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Abstract

Aim: Atrial fibrillation is the most common persistent cardiac arrhythmia,

and it is not well controlled by present drugs. Because some resin acids

open voltage-gated potassium channels and reduce neuronal excitability,

we explored the effects of the resin acid isopimaric acid (IPA) on action

potentials and ion currents in cardiomyocytes.
Methods: Spontaneously beating mouse atrial HL-1 cells were investigated

with the whole-cell patch-clamp technique.
Results: 1–25 lmol L�1 IPA reduced the action potential frequency by

up to 50%. The effect of IPA on six different voltage-gated ion channels

was investigated; most voltage-dependent parameters of ion channel gat-

ing were shifted in the negative direction along the voltage axis, consis-

tent with a hypothesis that a lipophilic and negatively charged compound

binds to the lipid membrane close to the positively charged voltage sen-

sor of the ion channels. The major finding was that IPA inactivated

sodium channels and L- and T-type calcium channels and activated the

rapidly activating potassium channel and the transient outward potassium

channel. Computer simulations of IPA effects on all of the ion currents

were consistent with a reduced excitability, and they also showed that

effects on the Na channel played the largest role to reduce the action

potential frequency. Finally, induced arrhythmia in the HL-1 cells was

reversed by IPA.
Conclusion: Low concentrations of IPA reduced the action potential fre-

quency and restored regular firing by altering the voltage dependencies of

several voltage-gated ion channels. These findings can form the basis for a

new pharmacological strategy to treat atrial fibrillation.

Keywords arrhythmia, atrial fibrillation, ion channels, isopimaric acid,

patch clamp, resin acid.

Atrial fibrillation (AF) is the most common persistent

cardiac arrhythmia in adults, which often leads to car-

diac dysfunction and stroke.1,2 The main therapeutic

strategies for AF are antiarrhythmic drugs.3,4 How-

ever, current antiarrhythmic drugs can increase the

risk of sudden death in patients recovering from

myocardial infarction.5–8 Therefore, there is a need

for safe and effective antiarrhythmic pharmaceuticals.

Clinical and in vivo studies have shown that polyun-

saturated fatty acids (PUFAs) have protective effects

against AF.9–11 PUFAs protect the cardiomyocytes by

modulation of voltage-gated ion channels; they decrease

the Na currents (INa), the Ca currents (ICa), the tran-

sient outward K current (Ito) and the rapidly activating

K current (IKr) in cardiomyocytes. Our laboratory has

recently shown that PUFAs modulate voltage-gated ion
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channels via an electrostatic mechanism; the polyunsat-

urated acyl chain of the PUFAs is needed to place the

carboxyl group near the voltage sensor of the channel,

and the charged carboxyl group electrostatically inter-

acts with gating charges in the voltage sensor.12–17

However, despite their positive effects, the highly flexi-

ble PUFA molecules bind to numerous biological targets

and are thus less likely to be developed into pharmaceu-

ticals. Therefore, it is imperative to search for

small-molecule compounds with channel-modulating

properties similar to the PUFAs.

Resin acids constitute a mixture of several related

carboxylic acids found in tree resins, used to produce

soaps for diverse applications.18,19 Pimaric acid and

isopimaric acid (IPA), common resin acids in pine rosin,

open the big-conductance K (BKCa) channel,
20 decrease

spike and burst frequency in rat brain neurones and can

prevent epilepsy21,22 and reduce the action potential

amplitude in pancreatic b cells.23 BKCa channels are not

expressed in cardiomyocytes,24 and consequently, these

compounds should not affect cardiomyocytes. How-

ever, we have recently shown that several resin acids

modulate a voltage-gated K channel via an electrostatic

mechanism, in a similar fashion as do PUFAs,16,25 and

thus, it is possible that these compounds also affect car-

diac ion channels and cardiac excitability.

The HL-1 cell line from the mouse is an excellent

model to study atrial cardiomyocytes in vitro26; the

cells in this line are spontaneously beating and have

typical atrial ion currents including INa, Ito, IKr, the L-type

Ca current (ICa(L)), the T-type Ca current (ICa(T)) and the

pace-maker hyperpolarization-activated non-selective

cation current (If).
27–29 Thus, considering the possible

functional similarity between IPA, pimaric acid and

PUFAs, we thereby aimed to investigate pimaric acid and

IPA effects on the electrical activity of HL-1 cells.

Results

Low concentrations of IPA reduced the pace in HL-1 cells

Whole-cell current-clamp recordings were carried out

on spontaneously firing HL-1 cells, before and after the

application of 1, 10 (Fig. 1a), 25 and 50 lmol L�1 IPA.

