measured at 90% repolarization (MAPD90),

on action potential amplitude, and on phase 0 dV/dt are

shown in left lower panel of Figure 4. Similarly to

bupropion, glycyrrhetinic acid 3 lM had no significant

effect on action potential duration (3.08 ± 1.86% reduc-

tion in MAPD90; P > 0.05 vs. baseline), a 37.73 ± 4.6%

reduction in action potential amplitude (P < 0.05 vs.

baseline), and a 44.76 ± 6.04% reduction in phase 0

dV/dt (P < 0.05 vs. baseline).

Right upper panel of Figure 4 shows typical recordings

of ventricular epicardial monophasic action potentials of

Langendorff-retroperfused isolated guinea-pig hearts at

baseline (dotted tracing) and after a 15-min exposure to

heptanol 700 lM (solid tracing). The effects of heptanol

on monophasic action potential duration measured at

90% repolarization (MAPD90), on action potential ampli-

tude, and on phase 0 dV/dt are shown in right lower

panel of Figure 4. Similarly to bupropion, heptanol

700 lM had no significant effect on action potential

duration (7.33 ± 4.50 ms reduction in MAPD90;

(P > 0.05 vs. baseline), a 61.93 ± 2.75% reduction in

action potential amplitude (P < 0.05 vs. baseline), and a

70.72 ± 4.67% reduction in phase 0 dV/dt (P < 0.05

vs. baseline).

Figure 5 shows typical electrograms (mimicking lead II

ECG) from guinea-pigs at baseline, under the effect of

either bupropion 10 lM (left panels), glycyrrhetinic acid

3 lM (middle panels), or heptanol 700 lM (right panels)

and after washout. Bupropion caused a mild but

Figure 5 Typical electrograms (mimicking lead II ECG) from guinea-pigs at baseline, under the effect of either bupropion 10 lM (left panels),

glycyrrhetinic acid 3 lM (middle panels), or heptanol 700 lM (right panels) and after washout. Bupropion caused a mild but significant and

reversible QRS widening, as summarized in lower panels.

Cardiac electropharmacology of bupropion 7
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significant and reversible QRS widening, as summarized

in lower panels.

Figure 6 shows typical networks of cultured neonatal

rat ventricular myocytes marked with 6-carboxyfluores-

cein diacetate (6-CFDA), before (left pictures; baseline),

immediately after photobleaching (central pictures;

bleach), and 5 min after recovery from photobleaching

through 6-CFDA transfer from adjacent cells via gap

junctions (right pictures; recovery). It can be observed

that compared to control conditions, FRAP following

exposure to bupropion 10 lM is reduced, as it is with two

well-characterized gap junction intercellular communi-

cation inhibitors: glycyrrhetinic acid 3 lM and heptanol

700 lM.

Lower panels of Figure 6 also show normalized signal

averaging of FRAP in baseline conditions (upper trac-

ings) and after exposure to either no drug (control),

bupropion 10 lM, glycyrrhetinic acid 3 lM, or heptanol

700 lM (lower tracings). On average, fluorescence recov-

ery was reduced by 48.21% with bupropion 10 lM (n = 7

cells, P < 0.05 vs. control), by 86.75% with glycyrrh-

etinic acid 3 lM (n = 6 cells, P < 0.05 vs. control), and

by 66.92% with heptanol 700 lM (n = 5 cells, P < 0.05

vs. control). Sampling rate was set to 1 frame/s (1 Hz)

for the control and the first 100 s post-bleach to

accurately sample the fast phase of recovery. It was

then reduced to 1 frame/10 s (0.1 Hz) to minimize

acquisition bleaching.

D I S C U S S I O N

In the present study, we have shown that bupropion is a

weak IKr blocker, with an estimated IC50 on HERG tail

currents of �34 lM, a concentration well above the

therapeutic range (0.05–0.1 mg/L:0.18–0.36 lM) [1],

but nonetheless reachable in cases of overdosage

(20 mg/L:72 lM) [21]. This is consistent with the fact

that most cases of bupropion-related QT interval prolon-

gation have been reported in a context of drug overdos-

age [1,5,6,8–13,18]. We have also shown small and

nonsignificant block of IKs by bupropion 10 lM, suggest-

ing that bupropion-related QT prolongation is, as for

nearly all other QT-prolonging drugs [32], mostly

attributed to IKr block.

Figure 6 Upper panel shows typical networks of cultured neonatal rat ventricular myocytes marked with 6-carboxyfluorescein diacetate

(6-CFDA), before (left pictures; baseline), immediately after photobleaching (central pictures; bleach), and 5 min after recovery from

photobleaching (right pictures; recovery) in control conditions and after exposure to either bupropion 10 lM, glycyrrhetinic acid 3 lM,

or heptanol 700 lM. Lower panels also show normalized signal averaging of fluorescence recovery after photobleaching in baseline

conditions (upper traces), and after exposure to either no drug (control), bupropion 10 lM, glycyrrhetinic acid 3 lM, or heptanol 700 lM

(lower traces). Sampling rate was set to 1 frame/s (1 Hz) for the control and the first 100 s post-bleach to accurately sample the fast

phase of recovery. It was then reduced to 1 frame/10 s (0.1 Hz) to minimize acquisition bleaching. (a.u. stands for arbitrary units).
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As weak inhibition of IKr is likely to cause mild

prolongation of ventricular action potential, we were

expecting a small MAPD90-prolonging effect of bupropi-

on 10 lM in our Langendorff-retroperfused guinea-pig

heart model. Our results rather showed a nonsignificant

1.95 ± 2.71 ms reduction in MAPD90 under the effect of

bupropion 10 lM, when compared to baseline.