Standard action potential parameters were measured in

control solution from 30 cells (1 min recording in each

cell): The firing frequency was 2.7 � 0.3 Hz, the rest-

ing membrane potential (RMP) was �61.4 � 0.7 mV,

the action potential amplitude was 82.3 � 2.5 mV, the

maximum rising slope was 31.8 � 7.1 mV ms�1, the

maximum decay slope was �6.0 � 1.5 mV ms�1, and

the APD30, APD50 and APD90 were 24.2 � 2.6 ms,

35.7 � 2.9 ms and 84.2 � 5.9 ms respectively. The

effects of 1, 10, 25 and 50 lmol L�1 IPA on the men-

tioned parameters relative the controls are shown in

Figure 1b–i. Most significantly, IPA reduced the action

potential frequency at 1, 10 and 25 lmol L�1 with no

significant effect at 50 lmol L�1 dose (Fig. 1b). The

reduction at 10 and 25 lmol L�1 was close to 50%.

IPA had no effect on the cardiomyocytes’ resting mem-

brane potential (Fig. 1c) and only a small effect on the

action potential amplitude at 50 lmol L�1 (Fig. 1d).

With respect to the time course of the action potential

(Fig. 1e–i), 1 lmol L�1 significantly sped up the maxi-

mum slope decay and made the action potential shorter

(reduced APD30 and APD50). 10 and 25 lmol L�1 IPA

had no effect on the time course. 50 lmol L�1 IPA slo-

wed down both the rising phase and decay phase, thus

yielding a longer action potential at the base (APD90).

To summarize, IPA had an effect on the action potential

frequency at the lowest concentration investigated

(1 lmol L�1) and a highly pronounced effect at 10 and

25 lmol L�1, while leaving most other measured

parameters unaffected. At 50 lmol L�1, there was no

effect on the action potential frequency. This suggests

potentially therapeutic effects in the concentration

range 1–10 lmol L�1. There is no need to increase the

concentration, with increased risk of side effects,

because higher concentrations had similar or less pro-

nounced effects on the action potential frequency. We

also tested the effect of pimaric acid (only differing in

the position of one double bond compared to IPA) on

the action potential frequency. However, the effect was

less pronounced; 10 lM pimaric acid reduced the action

potential frequency only by 15 � 1% (n = 4) compared

to 47 � 11% for IPA. Thus, in the remainder of this

work, we focused on IPA. To explore the underlying

effects, on the ion channel level, we investigated the

effects of IPA on six different ion currents, separately,

using whole-cell voltage-clamp recordings.

IPA promoted inactivation of the sodium current (INa)

Typical INa voltage-clamp families, measured in

response to voltage steps between �80 and +20 mV

from a holding voltage of �120 mV, are shown in con-

trol and after applying 1, 10 and 50 lmol L�1 IPA

respectively (Fig. 2a–d). Only 50 lmol L�1 IPA signifi-

cantly reduced the maximum peak amplitude of INa vs.

voltage (INa(V)) relations (Fig. 2e; n = 8 cells,

P < 0.05). All concentrations of IPA significantly

shifted GNa(V) and the steady-state inactivation curve

in negative direction along the voltage axis (Fig. 2f–h).
The IPA-induced shifts for GNa(V) were �4.4 � 0.7,

�6.1 � 0.6 and �5.2 � 1.1 mV respectively, but no

significant difference was found between different IPA

doses (Fig. 2h). The IPA-induced shifts of the steady-

state inactivation curve were �5.8 � 0.6, �9.0 � 1.6

and �12.8 � 1.8 mV respectively. The IPA-induced

shift for 50 lmol L�1 was significantly larger than for
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1 lmol L�1 (Fig. 2h). IPA significantly and dose depen-

dently increased the time to recover from inactivation

(Fig. 2i–j). IPA had a larger effect on the late steady-

state INa than on the early peak INa; 10 and

50 lmol L�1 IPA significantly reduced the current mea-

sured at 15 ms after the onset of the voltage-clamp

pulse (Fig. 2k). To summarize the effects on INa,

1 lmol L�1 IPA affected all measured Na channel

parameters except for the peak current. At higher doses,

the effects on inactivation were more pronounced than

those on activation.

IPA increased the transient outward potassium current

(Ito)

Typical Ito traces before and after IPA application are

shown in Figure 3a–d. 1 and 10 lmol L�1 IPA signifi-

cantly increased the current at 10–60 mV (Fig. 3e).

IPA did not shift Gto(V) along the voltage axis, but

the steady-state inactivation curve was significantly

and dose dependently shifted (Fig. 3f–h). To summa-

rize, IPA significantly increased the peak current by

30% at 1 and 10 lmol L�1 and shifted the steady-

state inactivation curve in the negative direction while

leaving the activation (Gto(V)) unaffected.

IPA opened the rapidly activating delayed-rectifier

potassium current (IKr)

In the presence of nifedipine to block ICa(L), and hold-

ing the potential at �50 mV to block INa and ICa(T), the

HL-1 cells showed outward currents at voltages

between �30 and 60 mV and an outward tail current

at �20 mV (Fig. 4a). All currents were almost com-

pletely blocked by 1 lmol L�1 of the IKr blocker

E4031 (Fig. 4b). 1 lmol L�1 IPA increased IKr between

�20 and 30 mV and 10 and 50 lmol L�1 IPA

increased IKr at �20 mV, while leaving the maximum
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Figure 1 IPA effect on spontaneous action potentials in HL-1 cells. (a) 10 lM IPA reduced the frequency. (b–i) Summary of the

IPA effects on action potential parameters. All panels except for (c) show the parameters relative control. Data are expressed as

mean � SEM, and the signs at the symbols indicate significant differences between control and IPA (n = 30 cells; *P < 0.05;
†P < 0.01; ‡P < 0.001).
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tail current unaffected (Fig. 4c–d). The GKr(V) curve

was significantly shifted (at all concentrations) in the

negative direction along the voltage axis, while the

steady-state inactivation curve was not significantly

affected (Fig. 4e–g). In addition, IPA significantly and

dose dependently sped up the activation time course

(Fig. 4h–i). To summarize the effects on IKr, IPA lead

to faster opening and opening at more negative voltages

(significant effects were already present at 1 lmol L�1)

while the steady-state inactivation was unaffected.

IPA reduced the L and T-type calcium currents by

promoting inactivation

Low concentrations of IPA clearly and dose depen-

dently reduced ICa(L) (Fig. 5a–d); 1 lmol L�1 IPA

reduced the peak current measured at 0 mV by

53 � 13% (Fig. 5e). IPA also clearly shifted the (nor-

malized) GCa(L)(V) and the steady-state inactivation

curves in the negative direction along the voltage axis,

steady-state inactivation more than activation (GCa

(L)(V)), and the effects were saturated already at

1 lmol L�1 IPA (Fig. 5e–h). However, the exact size

of the shift for the steady-state inactivation curve was

difficult to estimate because we could not determine

whether the effect was an isolated shift or whether it

was a shift in combination with a voltage-independent

reduction of the current. Non-normalized data are

presented (Fig. 5g), but the shifts were determined

from normalized steady-state inactivation curves, thus

representing a lower estimate (Fig. 5h). It should be

noted that a shift of the activation curve is counter-

acted by the reduction in current (Fig. 5e), and thus,

IPA does not lead to opening of the channel despite
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Figure 2 IPA effect on the Na current (INa). (a–d) Typical INa traces before and after application of different concentrations of

IPA. Currents were measured at voltages between �110 and 0 mV, in increments of 5 mV, from a holding voltage of �120 mV.

(e–k) Data expressed as mean � SEM. Colour coding in (g). (e) Peak INa-vs.-voltage curves before and after application of IPA.

‘*’ denotes significant differences between 50 lmol L�1 and control (n = 8; P < 0.05). (f) Peak Na conductance-versus-voltage

curves before and after application of IPA (n = 8). Data fitted to Eq. 2. (g) Steady-state inactivation curves were plotted by nor-

malizing the peak currents at �10 mV, following conditioning pulses of 500 ms to voltages between �110 mV and 0 in 5 mV

increments, from a holding voltage of �120 mV (n = 8). Data fitted to Eq. 2. (h) Summary of IPA-induced shifts from (f) and

(g). The signs at the symbols indicate data significantly different from 0. The ‘*’-sign at the line indicates a significant difference

between 1 and 50 lmol L�1 IPA (*P < 0.05; †P < 0.01; ‡P < 0.001). (i) Recovery from inactivation. Standard double pulse pro-

tocol, with a holding voltage of �120 mV and a test pulse to �30 mV for 20 ms with different inter-pulse interval durations

(Dt), was used (n = 5) and fitted to single exponential curves. (j) Time constants from (i). Signs at the symbols indicate data sig-

nificantly different from 1 (†P < 0.01). (k) INa at 15 ms after applying different voltages, before and after IPA application in dif-

ferent doses. Signs indicate significant differences between IPA groups and control (n = 4; *P < 0.05; ‡P < 0.001).
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the leftward shift. ICa(T) was dose dependently sensi-

tive to IPA (Fig. 6a–e), but to reduce the peak current,

higher concentrations than for ICa(L) were needed:

10 lmol L�1 reduced the current at �35 mV by

40 � 8%. IPA significantly and dose dependently

shifted the normalized GCa(T)(V) (Fig. 6f) and the

steady-state inactivation (Fig. 6g) curves in negative

direction along the voltage axis, inactivation more

than twice that of the activation (Fig. 6h). To summa-

rize, both ICa(L) and ICa(T) are highly sensitive to IPA;

the steady-state inactivation curves are more affected

than the activation, G(V), curves which leads to a

clear reduction in the currents.