The clinically observed bupropion-induced widening of

the QRS was highly suggesting cardiac sodium channel-

blocking properties of the drug, as many others have

proposed in the past, but not experimentally proven

[6,10,19,21,22].

Unexpectedly, our results showed that bupropion

100 lM, a concentration well above clinical relevance

even in cases of overdosage, has virtually no effect on

neither cardiac sodium current amplitude, steady-state

activation nor steady-state inactivation. This has led us

to further evaluate our hypothesis of bupropion-induced

alteration of cardiac cell coupling via alteration of gap

junctional communication. We therefore evaluated the

MAP-modulating effects of glycyrrhetinic acid and hept-

anol, two well-characterized gap junction intercellular

communication inhibitors [25,26].

Interestingly, we showed that both glycyrrhetinic acid

3 lM and heptanol 700 lM have effects on the ventric-

ular action potential similar to those of bupropion

10 lM: important reduction in both MAP amplitude

and phase 0 dV/dt. These observations were therefore

highly suggesting that bupropion 10 lM is altering gap

junction intercellular cardiac communication to some

extent.

Indeed, another set of electrogram recordings clearly

showed that bupropion 10 lM causes mild but significant

QRS widening, just as do glycyrrhetinic acid 3 lM and

heptanol 700 lM, two well-characterized gap junction

intercellular communication inhibitors [25,26]. This was

suggesting again that bupropion 10 lM is altering gap

junction intercellular cardiac communication to some

extent. Yet, it remained to be experimentally proven.

In a further set of FRAP experiments, we confirmed in

neonatal rat cardiomyocytes naturally expressing gap

junction that bupropion 10 lM is inhibiting gap junction

intercellular communication. Indeed, we showed that

bupropion 10 lM significantly reduced fluorescence

recovery of bleached cells, as glycyrrhetinic acid 3 lM

and heptanol 700 lM did.

One might argue that ECG abnormalities were mostly

observed during bupropion overdosing. However, one

must always keep in mind that depressed patients (typical

Wellbutrin� users) constitute a subgroup of the popula-

tion particularly at risk of suicidal attempt, such as noted

in many cases of intentional bupropion overdoses.

C O N C L U S I O N

The lack of significant effect on MAPD90 observed with

low bupropion concentration (10 lM) correlates well

with its mild QT-prolonging effect at normal dosage.

However, significant QT prolongation observed during

bupropion overdosage is likely to be explained by its

concentration-dependent IKr-blocking effect. QRS widen-

ing observed with bupropion cannot be explained by a

significant blocking effect on the cardiac sodium chan-

nel. Bupropion rather mimics the MAP amplitude- and

phase 0 dV/dt-reducing effect of glycyrrhetinic acid and

heptanol, two well-characterized gap junctional inter-

cellular communication inhibitors. An inhibitory effect of

bupropion on gap junction was later confirmed by gap-

FRAP experiments. Our results therefore suggest that

along with its mild QT-prolonging and QRS-widening

effects, and unlike class I anti-arrhythmics, bupropion

causes cardiac conduction disturbances by reducing

cardiac intercellular coupling at high concentrations, a

nearly unique effect among commercially available

drugs.
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Fundamental & Clinical Pharmacology



3 Shepherd G., Velez L.I., Keyes D.C. Intentional bupropion

overdoses. J. Emerg. Med. (2004) 27 147–151.

4 Balit C.R., Lynch C.N., Isbister G.K. Bupropion poisoning: a case

series. Med. J. Aust. (2003) 178 61–63.

5 Biswas A.K., Zabrocki L.A., Mayes K.L., Morris-Kukoski C.L.

Cardiotoxicity associated with intentional ziprasidone and

bupropion overdose. J. Toxicol. Clin. Toxicol. (2003) 41 101–

104.

6 Sirianni A.J., Osterhoudt K.C., Calello D.P. et al. Use of lipid

emulsion in the resuscitation of a patient with prolonged

cardiovascular collapse after overdose of bupropion and lamo-

trigine. Ann. Emerg. Med. (2008) 51 412–415.

7 Givens M.L., Gabrysch J. Cardiotoxicity associated with acci-

dental bupropion ingestion in a child. Pediatr. Emerg. Care

(2007) 23 234–237.

8 Shrier M., Diaz J., Tsarouhas N. Cardiotoxicity associated with

bupropion overdose. Ann. Emerg. Med. (2000) 35 100

(Abstract).

9 Isbister G.K., Balit C.R. Bupropion overdose: QTc prolongation

and its clinical significance. Ann. Pharmacother. (2003) 37

999–1002.