IPA had no effect on the pace-maker current (If)

The pace-maker current If makes the HL-1 cells beat

spontaneously. Typical If traces are shown in Fig-

ure 7a,b, before and after application of 50 lmol L�1

IPA. It should be noted that If could not be detected

in all HL-1 cells. IPA did not significantly alter the

current or the voltage dependence of If (Fig. 7c–e),
and thus, the IPA effect on the action potential firing

is most likely not caused by an effect on the pace-

maker channel.

Computer simulations

To explore whether the found effects of IPA on INa,

Ito, IKr, ICa are sufficient to understand the effect on

action potential firing, we implemented the effects in

a computer model of electrical activity in a sponta-

neously beating cardiomyocyte. In the absence of a

functioning HL-1 cell model, we used a sponta-

neously beating Purkinje fibre cell model. Even

though the sets of ion channels do not entirely over-

lap, most channels do, and we believe that the simu-

lations can give at least semi-quantitative

information. First, we explored the effect channel by

channel. Altering INa according to our experimental

data, we found a clear reduction in firing frequency

at 1 and 10 lmol L�1, with a smaller reduction at

50 lmol L�1 (Fig. 8a–e). This fits well with experi-

mental data. Altering ICa(L) we found a reduced firing

frequency but the effects were less pronounced

(Fig. 8f). Altering IKr or Ito had essentially no effect

on the frequency (<1%). ICa(T) was not present in

the model, so this could not be tested. In the last

step, we introduced all alterations simultaneously

(Fig. 8g,h). 1 lmol L�1 reduced the frequency by

69%. 10 lmol L�1 prevented spontaneous activity

and 50 lmol L�1 IPA reduced the frequency by

42%. Thus, the effects in the model were more pro-

nounced than in the experiments, but qualitatively,

the effects matched the concentrations, with the lar-

gest effects at 10 lmol L�1 and the smallest at

50 lmol L�1. The reason for this quantitative differ-

ence most likely has to do with the fact that the

published model we used does not exactly match the

HL-1 cells we studied.
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Figure 3 IPA effect on the transient outward K current (Ito). (a–d) Typical Ito traces before and after application of different IPA

concentrations. Currents evoked by voltage steps between �50 and +60 mV in 10 mV increments. Holding voltage was �80 mV.

(e–h) Data expressed as mean � SEM. Colour coding in (g). (e) Peak Ito-vs.-voltage curves before and after application of IPA. ‘*’

indicates significant difference from control (n = 6; P < 0.05). (f) Peak K conductance-vs.-voltage curves before and after applica-

tion of IPA (n = 6). Data fitted to Eq. 2. (g) Steady-state inactivation curves were plotted by normalizing the peak currents at

+40 mV, following conditioning pulses of 500 ms to voltages between �80 mV and +20 in 10 mV increments, from a holding volt-

age of �80 mV (n = 6). Data fitted to Eq. 2. (h) Summary of IPA-induced shifts from (f) and (g). ‘*’ signs at the symbols indicate

significant differences from 0. The ‘¤’-sign at the line indicates a significant difference between 1 and 50 lmol L�1 IPA (*P < 0.05).
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IPA normalized pharmacologically induced cardiac

arrhythmia

There is no suitable pharmacological model for

inducing AF in cultured cardiomyocytes. Jahangiri

et al.9 used a combination of electrical synchronous

stimulation and application (for seven minutes) of

10 lmol L�1 isoproterenol (ISO) to induce asyn-

chronous contraction in single atrial cardiomyocytes.

We tried 10 lmol L�1 ISO to induce arrhythmia

without applying electrical stimulation, because con-

fluent HL-1 cells beat spontaneously. 10 lmol L�1

ISO increased the action potential frequency in the

HL-1 cells, but no irregularity was detected in the

pattern of action potentials even after 12 min of ISO

application (Fig. S1). Because cardiomyocytes are

connected to each other and work as a network in

the confluence state, we hypothesized that they may

need more time to become arrhythmic. Therefore,

the cardiomyocytes were incubated in 10 lmol L�1

ISO overnight. ISO was washed away before the

electrophysiological recordings. This treatment

induced a large variability in rhythmicity (Fig. 9a).

We do not know the reason for this irregular firing,
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Figure 4 IPA effect on the rapidly activating delayed-rectifier K current (IKr). (a, b) Typical current traces are shown before

and after application of 1 lmol L�1 of the specific IKr channel blocker E4031. The current traces were elicited by voltage steps

to 60 mV from a holding voltage of �50 mV. (c) IKr tail currents at �20 mV before and after applying IPA in different concen-

trations. (d–i) Data expressed as mean � SEM. Colour coding in (f). (d) Tail current amplitude-vs.-voltage curves before (mean

of controls includes the control from all different IPA concentrations) and after application of IPA. Signs indicate significant dif-

ferences from control (n = 5–9; *P < 0.05; †P < 0.01). Data fitted to Eq. 2. (e) Normalized data from (d). (f) Steady-state inacti-

vation was plotted by normalizing the tail currents which were induced with a three-pulse protocol. (i) A 1-s voltage pulse was

applied to +20 mV from a holding voltage of �50 mV to activate and inactivate the channels. (ii) This was followed by 10-ms

steps between �120 and 10 mV to recover the channels from inactivation. (iii) Finally, a voltage step to +20 mV was used as

test potential (n = 5–9). Data fitted to Eq. 2. (g) Summary of IPA-induced shifts from (e) and (f). Signs at the symbols indicate

significant differences from 0 (n = 5–9; *P < 0.05; †P < 0.01). (h) Activation kinetics before and after IPA application. Plotted

by normalizing IKr tail currents which were elicited by a pulse to +20 mV from �50 mV holding voltage with different pulse

durations (n = 5–9) and fitted to single exponential curves. (i) Time–constant changes relative control. Signs at the symbols indi-

cate significant differences from 1 (n = 5–9; *P < 0.05; †P < 0.01; ‡P < 0.001).
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but we used it as a model of arrhythmia (e.g. AF).

10 lmol L�1 IPA completely restored regular firing

(Fig. 9b). The averaged data from several cells

showed that 1 lmol L�1 IPA had a clear effect on

the irregular firing and almost completely restored

regular firing (Fig. 9c).
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Figure 5 IPA effect on the L-type Ca current (ICa(L)). (a–d) Typical ICa(L) traces before and after application of different IPA

concentrations. Currents evoked by voltage steps between �50 and +20 mV in 5 mV increments. Holding voltage was �50 mV.

(e–h) Data expressed as mean � SEM. Colour coding in (g). (e) Peak ICa(L)-vs.-voltage curves before and after application of

IPA. ‘*’ indicates significant difference from control and between concentrations (bars) (n = 5; P < 0.05). (f) Peak Ca(L)-conduc-

tance-vs.-voltage curves before and after application of IPA (n = 5). Data fitted to Eq. 2. (g) Steady-state inactivation curves

were plotted as the peak currents at �20 mV versus voltage, following conditioning pulses of 1000 ms to voltages between

�50 mV and +10 in 5 mV increments, from a holding voltage of �50 mV (n = 5). Data fitted to Eq. 2. (h) Summary of IPA-

induced shifts from (f) and (g). Signs at the symbols indicate significant differences from 0 (*P < 0.05; †P < 0.01).
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Figure 6 IPA effect on the T-type Ca current (ICa(T)). (a–d) Typical ICa(T) traces before and after application of different IPA

concentrations. Currents evoked by voltage steps between �80 and �20 mV in 5 mV increments. Holding voltage was

�80 mV. (e–h) Data expressed as mean � SEM. Colour coding in (g). (e) Peak ICa(T)-vs.-voltage curves before and after applica-

tion of IPA. ‘*’ indicates significant difference from control (n = 4; P < 0.05). (f) Peak Ca(T)-conductance-versus-voltage curves

before and after application of IPA (n = 4). Data fitted to Eq. 2. (g) Steady-state inactivation curves were plotted as the peak

currents at �20 mV versus voltage, following conditioning pulses of 1000 ms to voltages between �100 and 0 mV in 5 mV

increments, from a holding voltage of �80 mV (n = 4). Data fitted to Eq. 2. (h) Summary of IPA-induced shifts from (f) and

(g). Signs at the symbols indicate significant differences from 0, and * at the line indicates significant difference between the

groups (*P < 0.05; †P < 0.01; ‡P < 0.001).
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Figure 7 IPA effect on the hyperpolarization-activated non-selective cation current (If). (a, b) Typical If traces before and after

application of 50 lmol L�1 IPA. Currents evoked by voltage steps between �40 and �115 mV in 5 mV increments. Holding

voltage was �40 mV. (c–e) Data expressed as mean � SEM. (c) Steady-state If-vs.-voltage curves before and after application of

IPA. Colour coding in (d). (d) If-conductance-vs.-voltage curves before and after application of IPA (n = 6–4). Data fitted to

Eq. 2. (e) Summary of IPA-induced shifts from (d). No significant effects.
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Figure 8 Simulation of action potentials according to experimental data, and IPA effects on induced arrhythmia in HL-1 cells.