10 Curry S.C., Kashani J.S., LoVecchio F., Holubek W. Intraven-

tricular conduction delay after bupropion overdose. J. Emerg.

Med. (2005) 29 299–305.

11 Paris P.A., Saucier J.R. ECG conduction delays associated

with massive bupropion overdose. J. Toxicol. Clin. Toxicol.

(1998) 36 595–598.

12 Fresh L., Donovan W., Burkhart K. Bupropion toxicity causes

wide complex tachycardia. J. Toxicol. Clin. Toxicol. (1999) 37

635 (Abstract).

13 Jaffe R., Leavitt R., Wind T. QTc prolongation in multiple drug

overdose. J. Clin. Psychopharmacol. (2004) 24 348–350.

14 Tracey J.A., Cassidy N., Casey P.B., Ali I. Bupropion (Zyban)

toxicity. Ir. Med. J. (2002) 95 23–24.

15 Bhattacharjee C., Smith M., Todd F., Gillespie M. Bupropion

overdose: a potential problem with the new ‘miracle’ anti-

smoking drug. Int. J. Clin. Pract. (2001) 55 221–222.

16 Ayers S., Tobias J.D. Bupropion overdose in an adolescent.

Pediatr. Emerg. Care (2001) 17 104–106.

17 Storrow A.B. Bupropion overdose and seizure. Am. J. Emerg.

Med. (1994) 12 183–184.

18 Wills B.K., Zell-Kanter M., Aks S.E. Bupropion-associated QRS

prolongation unresponsive to sodium bicarbonate therapy. Am.

J. Ther. (2009) 16 193–196.

19 Wang C.M., Parker C.H. Jr, Maxwell R.A. Electrophysiological

effects of antidepressants on mammalian hearts and crayfish

giant axon. J. Cardiovasc. Pharmacol. (1981) 3 101–112.

20 Roden D.M. Antiarrhythmic drugs, in: Brunton L., Lazo J.,

Parker K. (Eds), Goodman & Gilman’s the pharmacological basis

of therapeutics, McGraw-Hill Medical Publishing Division, New

York, USA, 2006, pp. 899–932.

21 Spiller H.A., Bottei E., Kalin L. Fatal bupropion overdose with

post mortem blood concentrations. Forensic. Sci. Med. Pathol.

(2008) 4 47–50.

22 Downes M., Page C., Isbister G. Response to ‘‘use of lipid

emulsion in the resuscitation of a patient with prolonged

cardiovascular collapse after overdose of bupropion and lamo-

trigine’’. Ann. Emerg. Med. (2008) 51 794–795.

23 Wills B.K., Zell-Kanter M., Aks S.E. QRS prolongation associated

with bupropion ingestion. J. Toxicol. Clin. Toxicol. (2004) 425

724.

24 Drolet B., Khalifa M., Daleau P., Hamelin B.A., Turgeon J. Block

of the rapid component of the delayed rectifier potassium

current by the prokinetic agent cisapride underlies drug-related

lengthening of the QT interval. Circulation (1998) 97 204–

210.

25 Liang J.Y., Wang S.M., Chung T.H., Yang S.H., Wu J.C. Effects

of 18-glycyrrhetinic acid on serine 368 phosphorylation of

connexin43 in rat neonatal cardiomyocytes. Cell Biol. Int.

(2008) 32 1371–1379.

26 Kimura H., Oyamada Y., Ohshika H., Mori M., Oyamada M.

Reversible inhibition of gap junctional intercellular communi-

cation, synchronous contraction, and synchronism of intra-

cellular Ca2+ fluctuation in cultured neonatal rat cardiac

myocytes by heptanol. Exp. Cell Res. (1995) 220 348–

356.

27 Yang T., Snyders D., Roden D.M. Drug block of I(kr): model

systems and relevance to human arrhythmias. J. Cardiovasc.

Pharmacol. (2001) 38 737–744.

28 Sherman S.J., Lawrence J.C., Messner D.J., Jacoby K., Catterall

W.A. Tetrodotoxin-sensitive sodium channels in rat muscle cells

developing in vitro. J. Biol. Chem. (1983) 258 2488–2495.

29 Huang H., Millat G., Rodriguez-Lafrasse C. et al. Biophysical

characterization of a new SCN5A mutation S1333Y in a SIDS

infant linked to long QT syndrome. FEBS Lett. (2009) 583 890–

896.

30 Schanne O.F., Lefloch M., Fermini B., Ruiz-Petrich E. Membrane

resistance increases when automaticity develops in explanted

rat heart cells. Am. J. Physiol. (1990) 258 H145–H152.

31 Abbaci M., Barberi-Heyob M., Stines J.R. et al. Gap junctional

intercellular communication capacity by gap-FRAP technique:

a comparative study. Biotechnol. J. (2007) 2 50–61.

32 Vandenberg J.I., Walker B.D., Campbell T.J. HERG K+ channels:

friend and foe. Trends Pharmacol. Sci. (2001) 22 240–246.

10 B. Caillier et al.

ª 2011 The Authors Fundamental and Clinical Pharmacology ª 2011 Société Française de Pharmacologie et de Thérapeutique
Fundamental & Clinical Pharmacology