(a) Control action potentials. (b–d) Simulations in which INa gating has been altered according to experimental data at 1, 10

and 50 lmol L�1. (e) Summary of change in RR interval (%) compared to control when INa gating was altered. (f) Summary of

change in RR interval (%) compared to control when ICa(L) gating was altered. (g, h) Simulations in which all gating parameters

(INa, Ito, IKr, ICa(L)) were altered simultaneously for 1 and 50 lmol L�1.
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Discussion

The present study has shown that the resin acid IPA

affected several gating parameters of almost all stud-

ied ion channels in HL-1 atrial cells. An overarching

finding, however, is that the steady-state inactivation

curves of INa, ICa(L), and ICa(T) were the most affected

parameters, more than the activation, G(V), curves of

all channels. As a consequence, IPA also reduced the

spontaneous action potential frequency as well as res-

cued the cells from a pharmacologically induced

arrhythmic firing.

IPA blocks Na and Ca channels while opening K

channels – a beneficial mix

Four currents are excitatory when activated INa,

ICa(L), ICa(T) and If. While If was not affected, the

other three were affected in a similar fashion; both

the G(V) and the steady-state inactivation curves were

shifted in the negative direction along the voltage axis,

but the effect was roughly twice as large for inactiva-

tion than for activation. Two currents are inhibitory

when activated IKr and Ito. For IKr, the G(V) curve

was clearly shifted in the negative direction while

leaving the steady-state inactivation unaffected. While

the G(V) curve for Ito was not shifted along the volt-

age axis, the maximum conductance was increased.

Surprisingly, despite no shift of the G(V) curve, the

steady-state inactivation curve was shifted in the nega-

tive directing along the voltage axis. However, at least

in the lower concentration range, the shift was small.

To summarize, the effect on four of the currents (INa,

ICa(L), ICa(T) and IKr) clearly suggests a reduction of

excitability. The effect on the fifth current (Ito) is

ambiguous, with an increased current in combination

with a left-shifted steady-state inactivation curve.

Altogether, the data from the ion currents suggest that

IPA should reduce excitability.

Comparisons between PUFAs and IPA – some ideas for

the molecular mechanisms

Even though we have not detailed the molecular

mechanism of IPA on the different ion channels

explored in the present investigation, all data fit with

the hypothesis that IPA integrates into the lipid mem-

brane near the ion channels’ voltage sensors and, from

this position, electrostatically affects the channel’s

voltage-sensing mechanism.16,25 A negative charge will

activate the channel by attracting the voltage sensors

positively charged residues, while a positive charge

will have the opposite effect. The inactivation of Na

channels has been linked to the movement of S4 of

domain IV,30–32 and thus, a compound supporting the

outward movement of S4IV should theoretically also

promote inactivation. The effects quantitatively differ

between different ion channels and between activation

and inactivation, which is not unexpected because of

different charge profiles at the extracellular end of dif-

ferent S4s.16

Polyunsaturated fatty acids act similarly to IPA and

other resin acids.16,25 Because the molecular mecha-

nism of PUFAs on voltage-gated ion channels has been

studied in detail,12–16,33 they can probably suggest the

molecular mechanism for IPA. The PUFA docosahex-

aenoic acid (DHA) and eicosapentaenoic acid (EPA)

have strong inhibitory effects on the action potential

frequency in cardiomyocytes,34–37 and they shorten

the action potential while having negligible effects on

the resting membrane potential and the action poten-

tial amplitude.36–38 These findings are similar to our

findings of IPA. Furthermore, DHA, EPA, linoleic acid

and arachidonic acid reduce INa, ICa(L) and ICa(T) and

shift the steady-state inactivation curves in the nega-

tive direction along the voltage axis while leaving the

G(V) curves essentially unaffected.38–42 In addition,

there are also indications of specificity for the effects;

DHA has a larger inhibitory effect on INa, while EPA
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Figure 9 IPA restores arrhythmic firing. (a) Spontaneous action potentials after overnight incubation in 10 lM ISO. (b) 10 lM
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has larger effects on ICa.
41,43 DHA inhibits Ito in car-

diomyocytes by shifting the steady-state inactivation

curve in the negative direction along the voltage axis

while leaving the G(V) curve unaffected,44,45 similar

to our results for IPA on Ito. DHA and arachidonic

acid shift the conductance curve of IKr to more nega-

tive voltages,46 similar to our effects with IPA. In

summary, the striking similarities in effects between

IPA and PUFAs suggest they act via a similar mecha-

nism.

Fatty acids are also known to reduce ion currents

through connexin-based ion channels,47 which are

widely distributed in the heart. The ion channel-mod-

ulating kinship between resin acids and PUFAs sug-

gests the possibility that resin acids can also affect

connexin-based ion channels. However, PUFAs are

known to have multiple effects and binding sites on

voltage-gated ion channels,17 of which just a few are

shared with resin acids. In addition, we are not aware

of any reported effects of resin acids on connexin-

based ion channels.

Promiscuous effects on several ion channels pave the

way to potential clinical usefulness?

We recently proposed that simultaneous modulation

of different ion channels can be a rational therapeutic

strategy for cardiac arrhythmia and epilepsy.12,48 The

present study supports this hypothesis, even though it

should be emphasized that the HL-1 cell findings in

the present investigation are not directly applicable to

AF of an intact human heart. IPA at 1 lmol L�1 had

profound effects on the cardiomyocytes by decreasing

the action potential frequency and by reducing APD50

in a similar fashion as PUFAs.36

Atrial fibrillation is associated with several cellular

alterations: (i) Ca2+ overload has an important role in

the initiation and maintenance of AF49,50; a reduced

action potential frequency and a shorter action poten-

tial can limit the Ca2+ influx and protect the car-

diomyocytes from Ca2+ overload. (ii) The late (i.e.

steady-state) INa is increased in atrial cardiomyocytes

derived from patients with chronic AF; an inhibition

of the current has been suggested as a new treatment

option for AF.51 (iii) Ito is reduced by 70% during

the remodelling process followed by chronic AF52; it

is well established that the remodelling process stabi-

lizes AF in the atrium via structural changes in atrial

cardiomyocytes.53 The present investigation suggests

that IPA has beneficial effects on all three AF-asso-

ciated cellular alterations: (i) IPA is expected to

reduce the Ca2+ influx by promoting inactivation of

both L- and T-type channels, by reducing the fre-

quency and by reducing APD30. PUFAs, but not IPA,

decreased APD90
36,37; a reduced APD90 abbreviates

the refractory period and can increase the risk of

delayed after depolarization (DAD) and re-entry phe-

nomena which are two key mechanisms for AF initia-

tion.53 This difference makes IPA a better candidate

for AF prevention than PUFAs. (ii) DHA and EPA

decrease the late INa and protect cardiomyocytes

against arrhythmia during ischaemia.40 In the present

investigation, IPA also decreased the late INa and can

thus be antiarrhythmic in cardiomyocytes.40,51 (iii)

IPA increased Ito, which can rescue the heart from

AF. In conclusion, IPA reduces action potential fre-

quency and Ca influx without affecting refractory per-

iod. It also promotes INa inactivation and increases

Ito in atrial cardiomyocytes. Even though findings of

the HL-1 cell line in the present investigation are not

directly applicable to AF of an intact human heart,

all of the beneficial effects described above make IPA

worth exploring further as a drug candidate for AF

treatment and prevention.

Concluding remarks

The present investigation has (i) demonstrated that a

new type of small-molecule compound, IPA, affects

cardiac rhythmicity and can potentially be developed

into a compound against AF. IPA is also (ii) the first

drug-like small-molecule compound acting on voltage-

gated ion channels in cardiomyocytes via an electro-

static mechanism. It shows that (iii) the largest effects

are on the inactivation mechanism of Na, and L- and

T-type Ca channels. This investigation also suggests

that (iv) promiscuous multi-targeting effects on several

ion channels might be a beneficial strategy to treat

cardiac arrhythmia.

Material and methods

The study conforms with that of Persson.54

Chemicals

All chemicals were purchased from Sigma-Aldrich

(Stockholm, Sweden) except for IPA (Alomone labora-

tories, Jerusalem, Israel). IPA was diluted in ethanol

in a 100 mmol L�1 stock solution and isoproterenol

(ISO) in deionized water in a 10 mmol L�1 stock

solution. The stock solutions were stored at �20°C
for further use.

Cell culture

The cell culture was carried out according to a previ-

ous study.26 In brief, HL-1 cells were grown on

gelatin–fibronectin-coated T75 flasks. They were main-

tained in Claycomb medium that was supplemented

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12895
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with 10% foetal bovine serum, 2 mmol L�1
L-gluta-

mine, 0.1 mmol L�1 noradrenaline and 100 U mL�1,

100 lg mL�1 penicillin–streptomycin. Enzymatic dis-

sociation with 0.05% trypsin–EDTA was carried out

after full confluence. Isolated cells were plated on

gelatin–fibronectin-coated plastic coverslips and used

for recording.

Electrophysiology

Whole-cell current-clamp recordings were carried out

on confluent cells at 35 � 1°C, using an Axopatch

200B amplifier (Molecular Devices, Sunnyvale, CA,

USA). Patch pipettes were fabricated from borosilicate

capillary glass on a vertical pipette puller and had

resistances of 3–5 MΩ. Data were stored on a com-

puter through the Digidata 1440A interface (Molecu-

lar Devices) and were analysed with pCLAMP

software (version 10.1, Molecular Devices). The bath

solution contained the following (in mmol L�1):

140 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES

and 10 glucose (pH adjusted to 7.4 with NaOH). The

micropipettes were filled with a solution containing

(in mmol L�1): 130 K-gluconate, 9 KCl, 8 NaCl, 1

MgCl2, 10 EGTA, 10 HEPES and 3 Na2ATP (pH

adjusted to 7.3 with KOH). APs were not corrected

for junction potential.

Voltage-clamp recordings were carried out on single

cells at room temperature. The pipettes had a tip

resistance of 1–3 MΩ. Before formation of the mem-

brane-pipette seal, tip potentials were zeroed in bath

solution. Junction potentials were calculated and

applied in protocols. Series resistances and membrane

capacitance were compensated for following whole-cell

access before recordings. Current density (pA pF�1)

was calculated by dividing the current amplitude by the

membrane capacitance. To assess voltage dependence

of activation, conductance (G) was calculated using the

following equation:

GðVÞ ¼ IðVÞðV � VrevÞ�1; ð1Þ

where V is the absolute membrane potential, I the

peak or steady-state current and Vrev the reversal

potential. To evaluate the voltage dependence of the

G(V) curves or the steady-state inactivation curves

(peak current amplitudes plotted versus the pre-pulse

membrane potential), data points were normalized to

the maximum current and fitted to a Boltzmann curve:

GðVÞG�1
max ¼ ð1þ expððV � V50Þs�1ÞÞ�1; ð2Þ

where V50 is the midpoint and s the slope factor.

To measure INa, the bath solution contained (in

mmol L�1): 15 NaCl (low concentration to reduce

series resistance artefacts), 124 choline chloride, 1

MgCl2, 1.8 CaCl2, 10 HEPES and 10 glucose (pH

adjusted to 7.4 with CsOH). 5 TEA-Cl, 1 CoCl2, 2

4-aminopyridine and 0.5 BaCl2 were added to the

bath solution to block TEA-sensitive K currents, ICa,

Ito and IK1 respectively. The pipette solution contained

(in mmol L�1): 125 CsF, 15 NaCl, 1 MgCl2, 10

EGTA, 10 HEPES and 3 Mg-ATP. To measure IKr,

the bath and pipette solutions were the same as the

solutions in the current-clamp recordings except that

Na2ATP was replaced with Mg-ATP. To block ICa(L),

10 lmol L�1 nifedipine was added to the bath solu-

tion. To measure Ito, the bath solution contained (in

mmol L�1): 140 choline chloride, 5.4 KCl, 1 MgCl2,

1.8 CaCl2, 10 HEPES and 10 glucose (pH adjusted to

7.4 with KOH). The pipette solution contained (in

mmol L�1): 130 K-gluconate, 9 KCl, 1 MgCl2, 10

EGTA, 10 HEPES and 3 Mg-ATP (pH adjusted to 7.3

with KOH). 1 CoCl2 and 0.001 E4030 were added to

the bath solution to block ICa and IKr respectively. To

measure ICa(T) and ICa(L), the bath solution contained

(in mmol L�1): 140 choline chloride, 1 MgCl2, 5

CaCL2, 10 glucose and 10 HEPES. The pipette solu-

tion contained (in mmol L�1): 110 CsCl, 20 TEA-Cl,

10 EGTA, 10 HEPES and 3 Mg-ATP. To measure ICa

(T), 10 lmol L�1 nifedipine was added to the bath

solution to inhibit ICa(L). To measure ICa(L), the mem-

brane potential was held at �50 mV to inhibit ICa(T).

To measure If, the bath solution contained (in

mmol L�1): 120 NaCl, 1.8 CaCl2, 1 MgCl2, 10 glu-

cose, 5 HEPES, 2 NiCl2, 2 BaCl2 and 0.5

4-aminopyridine. 30 KCl was used to amplify If. The

pipette solution contained (in mmol L�1): 120 K-glu-

conate, 10 HEPES, 11 EGTA, 5 CaCl2, 2 MgCl2 and

10 TEA-Cl. 5 Na2-ATP and 0.4 Na2-ATP were added

the same day as usage.

To induce arrhythmia, we added 10 lmol L�1 ISO

to Hl-1 cell medium and incubated them overnight. In

each preparation, we kept some wells intact to make

sure that the cardiomyocytes were healthy before add-

ing ISO.

Computer simulations

Action potentials were simulated using the Stewart

model of Purkinje fibre cells.55 The model was imple-

mented in MATLAB R2014a (Mathworks, Natick,

MA, USA) and solved using the variable order stiff

differential equation solver (ode15s).56

Statistical analysis

pCLAMP 10 and GraphPad Prism 6 programs were

used to analyse data. Action potential parameters –
including the resting membrane potential, the action

potential amplitude, the maximum rising slope, the
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maximum decay slope and the action potential widths

measured at 30, 50 and 90% levels (measured from

the peak; APD30, APD50, and APD90) – were mea-

sured by pCLAMP software. Results were expressed

as means � SEM, and differences between means

were computed by Student’s t-tests and ANOVA.
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